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Thesis summary 
 

Advanced polymers, apart from playing a major role in our daily life, are 

responsible for shaping the potential innovations and breakthroughs in 

the future. The past three years of work, summarized in this thesis, have 

been directed towards increasing the knowledge of different advanced 

polymers and their technologies of application, aiming to expand the 

human knowledge a little bit further, as well as bringing it closer to 

industrial applications and thus, produce a potential impact in our lives. 

This thesis has been divided into six chapters, comprising first, a general 

overview of polymers, their classification, reaction mechanisms in 

polymer chemistry, their main differences thermal behavior, and an 

exemplification of the polymers versatility by introducing polyurethanes.  

Additionally, this chapter explains the concept of advanced polymers 

with special emphasis on self-healing polymers and on Advanced 

Manufacturing as a transversal technology for the application of 

polymers. Last but not least, a small review on why those polymers and 

technologies represents a capital tool for future technological 

applications and their current needs is offered.   

In the second chapter, the thesis objectives are summarized and 

presented. 

The third chapter is dedicated to the development of an innovative 

self-healing system able to work at very low temperatures aimed for 

high demanding fields such as aeronautics, aerospace, automobile, or 

windmill applications. The main research is summarized in a scientific 

journal published under the DOI: 10.1016/j.compositesa.2021.106335 and 

an impact factor of 7.664. The selection of the healing agents, the ratio, 



the optimal catalyst, the microcapsule synthesis, the dispersion of the 

whole system in commercial epoxy resins and finally, the overall self-

healing efficiency were studied.  

The fourth chapter is devoted to the study of the structure-properties 

relationship within the synthesis of Polyurethane-acrylate (PUA) 

hybrid polymers. Although the final aim of those polymers is the use as 

novel soft material for 3D-printing applications in the health field, the 

generated library holds the potential to be used in any field where PUA 

could be applied. The study on the polymer synthesis and 

characterization has been published in a peer reviewed journal under the 

title of “Synthesis of UV-Curable Polyurethane-Acrylate Hybrids with 

tuneable hardness and viscoelastic properties on-demand“, DOI: 

10.1039/D2MA00228K. Additionally, its use as a versatile 3D printing 

material has been also demonstrated in the “QuirofAM” project co-

financed by ACCIÓ and the European Union through the European 

Regional Development Fund (ERDF) under grant COMRDI16-1-0011-03.  

In the fifth chapter is introduced a summary of the most remarkable 

advances generated in a state-of-the-art 3D-bioprinting platform. The 

principal focus of the developed platform is the high-throughput 

manufacture of cellular models. The reported developments were 

generated during a 6-months internship in an Australian company within 

the PhD (Inventia Life Sciences).  

Finally, in the sixth chapter, the conclusions of the work undertaken in 

this thesis are presented to provide a visualization of the overall advances 

and impact generated through this work.  
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1.1 Precedents in polymer science  

A simplistic overview of polymers consists of describing them as a series 

of smaller molecules called monomers that repeat over time. Even more, 

the term polymer derives from the Greek suffix “poly” (several) and 

“meros” (parts). Even though this statement is completely true, the 

overall complexity and potential of polymers reach far beyond to a point 

that they can be found in fields ranging from commodity plastics to 

compose the very backbone of life itself. 

Although polymers have been with us since the dawn of human history, 

it was not until the 19th century that scientists started making small steps 

towards a new age. The beginning of polymer science is set approximately 

with the discovery of the process of vulcanization by Charles Goodyear in 

1844, when with a little bit of serendipity, mixed while heating natural 

rubber with Sulphur. Almost a century later, the works of Leo Baekeland 

in 1907 set a milestone in the use of synthetic polymers by the creation of 

Bakelite, a thermosetting phenol-formaldehyde resin. Nonetheless, the 

full incorporation of polymers into our lives came with WW2, where 

shortage of conventional materials led to the research, discovery, and 

implementation of what are now our everyday plastic materials.  

Thanks to its internal structure and molecular arrangement, polymers 

possess a unique behaviour and interesting properties that can be 

modified to better adapt to almost any situation. 
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1.2 Classification of polymers 

From the wide variety of possibilities ahead, polymer materials in this 

chapter have been classified through their performance (commodity, 

engineering or advanced), their polymerization mechanism (step-growth 

or chain growth polymerization), their structure (chemical and physical), 

or how they behave when heated (thermoplastic or thermosets). Those 

classifications provide a first glance to the wide polymer’s world directed 

to improving the understanding of the studies provided afterwards. 

 

1.2.1 Properties and applications of polymers 

Based on their qualities and cost, plastic materials are typically classed 

as commodity polymers or engineering polymers.  

Commodity (general) polymers are cost-driven and normally, less 

expensive than engineering plastics. Moreover, commodity plastics 

account for around 80 to 85% of the overall plastic consumption 

worldwide. They are often known as general-purpose plastics and are 

inexpensive and simple to process. They have low-to-moderate strengths 

and demonstrate low glass transition temperatures. Their typical working 

temperature oscillates between 60 to 150 °C and therefore, due to their 

moderate characteristics, they are utilized in less demanding applications 

than engineering plastics such as packaging, toys, and container 

applications. Typical examples of commodity plastics are polypropylene 

(PP), Polyethylene (PE), Polystyrene (PS) or polyvinyl chloride (PVC), 

among others.  

Engineering polymers are defined as those which possess enhanced 

performance and general properties. Their superior mechanical 
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performance, chemical stability and thermal capacities, allows the use of 

these materials in specific, highly demanding applications such as 

aeronautics or aerospace fields. It has been in these applications where 

they have demonstrated the potential to replace typically used materials 

such as metal or ceramics. These polymers tend to have higher costs due 

to the larger amount of engineering resources engaged in their 

development and manufacture. As example, polysulfones (PSUs), 

polyimides, aramids, polyketones or poly(phenylene ether) are typical 

polymers included within the definition of engineering polymers.  

There is an additional category of polymers beyond commodity and 

engineering: Special polymers. 

Special polymers present chemical moieties or physical fillers in their 

polymeric chains, thus providing novel properties and behaviours. Smart 

or advanced polymers are types of special polymers which possess the 

ability to respond to external stimulus or withhold properties beyond 

what would be possible with commodity or engineering plastics. Special 

polymers englobe most of the research and works regarding novel 

developments in polymer science. 

 

1.2.2 Polymerization processes and mechanisms 

The term polymerization refers to the chemical reaction in which 

molecules with high molecular weight are generated from monomers. 

The two main types of polymerization reactions are the chain-reaction 

polymerization (also called chain-growth) and step-reaction 

polymerization (which is also known as polyaddition).  
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1.2.2.1 Chain-growth polymerization 

The chain-growth polymerization mechanism usually involves at least 

two chemical entities and can be typically divided into three different 

steps. The basic two chemical components are a monomer, which almost 

always possess at least one unsaturated group, and an active centre, 

responsible of triggering the reaction. The five different polymerization 

types used in the synthesis of addition polymers are radical 

polymerization, ionic (cationic or anionic) polymerization, coordination 

catalytic polymerization (named also Ziegler-Natta polymerization), 

ring-opening polymerization and living polymerization.1 

The first step of the chain-growth polymerization reaction is the 

Initiation. It starts with the generation of an active centre (i.e. for radical 

chain-growth polymerization is a free radical derived from a catalyst). 

When this active centre (primary) meets a monomer, it reacts by breaking 

apart the unsaturation, linking with the active centre but in exchange, 

transferring the capability to react to its structure, thus generating a 

growing active centre (for radical polymerization, the free electron is 

transferred to the added monomer) (Scheme 1.1).  

Scheme 1.1. Initiation process in the Radical Chain-Reaction polymerization. The catalyst first 
decomposes into free radicals which in turn, react with monomers containing unsaturated 
groups and the active center (free electron) is transferred to the chain end. 
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The second step is the propagation. In this process the polymer chain is 

generated by the repetitive reaction of monomers with a molecule 

containing the growing active centre (which, is a free radical charge, in 

radical polymerization, an anion for anionic polymerization or a cation 

for cationic polymerization). This way, a new monomer attaches to the 

existing chain, breaking the unsaturated bond and passing the active 

centre through the chain, ready to react again with another monomer 

(Scheme 1.2).  

 

 

Since the incorporation of a monomer to the growing polymer chain 

involves the conversion of the π bonds from the double bond to σ bonds, 

the polymerization reaction is exothermic. As the overall system’s energy 

is lowered when this reaction takes places, it is a thermodynamically 

favoured reaction at low temperatures. In other words, the bonds 

generated in the polymer are more stable than the initial double bonds 

from the monomers. The final step is the termination. It takes place when 

two active centre meets. This occurs between two end-chains of the 

growing polymers or with some left over of the primary active centre. 

For the specific example of the radical chain-growth polymerization, the 

two free electrons, acting as active centres, combine to create a stable 

simple bond between atoms (Scheme 1.3). From the kinetic point of view, 

Scheme 1.2. Propagation process in the Chain-Reaction polymerization. The initiated chain with 
the free radical reacts with more monomers, bonding them and transferring the electron to the 
chain end. 
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the locus of the polymerization is located only in those few chains where 

an initiator has triggered the process and contains an active centre. 

 

An alternative end-step for the polymerization mechanism in step-

growth reaction is the chain-transfer. In this process, the active centre 

moves from one growing chain to an inactive molecule or polymer chain, 

terminating one polymerization process but starting another. 

Interestingly, living polymerization is a class within chain-growth 

mechanism in which neither the termination nor chain-transfer step 

exists. In the system, all monomer is depleted, and the chains remain 

active. If more monomer is added, the reaction will go on. Due to the 

extreme control of the polymer growth that can be achieved in living 

polymerization it is found in most of the developments in within polymer 

science. Living polymerization can also be divided into different types 

depending on the nature of the used active centre. 

 

1.2.2.2 Step-reaction polymerization 

Step-growth polymerization reaction involves the use of at least two 

different types of multi-functional monomers with end groups capable of 

reacting with one another, forming this way, a chain of alternate 

monomers. 

Scheme 1.3. Scheme of the termination process in the Chain-Reaction polymerization. The 
propagated chains can finish the reaction by either reacting with an initial free radical (1) or by 
encountering another chain with a final free electron (2). 
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Although the minimal monomer’s functionality has to be two for the 

synthesis of a linear polymer (di-functional) it can be higher, thus 

generating a ramified structure. Step-growth polymerization mechanism 

can be divided into (poly)addition or (poly)condensation polymerization 

processes. The main difference between them is that, in condensation 

polymerization, a small molecule such as water or hydrochloric acid 

(HCl) is generated as by-product (Scheme 1.4). Due to being processes 

with high activation energies, polycondensation reactions need catalysts 

and high temperatures to fasten its kinetics and reach high molecular 

weight products. 

 

Scheme 1.4. Polycondensation reaction scheme of adipic acid and 1,6-hexamethylenediamine 
to produce nylon 6,6. It can be seen that for the reaction to occur, needs temperature. On the 
polymerization process, a molecule of water is released for each reaction between the acid and 
the amine groups. This reaction will generate a complete linear polymer unless a monomer with 
a higher functionality than the current ones is added. 
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1.2.2.3 Ring-opening polymerization 

Ring-opening polymerization (ROP) is one of the main processes of 

producing synthetic polymers within chain-growth polymerization 

mechanism.   

Although ROP reactions follow the initiation, propagation, and 

termination phases (Scheme 1.5), from the kinetic point of view, due to 

the similar speed between initiation and the rest of steps, ROP is not 

completely considered as a chain-growth reaction.2,3  

The overall addition of monomers to the growing chain is similar to the 

observed for polycondensation processes but it does not come followed 

by the loss of a small molecule as subproduct (except for the ROP of 

Leuchs’ anhydrides or the radical ROP of 2,2-diphenyl-4-methylene-1,3-

dioxolane).  

In ROP, a reactive centre such as a radical (RROP), cationic (CROP) or 

anionic (AROP) can attack a ring of a cyclic monomer, thus releasing the 

ring strain which turns into a more stable or more entropic structure 

while creating polymer chains.4 ROP is a common synthetic route for 

many commercially polymers, e.g., polyesters (poly(lactic acid), 

poly(ethylene glycol), poly(norbornene) or polysiloxanes.3  Another 

relevant pathway is the metathesis ROP (ROMP) (Scheme 1.5). 
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In ROMP there are two main components that allow the polymerization 

process to thrive. Even though the driving force of the process is the 

energy released from the ring strain, a metal catalyst is also needed. As 

the number of molecules in the overall process is reduced (generating a 

positive value for −𝑇∆𝑆), the released ring strain enthalpy must be high 

enough to compensate and move forward the reaction (have a negative 

value of free energy ∆𝐺).  

 

Equation 1.1. Gibbs free energy equation. For the reaction to be spontaneous, the ΔG value 
must be negative. 

The first metal catalysts used for ROMP reactions were undefined 

systems. A milestone was set when Schrock, Grubbs and Chauvin won the 

Nobel Prize in 2005 for the works on the synthetic and mechanistic 

pathways of well-defined catalyst complexes of Molybdenum and 

Ruthenium (Figure 1.1). 

Scheme 1.5. Simplified general mechanism of Ring-Opening Metathesis Polymerization (ROMP) 
of cyclic olefins.6 
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Figure 1.1. Different Grubb’s and Schrock’s catalysts structures.5 

 

Those catalysts provided with the potential development of a much wider 

variety of synthetic polymer structures. Plenty of new generation of 

catalytic structures leading towards improved robustness or refined 

kinetics has been synthesized since those first studies.6 

 

1.2.3 Polymer structure 

The molecular structure of polymers, also known as macromolecular 

architecture, describes how monomers transform first into monomeric 

units and afterwards organize into macromolecules. In this description is 

included the type, composition, sequence, microstructure, and tacticity 

of the monomeric units that make up polymer chains (chain structure), 

as well as their molar weight and its distribution, how polymer chains are 
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connected inside the macromolecule (topology) and any potential 

attached functionality.7 

The simplest structure that polymers can be found is linear (Figure 1.2, a). 

Linear polymers present a single, long continuous chain without any 

attachments or ramifications. If some of the monomers present several 

reactivity groups, either a branch or a crosslinking point can be 

generated. Branched polymers (Figure 1.2, b) are considered those who 

present lateral chains of small molecular weight. Crosslinking (Figure 1.2, 

c) occurs when some of these branches attach between main chains 

covalently bonding the two structures. If within the same molecular 

structure there are enough crosslinking points, a network can be 

generated (Figure 1.2, d).8 

 

 

When a polymer is composed of only one type of monomer, the name 

given to that macromolecule is homopolymer. If two different or more 

monomer species are used the generated molecule is referred as 

heteropolymer (for example, for two is labelled as copolymer and if there 

are three different monomers within the structure, it is called 

terpolymer).  

If the synthesized copolymer follows a regular periodicity among the two 

different used monomers, it is known as alternating copolymer (Figure 

Figure 1.2. Figure from 14.7 in Callister.8 Representation of the basic polymer structures. (a) 
linear, (b) branched, (c) cross-linked and (d) network. Each dot represents a monomer molecule.  
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1.3, b). In chain-reaction polymerization where, in case of using two 

different monomers do not necessarily need to react with each other, 

structures of random copolymerization (Figure 1.3, a), block copolymers 

(Figure 1.3, c) or graft copolymers (Figure 1.3, d) can be found.  

 

 

Figure 1.3. Visual representation of different types of copolymer chemical structures. Blue and 
red dots represent two different kind of monomers linked through covalent bonds.  a) the 
depicted structure is a random copolymer. b) the depicted structure is an alternating copolymer. 
c) the depicted structure is a block copolymer and d) the depicted structure is a graft copolymer.9 

 

The variation on the arrangement of the pendant groups along the main 

backbone is referred as tacticity. Tacticity is mainly classified as isotactic 

(if all the pendant groups are on the same side of the chain), syndiotactic 

(when the pendant groups follow a regular alternating pattern) or atactic 

(when the pendant groups are arranged randomly through the 

hydrocarbon chain). Moreover, a single polymer chain could present 

more than a single tacticity in different points of their structure. Tacticity 

can affect the mechanical, physical and chemical properties of the 

polymers. 

The presence or absence of symmetry in the 3D chain configurations of 

the polymer can result in crystalline or amorphous physical structure. 

Crystalline structures are only observed in polymers with a regular 

structure (homopolymers, alternating polymers or block copolymers) 

with highly ordered arrangement of their chains. Another key parameter 
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of crystalline polymers is that they present a characteristic melting 

temperature (Tm). The melting temperature is the critical temperature at 

which crystalline regions are able to flow.  

Usually, the crystalline segments have a preference of orientation and 

generate anisotropic effects on the final product that can be further 

exploited to fit into certain applications. The presence of asymmetry 

within the polymer (normally in the shape of lateral chains that could 

sterically block ordered structures) can prevent the generation of 

polymeric crystals.  

Amorphous polymers present, per definition, a completely disordered 

structure. Polymeric chains are randomly entangled and do not present a 

defined Tm but they are more defined by the glass temperature (Tg). 

When the polymer is at a temperature below its Tg, the molecular chains 

are rigid, and the material behave like a solid. If the temperature is above 

the Tg, the free volume between the molecular chains, increases and the 

material behaves as a pseudo-liquid. The lack of regular inner structure 

implies also that those amorphous polymers are isotropic (present 

uniform properties in all directions) and transparent (there are no light 

interferences through the material).  

In the internal structure of some polymers, it is possible to find 

simultaneously crystalline and amorphous regions (Figure 1.4). When 

these two structures coexist, those polymers are labelled as 

semicrystalline.10 Interestingly, the presence of crystalline regions within 

a polymer can be tuned. When the polymers are melted, the lack of 

supramolecular forces prevents any order and therefore, all thermoplastic 

polymers are in amorphous state.  
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If the polymer cooled slowly after the melting process, chains have more 

time to organize themselves in crystalline form. Otherwise, if a melted 

polymer is cooled rapidly, the molecular chains do not have enough time 

to successfully orient themselves and thus, are solidified as amorphous.  

Semi-crystalline polymers possess both a Tg and a Tm.  

Semi-crystalline polymers are solid until the polymer is heated to its 

melting temperature, when is reached, when they demonstrate a fluid 

behaviour. However, the main difference with fully crystalline polymers 

is that they begin to soften above their Tg, which is lower than the melting 

temperature. When the material has a temperature between its  Tg and  

Tm, the material exhibits large elongation capabilities under relatively low 

applied loads, this is known as rubbery region.11  

  

Figure 1.4. Representation of a semi-crystalline polymer model with miscible amorphous 
and crystalline regions.11 

Crystalline regions

Amorphous regions
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1.2.4 Thermal behaviour 

Depending on how the polymers behave when heated, they can be 

classified as thermoplastic or thermoset. Thermoplastic polymers can 

flow when enough heat is applied and thus, can be remoulded, while 

thermoset polymers have a more crosslinked network that prevents any 

kind of flowability even with higher temperatures. This means that while 

thermoplastic polymers can be recycled, thermoset materials degrade 

before flowing and thus, cannot be recycled as material.  

In the inner structure of thermoplastic polymers is based on covalent 

bonds generated by either addition or condensation polymerization. 

Between the main chains, secondary and weaker supramolecular forces 

appear, stabilizing and maintaining together the overall macromolecule. 

These secondary forces are easily broken when thermal energy is applied 

but appear again at low temperatures. Therefore, thermoplastic polymers 

can present a physical rigid structure that can be melted and then, re-

shaped in a new way and maintaining that new structure once cooled. 

Thanks to the additional freedom of the polymer chains compared to the 

crosslinked chains of thermoset materials, the total or partial 

arrangement of the thermoplastic segments can be produced randomly 

(thus generation amorphous segments) or ordered (crystalline). 

Although thermoset polymers also present those supramolecular forces, 

the number of covalent links that cannot be weakened by heat is much 

higher than in thermoplastics, preventing them to melt. Nonetheless, 

there are some benefits of having a higher crosslinked network such as 

enhanced mechanical properties (creep, deformation, dimensional 

stability…) or increased thermal stability and insulating properties. 

Thermosets are typically amorphous. Once fully polymerized, the highly 
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crosslinked, random three-dimensional network prevents any further 

chain movement, inhibiting thus the potential rearrangement into 

generating a regular or crystalline structure. Nonetheless, semi-

crystalline thermosets can be synthesized under controlled synthesis 

procedures to generate polymeric materials tailored to specific (and 

normally, high demanding) applications.12 

 

1.2.5 Polyurethanes 

The structure-properties relationship of polyurethanes (PU) allows this 

kind of polymers to be applied almost everywhere. Thus, through 

modification of the initial raw materials or the used synthesis procedure, 

a perfect insulator, a foam, a liquid coating, an adhesive or even a vascular 

stent, can be obtained, among very others (Figure 1.5).  

 

Figure 1.5. Structure-property relationships in polyurethanes.13 
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PU was first developed in 1937 by Dr. Otto Bayer and his co-workers14 

attempting to synthesize an alternative material for rubber during WWII. 

Afterwards, the industrial production of this polymer, quickly escalated 

until becoming one of the most used, versatile and studied materials 

world-wide. 

The urethane bond (carbamate), generated by the reaction of an 

isocyanate group from a polyisocyanate and an alcohol from a polyol, is 

the structural base of a polyurethane (Scheme 1.6).15 However, besides 

urethane groups, a typical PU may contain aliphatic and aromatic 

hydrocarbons, esters, ethers, amides, urea or isocyanurate groups too. 

Within the synthesis process, the presence of catalyst, the molecular 

structure of the polyisocyanate, the ratio between components or the 

presence of other active hydrogen groups such as those from water or 

amines (apart from alcohol groups), several side reactions may occur 

which affect the final properties of the polymer.  

 

Scheme 1.6. Urethane group formation from the reaction of an active hydrogen from an alcohol 
and an isocyanate.  

  

Polyisocyanates can be generally divided into aromatic, that typically 

present improved mechanical and reactive properties or aliphatic, 

generally much less toxic, and light stable. Due to the delocalization of 

the electronegative charge from the carbon of the isocyanate group into 

the aromatic substituent, aromatic isocyanates are usually more reactive 

than its aliphatic or cycloaliphatic counterparts. Similar increase in 
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reactivity is found when an electron withdrawing substituents are located 

near the isocyanate group. Some common examples of the most used 

isocyanates are represented in Figure 1.6. 

 

Figure 1.6. Structure overview of a few representative aliphatic, cycloaliphatic and aromatic 
polyisocyanates. 

 

Additionally, PU properties depend greatly on the exceptional polymer 

microstructure of alternating soft and hard blocks. Soft block or soft 

segment (SS) within PU are composed of long (between 400 and 6000 

Da), flexible, and elastic polyol chains with low glass temperature (Tg) 

that can be from either polyether, polyester or polycarbonate and are 

organized randomly in the polymer macrostructure (amorphous). 

Depending on the molecular weight and linearity of the macrodiol, the 

properties of the obtained PU will vary. Although historically the main 

source of polyols for PU synthesis have been from non-recyclable sources, 

efforts towards moving to renewable resource-based products have been 

pursued during the last years.16 The rigid, highly polar, hard segment (HS) 

comprises both (poly)isocyanates and a low molecular weight polyol or 

amine used to increase the overall HS molecular weight, named chain 

extenders. The HS, with internal supramolecular interactions (hydrogen 

bonds), is the main responsible for the physical crosslink and internal 
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mechanical reinforcement of the polymer, leading it to behave as a 

crystalline polymer.  

Depending on the type and structure of the chosen starting monomers, 

PU can be found to perform more as a crystalline, segmented 

(semicrystalline) or amorphous polymer. Mechanically, PU behaves as a 

viscoelastic non-ideal solid, having a viscous and an elastic response 

against an external excitation. Moreover, the effect of those responses can 

vary depending on both internal and external factors such as crosslinking 

density, moisture or temperature.  

Depending on the desired final application, PU can be manufactured as 

thermoplastic (TPU) and thermoset (TS). The transition from TPU to 

thermoset can be produced during its synthesis, processing or post-

processing stages. For TPU, the chemical reaction is generated between a 

macrodiol, a diisocyanate and a dihydroxy or diamine chain extender. For 

thermoset PU, instead of using a small 

difunctional molecule as chain 

extender, tri or higher functional 

molecules are used aiming to generate 

a more crosslinked network. 

Nonetheless, the thermodynamic 

differences between hard (crystalline) 

and soft (amorphous) segments induce 

molecular segmentations, obtaining 

thus a matrix from soft domains 

reinforced of discrete and ordered hard 

segments (Figure 1.7). 

 

Figure 1.7. Schematic representation of 
the phase separation in polyurethanes. 
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This microphase separation is what allows PU to perform so well as an 

elastomeric material. The degree of compatibility between distinct phases 

is determined by several factors, including temperature, crystallinity and 

previous thermal history. In comparison to traditional rubbers, elastomer 

PU are generally manufactured as thermoplastic polymers since they are 

easier to process and recycle.13 

On top of the potential variables derived from the PU building blocks, the 

synthesis procedure can also affect greatly the final behaviour of the 

polymer. Generally, PU can be synthetized in batch through one or two-

steps procedures or by semicontinuous processes as in reactive 

extrusion.17  

In one-step batch synthesis, it is mixed simultaneously a polyisocyanate, 

a macrodiol and the chain extender. Some additives are included in these 

reactions to either modify the properties, to increase the speed of it (using 

catalysts) or decrease the overall viscosity (use of solvents). Typically one-

step synthesis of PU are carried in reactors, reactive extruders or even in 

continuous injection machines for moulding.  

Although it is not as industrially attractive as one-step processes, two-

step synthesis allows for an improved architecture control of the polymer 

structure. In two-step polymerization, first a pre-polymer with terminal 

isocyanate groups is synthesized and it is later reacted with the chain 

extender in the second step, increasing greatly its molecular weight until 

the reaction is completed.  

The use and content of toxic volatile organic compounds (VOCs) drove 

scientists towards generating polymerization methods that avoided those 

components. Water-borne PU were presented as a solution for obtaining 
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environment-friendly and non-toxic PU. To create PU polymers 

compatible with aqueous media, major modification in the polymer 

backbone is necessary. Thus, ionic moieties known as internal emulsifiers 

that contain hydrophilic groups are bonded into the polymer chain and 

allow the material to stabilize in the water, creating a binary colloidal 

system.18  

Driven with the same idea of reducing the potential associated risks of 

synthesizing polyurethanes, non-isocyanate polyurethanes (NIPUS) were 

proposed to reduce the use of potentially toxic isocyanates. NIPUs are 

mostly synthesized by the polyaddition reaction between a cyclic 

carbonate and an amine (Scheme 1.7). 

 

However, it is also possible to synthesize NIPUS through reactions of 

rearrangements, ring-opening polymerizations or polycondensations. 

There is plenty of bibliography and studies regarding the different 

strategies in NIPU synthesis, its applications, and potential future 

trends.19,20 

 

 

 

 

Scheme 1.7. Polyaddition reaction between a cyclic carbonate and an amine to generate 
(hydroxy)Polyurethanes. 
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1.3 New applications of polymers, challenges and upcoming needs 

Basic commodity polymers that have been with us for more than 70 years, 

have already proven themselves indispensable for the day-to-day 

applications. However, as science, technology and the overall human 

species move forward, new challenges appear that push forward the 

frontiers of what synthetic polymers need and can do. 

Generally, the creation of new polymeric materials finds its inspiration in 

biological systems. Biological materials possess an incredibly dynamic 

way of responding to external stimulus, providing an adaptative and 

tuneable response to the received signals and needs. Advanced polymers 

are those with the capability of creating a response after an external 

stimulus, thus replicating what is seen in nature. Additionally, the 

application of those novel, smart polymeric materials, are the key to true 

breakthroughs and innovations that help shaping the future of 

humankind. For clarification, in the following text advanced and smart 

polymers will be used as synonyms. 

One of the many ways of classifying advanced materials is by the external 

trigger they are sensitive to. Temperature-responsive polymers are those 

whose, with a temperature modification can change their solubility, 

colour, or conformational structure. There are three main types of 

temperature-responsive polymers: Shape memory polymers (SMP), 

liquid crystalline polymers (LCP) and responsive polymer solutions 

(RPS). 

Thanks to a deeper understanding of the biological interactions and 

regulations in nature and in human physiology, there are now advanced 

polymers synthesized and programmed to react with certain enzymes or 
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changes in the homeostasis, for example, with the apparition of 

inflammatory markers among others. Those inflammatory signals can 

generate physical or chemical modifications triggered through a reduced 

pH (with respect to healthy tissue), the presence of reactive oxygen 

species (ROS), the presence of matrix-remodelling enzymes (MMPs) or 

an increase in temperature as well as the appearance of inflammatory 

cells within the polymer environment that, if the polymer possesses the 

right backbone modifications, can devour it partially or completely.   

Adapting physically responsive polymers to biological applications is 

leading potential solution to inflammatory-based diseases,21,22 increasing 

the availability for inflammatory drugs in-site23,24 as well as setting early 

diagnostics tools for the detection of “slow”-advancing diseases25 or 

imaging.25  

As our awareness of the limits of the planet grows, new technologies and 

materials arise to overcome long-lasting issues. As previously stated, 

polymers are one of the foundations of our current society. However, 

until not so long ago, single-use plastics were tolerated, and recycling was 

just another option. The realization of the ecological impact of those 

decisions is making society to carefully make choices regarding the 

materials used in their routine.  

While thermoplastic polymers, due to their intrinsic structure, allow for 

a complete reprocessing and thus, recycling, thermosets do not have this 

possibility. Aiming for obtaining materials with thermoset properties but 

with the recycling capability of thermoplastics, researchers have 

introduced dynamic covalent bonds (DCB) to the backbone and side 

chains of the polymer. The idea is that with a certain stimulus, DCB are 

capable of producing a temporary but stable crosslinked network that can 
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break and alter the thermal behaviour of the polymer. There are two types 

of DCB, dissociative and associative.26 In dissociative, the DCB are broken 

with a stimulus and the crosslinking density is greatly decreased. Those 

bonds can regenerate after certain time, allowing to reprocess the 

material. In associative DCB networks, the fracture and reforming of the 

chemical bonds occur simultaneously, maintaining stable the 

crosslinking density.27  

Among the different advanced materials, and within the same idea of 

increasing the lifespan of synthetic materials, those with the capability of 

healing themselves from external damage (that could make them 

partially or completely lose their functions) without the need of human 

intervention, are considered a pillar for application and improvement in 

almost all fields of polymer application. Polymeric materials that possess 

the described qualities have the designation of self-healing polymers.  

Up to this point, all the previously described advanced polymers present 

the capability of introducing substantial changes and improvements in a 

wide variety of fields. However, most of these systems are still developed 

in laboratory scale and, normally, with high priced products. Both factors 

limit greatly its further application into industrial processes and thus, 

have no real impact in our daily life.  

Nonetheless, there are sectors where these high prices are compensated 

with the obtained results and are limited to low production processes. In 

fields such as aeronautics or health, the implementation of advanced 

polymers is easier and can be used as catalyst to generate further 

improvements in the development of those technologies, aiming to 

soften the entrance of those materials to become used in daily 

applications.  
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1.3.1 Self-healing technologies 

Through evolution, living organisms have developed different repairing 

mechanisms that allow them to receive both internal or external damage 

and still maintain their basic functions. Although the mechanisms differ 

depending on the type of organism, the outcome is similar in all cases. 

Even though in humans the process of self-healing is continuous, it may 

be best exemplified and understood by exemplifying the different steps 

occurring during the healing of a skin wound. The healing mechanism is 

separated in differentiated steps. After a damage, the body suffers a 

change in its haemostasis and starts closing the wound by a coagulation 

process where several different cellular populations and biochemical 

signals intervene. Afterwards, other cell types as well as soluble mediators 

such as cytokines improve the flow of blood and more nutrients to the 

damaged site. This is known as an inflammatory process. Cells from the 

same type as their neighbours start proliferating by the presence of 

growth factors, and finally, the production of extracellular compounds 

contribute to an extremely optimized process that finishes with a new 

tissue almost indistinguishable from the original one. In the vegetal 

kingdom, high molecular weight molecules such as oligosaccharides or 

oligopeptides contained in a healing liquid, flows towards a wound and 

induce a chain of biochemical reactions that hardens the released liquid 

and lead to a similar macroscopic healing after receiving a damage. These 

chains of events have served as inspiration to researchers to develop new 

artificial healing pathways.  

The early approaches and, in some cases, the current methods of 

repairing polymer materials after suffering some damages have been 

welding, patching, and gluing. Despite being a relatively easy and 

practical approach for most fields, the concerns regarding sustainability 
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as well as the difficulty of accessibility in components from high 

performing fields (aeronautic, aerospace, building...) have pushed 

towards obtaining improved polymeric systems which are more resistant 

to damage and take longer to become non-functional (Figure 1.8, (a) and 

(b)). An ideal self-healing system should be able to repair itself 

autonomously (without any kind of human intervention) and forever 

without any compromise in their reliability whatsoever (Figure 1.8, (d)). 

The reality is that the incorporation of a self-healing system is not eternal 

but has a limited range of recovery cycles that, nonetheless, are able to 

expand the service lifetime of the material (Figure 1.8, (c)).    

 

Figure 1.8. Material’s performance over time graph comparing an original material (a) with an 
improved version (b) and with the incorporation of a self-healing mechanism (c). (d) is used to 
exhibit how an ideal Self-healing material should behave. There is also showed the limit where 
the material is no longer useful for its purpose (reliability). Obtained from Aguilar et al.28  

 

Self-healing polymers can be divided into two main categories depending 

on their self-healing mechanism. If the polymers have inherent properties 

due to its molecular structure, they are classified as Intrinsic or 
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homogeneous self-healing polymers. Typically, the intrinsic approach 

comprehends both physical and chemical mechanisms such as interchain 

diffusion, supramolecular bonding or dynamic covalent bonds, among 

others. Plastic materials whose self-healing capabilities are provided by 

external healing agents that are embedded within the polymer matrix 

(such as in microcapsules or in a vascular system) are classified as 

extrinsic or heterogeneous.  

 

1.3.1.1 Extrinsic self-healing systems 

The first synthetic self-healing material as it is known today, even though 

some early works already had played with the concept, was reported in 

2001 when White et al.29 dispersed microcapsules containing a healing 

agent (Ring Opening Polymerization monomers) and a metathesis 

catalyst (Grubbs) within a thermoset epoxy resin. When the material was 

damaged, followed by the appearance of micro-cracks, the imbedded 

microparticles also fractured, releasing the core’s content and filling the 

generated crack. After a short period of time where the healing agent is 

left to flow and cover the maximum volume of the damage, the catalyst 

triggers the polymerization reaction, bonding the two faces together 

again and thus, repairing the damage (Figure 1.9, A). Five different types 

of encapsulated healing agent systems have been proved to be effective 

(Figure 1.9).30 At least one healing agent is encapsulated in the single-

capsule system, which can be a reactive chemical, a solvent, or a low-

melting-point metal. The capsule/distributed catalyst healing technique 

involves the encapsulation of a self-healing agent into brittle capsules and 

dispersing the catalyst/trigger or a second type of capsules throughout 

the matrix.30,31 A final approach is the synthesis of all-in-one particles. 



 CHAPTER 1 
 

30 
 

There are certain parameters that need to be controlled to achieve a 

successful self-healing reaction. First, both the monomers used as self-

healing agents and the embedded must have good stability to not react 

with themselves after being stored for long periods of time nor being 

deactivated when in contact with the polymer matrix. Moreover, they 

need to exhibit enough flowability to fill the generated cracks by 

capillarity and the reactive window with the other chemical trigger must 

be high to promote a quick healing but slow enough to provide with a full 

crack covering. Additionally, the mechanical properties of the final 

polymer should match as much as possible those of the matrix.32  

Despite being the first approach matured for the SH technology, over 

more than 20 years of work in capsule-based extrinsic systems have 

pushed the technology towards being a reference in several high 

demanding fields due to its ease of application, the variety of the healing 

chemistry used, its self-healing capacity and the potential for high 

production manufacturing.33,34  

Figure 1.9. Summary of capsule-based (extrinsic) self-healing systems, (A) single capsules, (B) 
capsule (green)/dispersed catalyst (orange), (C) phase-separated droplet/capsules (green), (D) 
double-capsule (blue capsules with hardener, red capsules with healing agent) and (E) all-in-one 
microcapsules (multiple shell walls depicted with different colors). Figure from Zhu et al.30 
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With all, micro-capsule-based systems possess an inherent flaw regarding 

the potential cycles of self-healing of the material. Once the content of 

the particles is released and hardened in a certain area of the material, 

there is no possibility of healing again and thus, the mechanism is limited 

to one autonomous reparation per volume before becoming conventional 

again. 

Even presenting this limitation, several attempts towards the generation 

of commercial self-healing materials, have sustained themselves in the 

application of microparticle-based extrinsic self-healing systems. More 

specifically, in fields where materials already possess longevity and used 

in locations with limited accessibility such as thermoset composite 

materials.30 

Attempting to complement the first self-healing technology, vascular 

extrinsic systems were designed trying to replicate nature’s design for 

incorporating a network of vessels able to transport substances through 

the body. 

The research of C. Dry et al.35, which proposed a smart-concrete system 

with embedded channels capable of delivering an adhesive system when 

a crack appeared, is considered the first approach towards vascular self-

healing system. Nonetheless, the vascular self-healing system proposed 

by Toohey et al.36 is considered pioneer towards setting the bases for the 

upcoming research in this heterogeneous self-healing area.  

Although the first manufacturing of vessels was obtained by direct ink 

writing (DIW)36 of sacrificial material afterwards filled with the healing 

monomer, there are other techniques and materials that allow the same 

introduction of the vessels within the composite structure. As an 

example, sacrificial fibres, usually from polylactic acid (PLA)37, are 
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originally woven with the tissue sheet, then removed and replaced with 

the healing agents of choice following the composite manufacture 

process. Other approaches involve the use of hollow glass fibers38 or the 

incorporation of electro-spun core-shell fibres, which are not in need of 

removing processes as they already contain encapsulated the self-healing 

system.39  Similar to capsule-based systems, vascular self-healing 

chemistry are capable of holding different types of self-healing monomers 

that can either react in contact with an embedded catalyst40 in the matrix 

or use an interpenetrating network with two different vascular systems 

that contain monomers capable of reacting with each other when in 

contact such as a two-part epoxy system such as the one developed by 

Hansen et al.41 

Since its proposal, vascular self-healing systems have been thoroughly 

studied due to the potential variety of healing agents to be used, the 

possibility of being refilled and thus, increase their healing cycles and the 

large-scale damage that can be healed. However, problems of proper 

scale-up processes, the limited number of healing cycles and the 

manufacturing capabilities hold back the potential and the 

implementation of this technology.42 

As an overview, due to chemical differences between the repairing agents 

and the polymer matrixes, extrinsic self-healing polymers are mostly 

limited to restoring the mechanical performance and are not aiming to 

extend the material’s functionality over time.43 

1.3.1.2 Intrinsic self-healing systems 

While extrinsic self-healing materials need an external structure 

containing healing substances, intrinsic self-healing polymers contain 

moieties with reversible interactions within their polymer backbone. 
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Those added structures can be finely tuned through modifications in the 

polymeric architecture to respond to specific stimuli or to work under 

determined conditions. Intrinsic self-healing materials ought most of 

their capabilities to an increase in the polymeric chain mobility in the 

damaged area. The application of an external stimulus (UV light, 

temperature, electrical charges…), enable a temporary, focused and 

significative increase in the inter-chain mobility followed by a process of 

bond restoration.  

Typical dynamic bonds present in intrinsic self-healing systems are either 

physical, chemical or a combination of both. The most accepted theory 

on how physical healing is produced is the one proposed by Wool and 

O’Connor in 1989.44 In their work, represented in Figure 1.10, they 

explained how the molecular inter-diffusion takes place when the chain 

mobility is enhanced by either increasing the temperature above the 

polymer’s glass transition temperature (Tg) or the incorporation of a 

solvent, leading to chain entanglements and therefore, the material’s 

healing.  

 

Figure 1.10. Schematics on how inter-chain diffusion on physical self-healing processes 
works.Obtained from Islam et al.33 

 

Beyond the molecular design and composition, intrinsic self-healing 

materials are rather limited in the area of damage that they are capable 
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to heal. In those systems, bonding generation occur at the nanometric 

scale and therefore, the general self-healing effect can only be achieved 

at the micro-scale. Therefore, in order for the self-healing system to work, 

the damaged interfaces should be macroscopically close enough to each 

other to successfully promote physical interactions and the overall 

reorganization process.  

Aiming to create an optimal commodity self-healing material with good 

mechanical behaviour and high healing efficiencies, one of the current 

approaches is based on the combination of covalent dynamic bonds with 

supramolecular, non-covalent interactions.  

However, as their functionalities remain latent most of the time, intrinsic 

systems need specific conditions and stimuli to trigger the reactions and 

start the healing mechanism. This need of an additional parameter is one 

of the main factors limiting their incorporation in a variety of fields where 

a fully autonomous system is needed.  

 

 

Figure 1.11. Graphical overview of the different approaches towards achieving self-healing 
materials. a) Extrinsic, capsule-based self-healing. In this approach the self-healing monomers 
are embedded in microcontainers and their content is released upon integrity failure from the 
shell. b) Vascular self-healing. Instead of using discrete containers distributed through the 
material, this approach mimicks the vascular system found in nature to distribute self-healing 
monomers through the material. c) Intrinsic self-healing materials have the “dormant” 
functionality of reorganizing themselves through a variety of physical or chemical pathways, 
thus recovering themselves from generated damages indefinitely. Figure from Blaiszik et al.32  
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Even though each technology presents their benefits and drawbacks, they 

can be used as complementary due to the healing capacity they possess. 

As was explained perfectly by Blaiszik et al.32, while most intrinsic systems 

can only recover small damages as they require proximity, extrinsic 

systems based on capsule or vessels can deliver more healing agents 

towards the damaged area. As, per definition, an ideal heal-healing 

system would be the one capable of both maintaining the material stasis 

and recover from any medium-sized damage received, both approaches 

should be seen not as competitors but as complementary towards the 

same end goal (Figure 1.12).  

 

Figure 1.12. Performance map for self-healing technologies. It can be seen how the intrinsic 
system covers the smaller produced defects while extrinsic-based systems are able to heal large 
damages. Figure obtained from Blaiszik et al.44 
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1.3.1.3 Healing evaluation 

Although the self-healing effect is generated at the molecular scale, it is 

measured macroscopically by analysing different mechanical properties. 

In typical self-healing quantification assays, a bulk mechanical property 

is measured before and after some applied damage and expressed as a % 

obtained from the following equation, where η is the self-healing 

efficiency, χvirgin is the initial value of the measured property and χhealed 

is the obtained value after the damage and healing process: 

 

Equation 1.2. Self-healing efficiency equation expressed as %.  

 

There are several analytical techniques to identify local molecular 

rearrangements that lead to the self-healing effects. Methods such as 

Infrared,45 Raman46 or dynamic nuclear polarization in NMR47 techniques 

have been reported to be sensitive enough to successfully detect the in-

situ self-healing process.   

Moreover, the characterization methods most frequently performed in 

newly developed self-healing systems are property-testing techniques 

such as Dynamic Mechanical Assay (DMA), Static stress-strain tensile 

tests or lap shear tests, among others. 

Nonetheless, within mechanical testing of self-healing systems, the 

quantification of fracture toughness has been the main reference value 

since the first studies. Tapered double cantilever beam (TDCB) 

specimens are used to rigorously study the fracture toughness recovery 

(Figure 1.13).  

The main advantage of TDCB specimen over other types is that, thanks 

to the specific geometry, the generated crack length is independent from 
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the critical load and the fracture toughness, thus simplifying48 the 

calculation of healing efficiency to the following equation: 

 

Equation 1.3. Simplified self-healing efficiency (%) calculation for TDCB specimens. 

 

Where PC is the critical load and η is the healing efficiency.  

 

Other typical mechanical testing for the characterization of self-healing 

properties can be tensile,49  impact50 or bending tests.38 All those testing 

methodologies use the same procedure as fracture toughness to study the 

self-healing capacity: the quantified recovery of a specific characteristic 

over a period of time. This studied characteristic varies depending on the 

applied test, as an example either the tensile strength, impact strength or 

the material’s stiffness, respectively, can be used for the quantification of 

Figure 1.13. Scheme of the geometry of a Tapered Double Cantilever Beam (TDCB) specimen. All 
the values are expressed in mm. Figure from Brown et al.62  
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the self-healing efficiency with each mentioned characterization 

techniques. 

However, it should be noted that lately, some effort has been put into 

developing testing methodologies that could replicate more accurately 

the fatigue stresses that self-healing polymeric composites suffer through 

their lifetime. P.S. Tan et al.51 proposed a methodology based on a damage 

mechanics theory which relies on in-plane shear stress followed by brittle 

damage of the matrix to simulate the non-linear response of the 

composite materials in the presence of damage and thus, predict the 

failure conditions. This is added to the material’s potential to recovery 

and therefore, the real self-healing capability of the manufactured 

composite materials can be quantified. 

Although it appears to successfully simulate closely real load stresses, the 

overall complexity within its methodology and calculation for the self-

healing system is still preventing it from being the main procedure for 

self-healing testing. 

Other techniques that can be used to assess the healing performance are 

based on observational processes such as scratch or deep cut recovery for 

self-healing coatings. Usually, those observations are produced with 

optical microscopy 52 or scanning proves such as AFM.53 

 

1.3.1.4 Self-healing technology implementation and future perspectives 

Nowadays, it can be stated that the self-healing technology is providing 

of an incredible versatile approach for obtaining new sustainable smart 

materials for the near future. However, there are still challenges to 

overcome before achieving a successful implementation of self-healing 

technology in polymers. 
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Pricing is still one of the main blocking factors in the implementation of 

self-healing technologies. In the current situation, one of the main 

questions to answer is “How much more expensive can a self-healing 

polymer be to be worthy?”. There are a few niches, such as high technical 

application fields (aeronautic, aerospace, biomedical, construction, 

military…) where the need for improved smart materials is a must and the 

price sensitivity is more relaxed.  

Therefore, most of current study areas are focused on these fields looking 

for a rapid transition to commercially availability. However, although the 

potential ease of implementation, those developments for such critical 

fields should target very specific requirements for both adapting to the 

manufacturing processes and for truly repairing a high-performance 

system.  

Other perspectives that the self-healing technology need to address are 

the real-life applications and stability as well as the needs and properties 

in each specific case. For real-world applications, it is critical that further 

testing on the development of self-healing technologies is conducted in 

the environment that the materials will be exposed to during their 

operating lifetime. In addition, efforts should be placed into designing 

tests aimed at recognizing the behaviour of the material after its 

operating time. 

Due to the high multidisciplinary of the self-healing technology, there 

have been plenty of novel developments applied to improve the chemical 

reactivity, the material’s behaviour or the design of the initial self-healing 

polymeric chain. Additionally, the appearance of new tools such as IA or 

computational modelling can provide new insights to polymer 
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architectures or blends that can help in selecting the best combination of 

building blocks towards achieving a better performing system.54  

Future lines of work within the development of novel self-healing systems 

could fall within the implementation of dual extrinsic-intrinsic 

mechanisms. It has been already explained that extrinsic self-healing 

systems hold the capability of repair large damages while intrinsic 

mechanisms can provide a theoretical limitless number of healing cycles. 

The incorporation of microcapsules containing intrinsic self-healing 

polymers with the aim of filling the produced cracks and covalently bond 

with the substrate, could potentially generate an ideal self-healing 

system. 

 

1.3.2 Additive manufacturing technologies 

Rapid prototyping and additive manufacturing (AM) are two synonyms 

for the more widely known term of 3D-printing. The overall technology 

concept is to design an object with a three-dimensional software 

(computer aided design/ computer aided manufacturing – CAD/CAM) 

with the capability of afterwards slicing the created design in the z-plane. 

Next, a layer-by-layer addition of material is deposited until it is 

completely manufactured. Although originated only 40 years ago, in a 

greater or lesser extent, 3D printing has produced an impact in all 

manufacturing-related businesses. 

The first 3D printing technologies were patented during the 80’s decade. 

More specifically, the first one was awarded in 1986 to Charles Hull for a 

stereolithography-based printer (SLA). Nonetheless, in 1987 and in 1992, 
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patents for selective laser sintering (SLS) and fused deposition modelling 

(FDM) were secured by what now are some of the big industrial players 

in the 3D printing world (DTM and Stratasys, respectively).55  

As years passed, researchers and engineers found more and more 

applications for the recently discovered techniques, thus, new 

breakthroughs in the fields of medicine, aerospace, construction, or 

automobile industry were achieved. However, the economic barriers 

from the high costs of the printers and the lack of availability of materials 

for it, held the public adoption of the technologies.  

The expiration of some of the existing patents allowed more companies 

to access the restricted data and provide of more affordable equipment as 

well as increased investment into the creation of new operating materials 

that could adapt into them.  

Among plenty of initiatives for easing the incorporation of 3D-printing 

into our everyday lives, the RepRap project could be highlighted. 

 RepRap was a project lead by engineers from the British University and 

allowed worldwide users to share and download different software and 

designs completely free.56 More importantly, it was directed to the 

creating of a self-replicating manufacturing machine through the premise 

of “a 3D printer, printing copies of themselves”. It became so relevant that 

in 2017, most of the manufactured objects by 3D printers were processed 

through RepRap (Figure 1.14).57 
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Figure 1.14. Results of a survey taken in 2013 to the 3D printing community for the most used 
printers and manufacturers.56,57 

 

Overall, the genuine integration of 3D printing into our daily lives has 

occurred in the recent decade, when fields that require sophisticated or 

exceptionally specialized things can now produce the same objects with 

the same qualities using less complicated techniques and much more 

quickly. Perfect examples can be found in dental, implant or hearing aid 

companies where now most of its manufacturing processes are carried 

through 3D printing technologies.  

 

1.3.2.1 Types of 3D printing 

3D printing technology has advanced a lot since the early beginnings until 

employing a wide variety of techniques58 mostly based on the 

physicochemical changes of materials to undergo from liquid to solid 

state. Due to business interests, some terms and abbreviations are 

directed towards describing the same process (for example, FDM is a 

Which printers (which manufacturer) have you used?
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trademark for Stratasys but is the same as fused filament fabrication, or 

FFF, from RepRap project). Thus, to ease the classification of techniques, 

the American Society for Testing and Materials has developed a list of 7 

different heading which comprehend all current 3D printing 

technologies: 

a. Vat Photopolymerization (Vat) 

b. Direct Energy Deposition (DED) 

c. Material Jetting (MJ) 

d. Sheet lamination (SL) 

e. Powder Bed Fusion (PBF) 

f. Binder Jetting (BJ) 

g. Material Extrusion 
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Figure 1.15. Infographic summary on AM technologies. 

Figure 16 
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a) Vat photopolymerization 

Although getting his name due to the use of a vat (synonym of tub or tray) 

of liquid polymer resin, the main characteristics of vat 3D printing is the 

use of a photon source (light, laser, or UV) as stimulus to generate solid, 

free-standing polymeric structures through chain-reaction 

polymerization. All vat 3D printing methods use resins containing 

monomer or oligomers as initial materials and molecules sensitive to 

light-based stimuli (UV absorbers, dyes, pigments...). Those embedded 

additives react upon contact with the energy source and interact with the 

neighbouring molecules, triggering the polymerization and creating the 

designed object. Noteworthy, the highly crosslinked network generated 

in the polymerization process carried in VAT printing leads to the 

generation of thermoset polymers, thus becoming irreversible. This 

means that the generated objects cannot be obtained in liquid form again. 

As most 3D printing techniques, VAT photopolymerization needs a post-

process that ensures a complete functional object. In these techniques, 

photocured pieces are immersed in an isopropyl alcohol bath to remove 

the object from any adhered residual monomer and afterwards, placed in 

an UV-curing oven to ensure a complete cured process.59 

Two main different techniques fall under the umbrella of VAT 

polymerization. Those are stereolithography (SLA) and digital light 

processing (DLP).59 The main difference between them is the used light 

source for the photopolymerization and manufacture of the desired 

object. In SLA, a focused UV light traces the shape of each cross section 

of the generated layer attaching it to a platform (the first layer, Figure 

1.16).  
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Then, the platform moves in the z 

axis, leaving space for the 

photocuring of the next layer of 

material that will adhere to the 

previous one. Although normally 

the object is created upside-down, 

there are now 3D printers capable 

of printing it bottom-up. The final 

resolution of an SLA printer is 

proportional to the diameter of 

the laser beam, called also spot 

size.  DLP 3D printing differs from 

SLA by using both a more 

conventional light source and a 

projector (Figure 1.17).59,60  

The liquid crystal display panel 

transfers the light source to the 

overall resin surface in one step, 

thus greatly increasing the printing 

speed compared to SLA.  Due to the 

lack of pixels when using SLA, 

higher resolutions are obtained 

compared with objects printed with 

typical DLP. On the other hand, 

higher printing speeds are achieved 

with DLP in comparison with SLA.  

 

Figure 1.16. Structure and components of an SLA 
printer. 1- printed object, 2-photosensitive resin, 
3- building platform, 4- Laser source, 5- XY 
scanning mirror, 6- laser beam, 7- resin vat, 8-
transparent window, and 9- layer-by-layer 

movement. Obtained from Pagac et al. 69  

Figure 1.17. Structure and components of a DLP 
3D printer. The only difference between DLP and 
SLA is in 4-the light source, 5-a digital projector 
and 6-the used light beam. 
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A variant of the DLP is the continuous DLP (CDLP) also named as 

continuous liquid interface production (CLIP). The three main 

modifications are that the used projector is LED-based, that the 

transparent window is oxygen-permeable and the layer’s manufacturing. 

Oxygen is a scavenger of the radical photopolymerization reaction, thus, 

its presence in the resin partially inhibits the conversion from liquid to 

solid state. This effect that normally would be considered as a drawback, 

creates a flow of uncured resin that provides a more accurate resolution 

of the printed structure and avoids the presence of potential peel forces 

with the transparent window (Figure 1.18). In cDLP, compared with DLP, 

the layer-by-layer structure is created continuously, this improving 

greatly the printing speed and the coherency between z-stacked layers.61  

Recently, some researchers have started to create 3D micro or nanoscopic 

objects through photopolymerization beyond the diffraction limit using 

a technique called two-photon absorption62 or two-photon lithography 

Figure 1.18. Comparison between traditional DLP and cDLP. Moreover, the effect of oxygen in the 

photopolymerization/printing process is highlighted. Obtained from Düzgün et al. 72 
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(2PL). Due to the required optical complexity, it is a much more 

expensive technique but has found its niche in medical applications.   

 

b) Direct Energy Deposition (DED) 

As DED 3D printing is focused on the creation of metal objects only a 

brief description of the technique will be provided here.63   

DED is based on the application of a beam from a highly energetic source 

(electron or laser beam) that is able to both melt and deposit a metal 

source provided by either a metal wire or from powder. The main 

advantage of DED against other techniques that use metals as printing 

materials is the speed provided by the simultaneous deposition and 

fusion effect and by the multi-axial arm that can deposit the material in 

any direction, thus proceeding with the object manufacturing at any 

direction at will. Either thermal or surface machining can be used as post-

process to obtain the required finished product.  

 

c) Material Jetting (MJ) 

Through the finely controlled firing droplets of reactive substances that 

will be afterwards cured by either radiation (heat or light) or an additional 

chemical crosslinker, it is possible to generate a layered manufacturing 

process. Drop-on-demand (DoD) is a synonym for discrete MJ 3D 

printing processes. However, material jetting can be also performed as a 

continuous manufacturing technique. Advantages of MJ are its accuracy, 

the generation of thin layers (down to 16 µm) or the possibility of using 

several printing heads to generate the desired patterns more rapidly and 

using different polymers, thus creating a multi-material structure at once. 
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The droplet generation and firing can be produced by two main effects, 

thermal or piezoelectric. In thermal-based inkjet printer, a heating 

resistance induces a small vapor bubble in the used ink, creating a 

pressure force that propels the droplet out of the nozzle. As drawback, 

this type of printheads usually have less durability and additionally, have 

a poor variety of materials due to the need for them to be thermally 

resistant.  

Piezoelectric actuators use the piezoelectric effect (the generation of a 

conformational mechanical change when an electric field is applied) to 

fire the droplet outside the material. The firing in piezoelectric systems 

can be generated from an acoustic wave from the sudden change of 

conformation or by physical impulses of the piezoelectric membrane.   

Several parameters such as the applied voltage and amplitude, the jetting 

frequency, the firing speed (and applied pressure) or the surface tension 

of the used ink can impact in the final resolution and quality of the 

manufacturing process, for example, by creating satellites or clogging the 

nozzle (Figure 1.19).64 

Due to the rather inconsistent mechanical properties of the printed 

structures during the process, a support structure is needed. The 

preferred option for material jetting printing is the use of dual systems 

where the desired material is ejected from one nozzle and the support 

material form the second. The support structures usually use the same 

curing method as the selected constructing material but can be removed 

by different methods such as sonication, chemical baths, by melting (if 

wax is used as supporting material) or pressurized water.65 
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d) Sheet lamination (SL) 

SL 3D printing technique uses conventional A4 paper sheets as printing 

material. To obtain adherence between sheet papers (and layers) an 

adhesive coating is applied to each side of it. Then, a blade is used to cut 

each cross-section of the CAD-CAM generated layer, cross-hatching the 

excess material and, after stacking all the necessary sheets, 

manufacturing the object. It benefits from the wide use of colours and 

different types of existing papers to create any kind of structure. As 

drawback, this process generates a lot of non-reusable waste material.  

As a post-process, the paper object can be coated with some resin to 

provide of more mechanical integrity and improve its final aesthetics.  

 

Figure 1.19. Droplet formation in DoD 3D-printing. In (A) is represented what would be seen if 
no-jetting happened. (B) is the representation of an ideal jetting and in (C) the generation of 
satellite drops can be observed.64 
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e) Powder Bed Fusion (PBF) 

PBF 3D printing consists of fusing (sintering or melting) beads of powder 

material by using different energy sources. For manufacturing the desired 

object, a platform located inside the modelling chamber is filled with the 

appropriate amount of powdered material. Afterwards, an energy source 

that, depending on the specific technique can be heat, light or electrons 

is applied following the patron of the layer and creating a solid layer from 

the beads. Once the first layer is created, the platform is lowered, and a 

second layer of fresh material is spread over the first layer. It is necessary 

to maintain a temperature below the glass transition temperature or 

melting point of the used material inside the manufacturing chamber to 

assure a solid behaviour of the beads previously to being irradiated.  

While using polymeric beads (such as polyamide, polyurethane...) there 

is no need for the creation of supporting structures, as the rest of non-

sintered beads act as them.  

There are 4 different techniques using the principle of PBF: multi jet 

fusion (MJF), selective laser sintering (SLS), selective laser melting (SLM) 

and electron beam melting (EBM).  

MJF is a 3D printing technique created by Hewlett-Packard (HP). It uses 

the same basic principle as most 3D printing as it creates a software 

design of the object and z-slices are generated, allowing to print the 

material layer-by-layer. Although more materials are in their 

development pipeline, it mostly uses polyamide 12. First, a fusing agent 

and a detailing, limiting agent are jetted over the beads to create the 

wanted structure. Then, a heating lamp moves through the surface, 

melting the jetted material and afterwards, another layer of beads is 

applied (0.08 mm) and the process is repeated until the object is 

manufactured. By optimizing the volume of the printing chamber, it is 
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possible to obtain truly industrial productive speeds using this 

technique.66 

SLS is directed also to the creation of thermoplastic-based objects and 

uses a laser beam to do so. SLS can provide robust and well-defined 

objects with complex geometries using low costs but does not have a high 

manufacturing speed. For this reason, it is already used regularly in fields 

with low-volume production such as medical, automobile, or aeronautic.   

Both SLM and EBM use metal as base materials to produce the designed 

structures. Instead of sintering the beads as produced in SLS, in these 

techniques the material is melted and fused together. As metals require 

more energy to move from solid to liquid state, the applied energy sources 

are more energetic than the used in SLS. Nonetheless, SLM and EBM 

provide a real powerful tool for creating personalized metal parts where 

otherwise could be necessary the use of multiple pieces. The use of 

electrons instead of photons (EBM vs SLM) increase greatly the resolution 

of the technique and the price required for it.  

Most post processes for PBF require removing of non-adhered beads to 

the created surfaces by applying pressurized air or annealing the 

remaining material through the application of temperature.  

 

f) Binder Jetting (BJ) 

3D-printing manufactured structures using Binder Jetting are very similar 

to those done with PBF. Contrary to PBF, in BJ a liquid binder is used as 

an external additive that is afterwards cured and attaches the material in 

the shape of beads.  

BJ can be applied to a whole range of materials such as polymers or 

ceramics and, similarly to SLS or MJF, the manufactured designs do not 
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require any supporting structures as the surrounding powder acts as one. 

Thanks to the application of different dyes, it is possible in BJ to generate 

coloured structures without post-processing methods. Nonetheless, 

aiming to reinforce the printed object, infiltration of different kinds of 

resins is advised. 

 

g) Material Extrusion 

Material extrusion 3D-printing is also referred as FFF or FDM and it is 

one of the widest and most affordable type of commercial 3D printer 

techniques. The overall mechanism works by extruding a semisolid or 

solid material through a nozzle and stacking layers one above the others 

in a build plate. 

The physical force that drives the extrusion of the material outside the 

printer can be generated by either a pneumatic, a piston or a screw-based 

system. 

In typical material extrusion printers, rollers or pistons control the feed 

rate of the material to the different type of nozzles. Afterwards, by using 

heat, the thermoplastic polymer is melted and deposited in the x-y plane 

it while cooling the material gradually back to solid state. It is important 

that the cooling process is controlled due to potential warping effects in 

the polymer that can damage or even collapse the manufactured 

structure. Once the layer is generated, the platform moves into the z 

plane and the printing process continues until the completion of the 

designed object. For very complex geometries, extrusion 3D printing 

provides the possibility to generate supporting structures of a different 

material but requires a dual extruder. The material forming those 

structures can be easily removed once extrusion has finished. For faster 

printing speeds and more efficiency, the second material can be 
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incorporated into the process by adding a second extruding nozzle and 

printing in parallel with the main one.  

Direct Ink Writing (DIW) is a fabrication method that uses a semi-solid 

and ceramic-based ink as material and deposits it continuously in defined 

paths to create the 3D structure prior to solidify it. Although it is mostly 

classified within the material extrusion processes, droplet-based 

approaches such as inkjet printing can be considered also as DIW 

techniques.67   

From the perspective of enabling the incorporation of new materials, 

DIW is the most versatile 3D-printing technique, as the main 

requirements are a controlled rheological behaviour and a defined curing 

method. This ease for including new materials makes DIW as one of the  

most promising 3D-printing technologies for scaling-up to industrial 

scale, develop materials impossible to test in other technologies (such as 

soft structures) as well as creating the first true multi-material 3D-printed 

objects thanks to the incorporation of microfluidic devices in the 

printheads.68 

 

1.3.2.2 Advanced polymeric materials for 3D printing and current challenges 

One of the main limiting factors that prevent the full adoption of 3D 

printing into more fields appears to be the lack of usable materials that 

fit into specifically targeted applications.58 Separating polymer-based 

materials from the rest (ceramic or metallic), 3D-printing technologies 

have been mostly limited by the use of PLA and polybutadiene-styrene 

(PBS) for material extrusion technologies, Nylon and polyamide (PA) for 

Binder Jetting and Powder Bed Fusion and some acrylic-based 

photocurable resins for vat photopolymerization. As the obtained final 
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properties of those materials can be relatively similar, the range of 

implementation is way smaller than the true potential of the technology. 

This issue has already been identified by researchers and different works 

are in development towards solving it.  

The discussion of advances in the development of polymer materials for 

3D-printing systems can be separated in novel, general materials and in 

advanced, smart materials. Briefly, while general materials are aimed 

towards broadening the number of potential materials that can be 

adapted for AM, smart materials are those “programmed” to respond to 

external stimuli. 

The trends regarding development of general materials with improved 

properties are as broad as the final application purposes. However, due 

to the additional complexities of generating a single material that can 

provide for a range of diverse functionalities, most works for novel 

polymer-based materials for 3D-printing are focused on the creation of 

either composite or multi-materials.69 For example, up to now in 

photopolymerization-based AM techniques,70 acrylate-based monomers 

and oligomers were the most common resin compositions.  

To provide materials capable of sustaining much higher temperatures 

than the achieved up to this date, some new photopolymerizable inks 

have been modified to contain ceramic precursors that, after the printing 

process, can be further processed until generating a ceramic-polymeric 

hybrid.71,72 

Other strategies for the creation of novel materials involve the 

incorporation of additives to conventionally used precursors to increase 

their mechanical properties while maintaining their low density or wide 

availability. For example, studies of the incorporation of TiO2 in ABS for 
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material extrusion AM allowed to greatly increase the ultimate tensile 

strength of the composite versus the neat material or other blends.73 On 

other works, the in-situ generation of PLA-Carbon fiber composites by 

EM has already been explored by several authors to create lightweight 

structures for aerospace applications.74  

On the other hand, there is an increasing need for successfully printing 

soft materials for biological or soft-robotic applications, among others. 

Recent studies such as those from D.K. Patel et al., which synthesized a 

highly stretchable elastomer derived from ABS for photopolymerization 

AM,75 K. Du, et al., that created a PDMS-based elastic material76 or J. 

Odent et al., which used an ionic composite hydrogel for ME applications, 

advanced the frontiers of soft polymers in 3D-printing manufacturing.77 

Moreover, the recent generation of soft composites or multimaterials  

capable to obtain structural and functional improvements are thoroughly 

discussed in recently published reviews.69 

Although the recent efforts in the development of soft polymeric 

materials, there is still an urgent demand for soft materials capable of 

being adapted for each necessity at will. The hardness adaptability of 

those polymers could provide researchers of a novel tool to innovate in 

fields (mainly health and biomedical applications) where has not been 

easy until now.  

As a concluding remark, due to the drastic advance of the digital design 

and AM technologies, 3D printable materials with tailored properties are 

nowadays considered to be the limiting factor of an upcoming potential 

productive revolution.   
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1.3.2.3 Transition to 3D Bioprinting 

The application of 3D-printing technologies to the layer-by-layer 

manufacturing of complex 3D functional living tissues is called 3D 

bioprinting. The combination of the inclusion and the controlled 

deposition of biocompatible materials, while supporting biochemical 

components or living cells into the systems, has added a new degree of 

complexity to an already challenging field. Thus, 3D bioprinting is an 

incredible translational area where physicists, engineers, biochemists, 

medical doctors or biologists need to work together to fill out each part 

of an intricate puzzle thus creating functional and physiologically 

relevant structures.  

Similarly to what occurs in 3D printing, several approaches and 

techniques are integrated in what has been developed as 3D bioprinting. 

The main used methodologies are biomimicry, autonomous self-

assembly, and mini-tissue building blocks while Inkjet bioprinting, 

microextrusion bioprinting, and laser-assisted bioprinting (LAB) are the 

leading current used printing technologies.  

Biologically inspired engineering is defined as biomimicry. Biomimicry is 

based into looking how the natural organisms have used millions of years 

of evolution and adaptation to solve similar problems that researchers are 

facing now. In 3D bioprinting, biomimicry is focused on replicating those 

exact same biologically relevant structures that are seen in the nature as 

exemplified in Figure 1.20 (e.g. replicating gradients of textures and 

stiffness). However, in order to fully replicate what is seen inside 

biological systems, it is imperative to first have a deep and extensive 

knowledge about the composition, self-regulating forces and 

functionality of each component.  
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Figure 1.20. Representative Biomimicry approach to generate an artificial cell. 

  

Autonomous self-assembly relies on the signals generated by the 

incorporated cells into the printed structure to drive all the following 

steps of organization and histogenesis, replicating thus the same 

behaviour as seen in the early embryonic stages of the organ development 

(Figure 1.21).78  

Nonetheless, some previous manipulative signals must be implemented 

in the printed materials to tune the response towards the intended final 

purpose (e.g. short adhesion peptides or growth factors).  
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Figure 1.21. Self-assembly procedure scheme. By the inclusion and autonomous behaviour of 
cellular and extra-cellular components, more differentiated structures are self-generated. 

 

The concept behind the approach of using mini-tissues uses similar 

precepts as the mentioned above with the difference of having a 

miniaturized fully functional tissue as the stablished smaller functional 

component (Figure 1.22).  

In this approach, there is first the step of generating a series of small-sized 

structures capable of performing almost the same functions as the major 

organ they are looking to replicate and afterwards, those will be 

assembled (or self-assembled) into a major, more physiologically 

representative macro-systems. 



 CHAPTER 1 
 

60 
 

 

1.3.2.4 Printing strategies 

Inkjet bioprinter, known also as Drop-on-demand printers works by 

shooting small droplets of liquid biomaterial into a targeted location 

while maintaining a high resolution and speed (Figure 1.23.1). Inkjet 

actuators, as previously mentioned (MJ), can use different types of 

impulses to create and eject drops of the selected (bio)material. Heat-

based inkjet works by electrically heating the print-head, partially 

expanding (evaporating) the bioink and thus, producing a pressure pulse.  

Although the printhead can reach temperatures above 200 °C, there has 

been plenty of studies demonstrating that only a 4 to 10 °C heating 

increase is generated in the printed drop and thus, no significant harm to 

either cells or genetic material is produced.79,80 Even considering all these 

studies, there is always some potential risks when exposing cells to high 

temperatures or strong mechanical stresses. Acoustic actuators apply 

their forces through the generation of acoustic waves by using 

piezoelectric crystals or ultrasound fields. By modifying the pulse’s 

duration and amplitude it is possible to finely tune the droplet size or the 

Figure 1.22. Graphical representation of a Mini-tissue. 
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rate of ejection as well as to obtain an improved control of the printed 

directionality.  

As all technologies, there are some drawbacks that need to be taken into 

account when using those systems. The main ones are the necessary use 

of low viscosity liquids and the potential limitation for high cell densities. 

The first one implies that some crosslinking mechanisms must take place 

after the printing process, thus limiting its speed or making the overall 

process more complex (addition of UV light, modification of natural extra 

cellular matrix (ECM) components…).  Having high cellular densities in 

the inks may prevent the generation of homogeneous drops or cause 

nozzle clogging when the printing starts. Therefore, the cell count in 

bioinks for inkjet bioprinting needs to be tested for each application 

before starting with the manufacturing process.  

Among the different existent bioprinting techniques (inkjet, micro-

extrusion or laser assisted biopring), micro-extrusion bioprinting is the 

most affordable and commonly used of them all (Figure 1.23).  

Figure 1.23. Representative figures on the printing mechanisms for the most-used 3D-
bioprinting techniques. The overall mechanism is the same for “normal” 3D-printing systems 
except for the use of biologically-based or cellularized inks. 1. Inkjet (bio)printing with a heat 
(left) and piezoelectric (right) actuators for the droplet generation. 2. Physical forces applied to 
extrude the ink for ME (bio)printing, pneumatic (left), piston (center) and screw (right). 
3.Overview of the sandwich panel in LAB. 
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Replicating extrusion mechanisms for “normal” 3D printing, a bioink is 

controllably deposited onto a substrate through a micro-extrusion head 

following a pre-settled path directed by a CAD-CAM software and 

manufacturing the desired structure layer-by-layer. The main dispensing 

systems currently used for micro-extrusion methods are pneumatic and 

mechanic (piston or screw, Figure 1.23.2). One of the main benefits of 

using micro-extrusion bioprinting is the wide availability of materials 

that can be used, especially those presenting high viscous behaviour. This 

capability also means that printing biomaterials containing high density 

of cells is possible, which allowed researchers to create multicellular 

spheroids with complex structures and biological relevance.81   

On the other hand, the cell viability exhibited after micro-extrusion 

processes is between 40 to 86%, with higher cell mortality proportional 

to the used dispensing pressure and the afterwards generated shear 

stresses. To prevent cell death while maintaining good resolution and 

speed, there are improvements towards new nozzles, motor systems o the 

application of multi-deposition syringes in process which could reduce 

printing times and allow for the printing of multiple materials 

simultaneously.82  

Using the same principles developed to transfer metals in AM, LAB uses 

a focused pulsed laser beam directed to an absorbing layer that creates a 

bubble and propels the biomaterial towards a substrate in a very precise 

manner (Figure 1.23.3). One main difference of LAB comparing with the 

other bioprinting techniques is the absence of nozzle. Problems related 

to clogging or viscosity limits from the inks or high cell densities are 

therefore avoided. Nonetheless, LAB technique requires a lot of time to 

prepare the system for the co-printing of different materials or cell types 

due to the careful preparation of the absorbing layer (ribbon). Even 
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though it is still a rather expensive technique for rutinary 3D bioprinting, 

due to the potential in-situ generation of clinically relevant tissues, it can 

found a niche in in-situ regenerative surgery.83 

 

1.3.2.5 Synthetic polymeric materials used in 3D bioprinting, applications and 

current challenges 

In contrast to conventional 3D printing, several properties (such as 

biocompatibility or printability around the corporal temperature) must 

be fulfilled by the printed material to be considered a bioink. All those 

compromises, taken to ensure an optimal printability and biological 

stability of the system, fall under the biofabrication window concept.84 

Although sometimes the nomenclature for bioink include both the 

cellular component and the material, in this section the term “bioink” will 

be used as reference for only the material used in 3D bioprinting.85  

The selection of the optimal components for 3D bioprinting applications 

is one of the main pillars for achieving a final representative and 

functional synthetic tissues.86  

Polymers obtained from natural sources and applied in the biomedical 

field are defined as natural biomaterials. Their capability of mimicking 

the cellular environment, self-assembly capabilities, excellent 

biocompatibility or biodegradability, make them versatile and useful for 

3D bioprinting studies. However, those materials usually suffer from 

different drawbacks such as lack of reproducibility, poor mechanical 

stability or no tuneability, that ultimately prevent their inclusion and 

implementation into industrial processes.87 Although synthetic 

polymeric materials lack of bioactive markers and some can exhibit low 

cytocompatibility, they can be tuned at will, present outstanding 

mechanical properties and prevent the lack of uniformity observed in 
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their natural counterparts.88 In order to support cell survival and further 

biointegration, most natural and synthetic materials are generated in the 

shape of hydrogel structures.85,89  

Within the use of synthetic polymers, more than 10 different types have 

been reported to be applied in 3D bioprinting studies.90 In short, PLA, 

with its derivatives as polylactic-co-glycolic acid (PLGA), polyethylene 

glycol (PEG), polyether ether ketone (PEEK), polycaprolactone (PCL) or 

PU are the most widely used. Among these polymers, PEG and PU can be 

highlighted.  

PEG is hydrophilic, present cellular and protein repellence and it’s an 

extremely biocompatible polymer. For all those reasons, it has been 

widely used also for vehicle in drug delivery systems, soft tissue 

engineering or surface modification. The main current drawbacks of pure 

PEG polymers are their poor mechanical properties91 and non-

degradability, thus, the incorporation of PEG into copolymer systems 

such as Pluronic (copolymer PEG-[polypropylene glycol]-PEG) or its use 

as chemically modified structure to allow different printing strategies 

(e.g. with (meth)acrylates for photopolymerization) are the main used 

approaches in PEG-based materials applied in the 3D bioprinting field.   

PU, with an outstanding capability of enduring repetitive contraction 

stresses, has found its niche as material used in 3D-bioprinting for the 

creation of artificial muscles, nerves or cartilages. Most of the PU 

manufacturing processes for biological applications were limited by the 

use of organic solvents, non-compatible polyols or traces of free-

isocyanate molecules after the synthesis processes. Nonetheless, thanks 

to using non-toxic waterborne PU and the inclusion of biocompatible or 

biodegradable polyols such as PEG or PCL have allowed PU to become a 

commodity polymer in 3D bioprinting.  Moreover, as in conventional AM, 
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it is possible to introduce other chemical groups to allow different post-

polymerization pathways to widen the field of applicability in other 3D-

bioprinting technologies.92  

As one of the main drawbacks of synthetic polymers is their lack of 

bioactivity, several modifications have been applied aiming to obtain 

different biological responses that those produced by their native 

structures.  

The potential functionalization of the polymer chains include the use of 

cell-binding peptides such as arginyl-glycyl-aspartic acid (RGD),93 drugs, 

genes, proteins, amino acids and more.94,95 Those modifications have 

proven to widely increase cell compatibility with different non-natural 

materials and tune the overall cellular response.  

 

1.3.2.6 Current applications of 3D bioprinting 

Even though the ideal target for 3D bioprinting is the complete artificial 

substitution of tailored tissues and organs for each individual patient 

(personalized regenerative medicine), the development and current 

applications of 3D bioprinting can provide a wider range of capabilities.  

Due to the high availability of hard synthetic biomaterials, tissue 

engineering of hard organs focused on bone and cartilage has been one 

of the primaries and more successful aims of development.96 Coming 

from a wide variety of simple 3D-bioprinted models, different authors 

have created more and more complex systems which are becoming 

synthetic replicates of bone tissue with variable porosity and their own 

vasculature. 

Thanks to the layered structure of the skin, it is now possible to create 

stratified structures with different composition that try to replicate the 
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most complex organ of the body. Moreover, studies about in-situ skin 

bioprinting are being held for clinical trials.97  

3D bioprinting studies pursuing the regeneration or replacement of softer 

organs such as liver, lungs, heart or neural have also been reported in the 

last years. As the number and types of bioinks increase, the possibilities 

to obtain more representative tissues are increased.98  

One of the most interesting current applications of 3D bioprinting 

technology is the generation of high-throughput 3D tissue models for 

research purposes such as drug discovery, cell behaviour, cancer studies 

or toxicology profiling.99 New drug development usually takes about 10 

years, almost a billion dollars and only 1 out of 10.000 initial compounds 

are usually successful.100 One of the main bottlenecks is passing from in-

vitro to in-vivo testing. Among the leading reasons for this repeatedly 

reported phenomenon, is related to the lack of clinical relevance of 

typical 2D in-vitro systems.  

Nowadays, multidisciplinary teams are joining to create 3D models 

through different approaches that are capable of representing more 

accurately real biological environments.  

Although the 3D model is slightly more expensive than the current 2D, 

the obtained information is much more relevant and thus, the overall 

economic impact is positive on the drug validation process.101 A similar 

prospect is used for studying of different diseases such as cancer. By 

generating relevant 3D models able to better replicate the overall 

environment, it is possible to study and test different combinations of 

drugs or molecular pathways and easily translate it to clinical 

applications.102  
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1.3.2.7 Future perspectives of 3D bioprinting: 

Several problems are blocking the already game-changing 3D bioprinting 

technology from moving to the next stage and become a suitable 

substitute for organ and tissue replacement. As per today, some steps of 

the bioprinting process are still performed manually, leading to potential 

errors and an overall slowness of the model/piece generation. Moreover, 

for obtaining objects capable of being implanted there is still a lack of 

enough in-vivo vascularization of the manufactured tissue. 

Improvements in materials that can allow a better diffusion through the 

material103,104 or the generation of artificial vascular systems105 are already 

on their way to solve this recurrent issue. Also, due to extreme complexity 

and heterogeneity of biological organs, improvements in the printing 

resolution and methods are needed.  

However, the factor which withholds the most potential for improving 

3D bioprinting technology is the manufacture of novel bioprinting 

materials (bioinks). The generation of those enhanced materials can be 

either by the discovery of polymers capable of mimicking more accurately 

the extracellular environment (improved nutrient diffusion, electrical 

conductivity, mechanical adaptability) or by the combination of current 

existing polymers with the right biological markers. Also, it should be 

taken into consideration the potential of in-situ in-vivo 3D bioprinting to 

allow a partial substitution or specific support of damaged structures in 

what would be one of the most advanced approaches of personalized 

medicine. 

In parallel, the manufacture of more relevant 3D cell models can become 

crucial in the development of platforms capable of enhancing drug 

discovery or influencing in the discovery of cellular/molecular pathways. 

To that end, improvements in the material composition and behaviour 
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are needed to get closer to mimic real cellular environments. An 

interesting focus of study for the next generation of cellular models could 

be set into the synthesis of materials capable of reproducing aging or 

other matrix rearrangements due to the cellular behaviour. 

Nonetheless, as a middle ground between the optimal generation of 

artificial organs and 3D printed models, scientists are now developing 

surgical models for surgery training. Those models are generated by using 

acquired images from a patient and afterwards, selecting specific 

materials with matching mechanical properties with the targeted organ, 

thus generating a model with the exact inner structure and relevant 

mechanical behaviour. However, there is still work to obtain materials 

capable of being 3D printed and hold the overall properties to allow the 

manufacture of a clinically relevant organ surrogate. Only then, doctors 

and surgeons will possess a powerful tool to better organize the surgery 

and minimize any potential risk from unexpected complications.106 
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2.1 Thesis objectives 
 

As already discussed, advanced polymers have the capacity of promoting 

key scientific developments and thus, impacting greatly in fields ranging 

from ecology to personalized medicine. However, there are still plenty of 

obstacles to achieve advanced polymeric materials as well as successfully 

generating them at industrial scale. Therefore, the aim of the present 

thesis is:  

 

(I) To study and develop a polymer-based self-healing system capable of 

successfully performing autonomously at harsh environments (low 

temperatures) aimed for its application in composite materials. Due to 

the low reactivity and potential lack of flowability derived from the 

environmental conditions, a proper monomer and catalyst selection will 

be critical for its successful performance. Additionally, the system’s 

inclusion into the final compounds should be studied and designed to fit 

within industrial manufacturing practices to ensure its optimal 

transference to real applications. The work carried to demonstrate the 

system’s feasibility is presented in Chapter 3. 

 

(II) To generate novel polymeric materials with the capacity of achieving 

and tunning at will the appropriate properties of softness, viscoelasticity 

and transparency from its synthetic chemical design to be used as 

photocurable 3D printing materials. To manufacture 3D printed objects 

possessing variable mechanical properties through its composition (i.e., 

hardness) using a single polymeric material. The results derived from the 

studies in the synthesis and characterization of UV-curing polymers with 

tuneable properties are shown in Chapter 4.  
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(III) To create relevant 3D cellular models through high-throughput 3D 

bioprinting.  To achieve it, a study and optimization of both the 

polymeric bioink systems and the overall 3D bioprinting platform should 

be performed. The studies and works carried on about this topic are 

reported in Chapter 5. 
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Abstract  

There is a growing demand of self-healing materials to overcome the 

costs derived from repairing and substituting pieces and components due 

continuous damages. Among the pursued strategies, the development of 

self-healing systems capable of operate at real low temperatures remains 

unsolved. In this study, we report the development of an extrinsic self-

healing system for composite materials that has demonstrated an 

efficiency above 100% at low/ultra-low temperatures. This mechanism is 

based on the Ring-Opening Metathesis Polymerization (ROMP) of a 

blend of 5-ethylidenenorbornene/dicyclopentadiene (ENB/DCPD) 

monomers in the presence of ruthenium-based 3rd generation Grubbs’ 

catalyst (G3). The blend was microencapsulated in formaldehyde-free 

polyurea vessels and dispersed into three different commercial epoxy 

resins. Tapered Double Cantilever Beam (TDCB) specimens of the 

modified resins were manufactured, tested, and healed at low/ultra-low 

temperature conditions completely autonomously. All samples showed 

high self-healing efficiency, demonstrating the potential incorporation in 

real composite materials for high performance fields. 

 

KEYWORDS: Smart materials; Particle-reinforcement; Damage tolerance; 

Mechanical testing; Self-Healing. 
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Scheme 3.1. Scheme of the extrinsic ROMP-based self-healing system developed in this work for 
epoxy-based materials used in high demanding fields efficient at ultra-low temperatures. The 
self-healing mechanism reported in this work follows the same ROMP-based chemistry as 
previous bibliography [10,12,19,26]. In short, strained cyclic olefins with no bulky groups around 
the double bonds such as 5-Ethylidiene-2-norbornene (ENB) and Dicyclopentadiene (DCPD) are 
microencapsulated and dispersed in epoxy-based materials. When a crack appears (due to 
erosion or external damage, for example), it breaks the composite along with the capsules, the 
monomers are released from their vessels and reacts at low temperature (-20 °C) in presence of 
a Ru-based catalyst (3rd Generation Grubbs Catalyst) previously embedded into the material to 
generate a crosslinked random copolymer of poly-ENB/DCPD, generating an adhesive layer and 
attaching both sides of the damaged composite. With this, the material is healed and its 
operating shelf-life, increased. 
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3.1 Introduction 

Fibre reinforced plastics (FRP) are becoming more and more popular due 

to their improved properties allowing their use in applications that 

traditionally have been reserved to other compounds such as metallic and 

ceramic materials.1 The main advantage of this class of composite 

materials is their low density, which, in combination to their mechanical 

properties, enable the obtention of materials that are both strong and 

lightweight. Weight reduction is critical in several fields, as allows an 

enhanced performance while providing an overall cost reduction. Thus, 

the lightweight materials market is growing much faster than the overall 

materials market.2 

With all, these materials present some undesired properties. Among 

those, erosion resistance due to constant loading conditions (I.e. dynamic 

and impact damage) is usually poor.3,4  This erosion process can pose a 

severe threat to the overall integrity of the polymeric composite structure 

at the long pace, preventing the full inclusion of FRPs in structural pieces 

for its application in fields where high standards are required. Moreover, 

the current maintenance of FRP is posing both a technical challenge for 

critical structural parts as well as a great economical expense, mostly 

related to the fact that the possible caused damage is not always visible 

to the naked eye but at microscopic level.5  In order to fully introduce 

those materials in some of the high-performance fields such as the 

automotive, wind power or aeronautic industries that will work in harsh, 

real conditions, there is a need for increasing the FRP on-site resistance 

to the erosion damage and thus, enlarging its optimum operating life in 

a way that not includes a higher expense in human maintenance of the 

materials.  
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Among the studied strategies used for increasing FRPs durability, service 

life and reliability, the development of Self-Healing (SH) materials has 

received a lot of attention during the last decade. By mimicking biological 

systems, these composite materials are designed with the ability to trigger 

a self-repairing response without any or with very little external human 

intervention when an internal or external damage is produced. Through 

this strategy, is possible to enhance the lifespan of these polymer 

composites preventing simultaneously a catastrophic failure of critical 

part as well as significantly reducing the maintenance of these structures. 

For all these reasons, SH materials are called to be the next generation of 

materials for high performance applications.6,7 

SH materials can be classified broadly into two types: intrinsic and 

extrinsic.6 The SH process in intrinsic-type materials is due to the 

material’s inherent characteristics and functionalities,8,9 whereas in 

extrinsic SH materials the damage is recovered by the release of a healing 

agent inside the cracks from separated microcontainers embedded in the 

matrix.10,11 Although intrinsic SH materials can provide a reiterative and 

therefore, theoretical longer SH activity, they are in need of a relative 

strong external stimuli such as heat or light as well as they have lower 

healing volume than extrinsic systems.12–14  In epoxy-based FRP, with 

some exceptions in the recent years,13,15 the main applied system is the 

extrinsic SH. While vasculature-like structures have been reported as SH 

containers, they still present scale-up and implementation problems,13,16,17 

leaving the incorporation of microcapsules as the prime methodology for 

this approach. Overall, experimental results and literature seem to 

indicate that up to now, the SH approach with the highest potential of 

being used in real-life applications is the one based in microcapsule 

addition.18 
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The microcapsule SH mechanism starts when the epoxy-based composite 

material becomes eroded and thus, micro-cracks are generated, 

spreading through the material. Crack propagation causes the rupture of 

the embedded, fragile microcapsules and the release of the healing agent 

that flows into the damaged area (Scheme 3.1 [A, B, C]). Consequently, 

the healing agent encounters with another embedded chemical trigger 

(such as a catalyst or another reactive healing agent) and polymerizes, 

forming a thin layer that leads to a bonding of the crack faces back 

together, preventing the crack propagation, delaying the erosion effect, 

healing the system and therefore, increasing the material’s lifetime 

(Scheme 3.1, [D]). 

From the wide variety of healing agents used for extrinsic SH applications 

(such as metathesis, polycondensation and epoxy-based systems),16 the 

Ring Opening Metathesis Polymerization (ROMP) system, on which this 

work is based upon, has been extensively reported in the literature and it 

has proven to be an excellent polymerization technique for these SH 

thermoset materials. Studied first by White et al., the ROMP of blends of 

cyclic olefins is used to synthesize linear and ramified polymers through 

the action of ruthenium-based catalyst (Grubbs’, Hoveyda-Grubbs’).19 

These catalysts can be either directly dispersed into the resin or 

encapsulated in waxy materials in order to avoid  a deactivation by 

contact with the curing agent or exposure to air.20 Even though there is a 

broad number of SH studies reporting the use of Grubbs catalyst, to the 

best of our knowledge this is the first work reporting the use of the 3rd 

generation of Grubbs catalyst, with a reactivity that can be up to six orders 

of magnitude higher than 2nd generation,21  for SH applications. 

5-Ethyldiene-2-norbornene (ENB) and dicyclopentadiene (DCPD) 

mixtures, (ENB/DCPD) microencapsulation has been reported using in-

situ polymerization in urea-formaldehyde22,23 and melamine-urea-



Self-healing system for low and ultra-low temperatures 
 

97 
 

formaldehyde.24  However, problems regarding the use of solvents or 

toxic formaldehyde, represent a drawback in the use of those materials. 

Above them, polyurea (PU) rises as a good alternative as it is stable at the 

different processing conditions —it has been used for other self-healing 

systems—25, and the methodology is formaldehyde and solvent-free. The 

main problem may be envisaged from the use of isocyanates for the 

polyurea formation, but the risks are minimized by using non-volatile 

polyisocyanates and by assuring non-free isocyanates in the final product 

(using amine excess and following isocyanate consumption by FTIR). 

Furthermore, current microcapsule-based SH materials have good 

performance under favourable and standard conditions, but have failed 

to provide a good repairing performance at harsh conditions, especially, 

at very low temperatures where the real operation conditions of the 

materials used in aerospace or windmill industry take place. In the last 

years, some ROMP-based systems with potential to operate at sub-zero 

temperatures have been demonstrated and microencapsulated, but the 

self-healing tests were only performed at room temperature and low 

yields were obtained.26 Alternatively, Kalista and co-workers reported a 

system able to work at low temperatures but with the need of external 

sources of energy (ballistic impacts) to initiate the self-healing process.27 

Dong-Min, et al. demonstrated a successful dual microcapsule low 

temperature (-20 °C) self-healing, but for coating applications.14 

Regarding intrinsic self-healing systems, several works mention a 

development of a self-healing system operating at low temperature while 

really they refer to room temperature or near ambient temperature.28,29 

Only a few works such as the ones from Wu et al. or Xue et al. show a 

successful, real self-healing behaviour at low temperature30,31 and, in none 

of them, the selected matrix is either a thermoset or epoxy-based.  The 

failure of intrinsic systems for low temperature applications may be 
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hypothesized to be related to the need of a significant chain mobility to 

achieve the regeneration process.12,32 Thus, all of these systems fail to 

provide an effective extrinsic-type and autonomous (understood as the 

unnecessity of needing any external agent, such as heat, pressure or 

radiation)12 SH solution for internal structural components for the real 

environmental conditions that the materials will face. 

Hence, in this study the authors report the development of i) an extrinsic 

self-healing system based on metathesis polymerization of ENB/DCPD 

blend, able to flow without phase separation at -70 °C and to react, in 

presence of 3rd generation Grubbs’  catalyst from -20°C; ii) ENB/DCPD 

blend microencapsulation by interfacial polymerization in solvent-free 

non-toxic polyurea (PU) generating core-shell microcapsules with up to 

70 wt.% load; iii) the incorporation of these microcapsules into different 

system of epoxy-based material without the necessity of protecting the 

metathesis catalyst; and iv) the demonstration that this system present 

an autonomous healing efficiency in fracture toughness assay with 

tapered double cantilever beam (TDCB)33 higher than 100%, at cryogenic 

temperatures for all different epoxy systems. 

 

 

3.2 Experimental section 

3.2.1 Materials  

Three different epoxy systems (Table 3.1) were used as polymeric matrixes 

for the specimen’s manufacture. Grubbs 3rd generation (G3) and 

Hoveyda-Grubbs 2nd generation (HG2) catalysts were purchased from 

Sigma-Aldrich. 5-Ethyldiene-2-norbornene (ENB) and dicyclopentadiene 

(DCPD) were used as healing agents and purchased from Sigma-Aldrich 

(US). Voranate™ M 2940 (Dow, US) was used as polymeric isocyanate 
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(polymeric methylene diphenyl diisocyanate pMDI). Ethylendiamine 

(EDA), Diethylenetriamine (DETA) tetraethylenetriamine (TETA) and 

arabic gum from acacia tree were purchased from Sigma-Aldrich and 

used as received. 

 

Table 3.1. Curing conditions of the different epoxy resin systems. 

Resin system curing rate 
Parts per 

weight 
Curing process Epoxy 

component 
Amine curing 

agent 
Accelerator 

Epikote 
RIMR 135 

Epikure 
RIMH 137 

 
- 100 : 35 

Ramp at 0.5 °C/minute to 45 °C. 
Hold at 45 °C for 1h. Ramp at 

1°C/min to 75°C. Hold at 75 °C 
for 4 hrs. Cool to ambient at 1 
°C/min. Hold at RT for 19h. No 
post-cure process is performed 

Araldite LY 
556 

Aradur HY 
917 

DY 070 
100 : 90: 

0.5-2 

Ramp at 1 °C to 65 °C. Hodt at 65 
°C for 1h. Rampt at 1 °C/min to 

80 °C. Hold at 80 °C for 16h. Cool 
to RT at 1 °C/min. No post-cure 

cycle is performed 

CTD 7.1 
Part A 

CTD 7.1 Part 
B 

- 101 : 29.6 
The sample is cured for 7 days at 

25 °C. No post-cure process is 
performed 

 

3.2.2 Sample preparation 

ROMP monomers selection. At low temperatures, fast reaction kinetics 

are beneficial for the self-healing process. Therefore, strained cyclic 

olefins having no bulky groups around the double bonds, such as 5-

ethylidene-2-norbornene (ENB) and dicyclopentadiene (DCPD), were 

selected due to their extensively reported high ROMP activity.34  The ENB 

monomer has a higher ROMP reactivity than DCPD, however; DCPD is a 

good candidate since it provides enhanced mechanical properties to the 

final polymer such as  fracture toughness and strength, which are 

achieved due to the cross-linked structure obtained after 

polymerization.23 
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Nevertheless, the melting point of DCPD (32.5 °C) limits its use as 

monomer as it is waxy at 20 °C and solid at sub-zero temperatures 

therefore, it cannot flow and fill the cracks. On the contrary, mixtures of 

ENB and DCPD present much lower melting points. It has been reported 

that mixtures of ENB/DCPD in a ratio of 95:5 are suitable to be used as 

liquid healing agent as low as –50 °C.26 

Solubility and phase separation of the different ENB/DCPD blends were 

studied by mixing each monomer at its specific ratio in a vial and kept at 

room temperature, -20°C and -70°C from 1h to several days. The blends 

were visually observed periodically to determine possible phase 

separation. Moreover, their viscosity was quantified at the selected 

temperatures to demonstrate the blend’s fluidity. 

Catalyst Selection. Ru-based catalysts, such as those from the Grubbs’ 

family, are reported as ROMP reaction catalysts in SH systems.34,35  Since 

fast-initiating catalysts are necessary to promote metathesis at reduced 

temperatures according to our application,36 two different Ru-based 

catalysts with low activation temperatures were selected36: Hoveyda 

Grubbs 2nd Generation (HG2), and Grubbs 3rd Generation Catalyst (G3).  

Reactivity of the different ring-opening metathesis catalysts (HG2 & G3) 

was verified in the first place visually and by FTIR through the formation 

of crosslinked networks of the polymer. Each catalyst (C= 0.1 wt.% to 

0.004 wt.%) and ENB/DCPD (95:5 and 80:20 molar ratio) were 

mechanically mixed in a previously cooled vial (-72 °C) and kept at room 

temperature, –20 and -70 °C for up to 10 days. The maximum time the 

sample remained under study was 14 days. After the first qualitative 

screening, catalyst activity and reactivity were quantified by DSC through 

the assessment of the heat released from the exothermal ROMP reaction. 

To ensure that no reaction took place prior to the measurement, the 

blends were mixed with the selected catalyst at -72 °C and approximately, 
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samples of 5 mg of the mixtures were added to a cooled aluminium pan, 

hermetically closed and allowed to rest for 10 minutes prior to perform a 

heating ramp at 5 °C/min. In these experimental assays, the influence of 

the concentration of the catalyst of each kind was studied as a mean to 

determine the minimal quantity at such temperatures. 

Procedure of ROMP monomers microencapsulation. ENB/DCPD 

microcapsules were prepared via interfacial polymerization. Initially, an 

oil-in-water emulsion was prepared by slow addition of the oil phase, 

composed of the healing agent (ENB/DCPD 80:20 wt.%) and the 

isocyanate (pMDI, quantity depending on the core/shell ratio), over 3.5 

wt.% gum arabic aqueous solution and the mixture was stirred (2500 – 

5000 rpm) in a homogenizer (Dispermat CV3-Plus with Homogenizer SR 

03-01, VMA-Getzmann GMBH, Germany) for 20 minutes.  

Later, the emulsion was transferred to a jacketed reactor, stirred at 400 

rpm and EDA or TETA (1 – 5% aqueous solution, 1.1 – 1.5 eq) was added 

dropwise from a pressure compensated funnel. After the addition was 

completed, the temperature was increased and the mixture was stirred 

until a complete reaction of the pMDI with the amine occurs.  

The resulting milky dispersion was filtered under vacuum (2 µm, Nylon) 

and washed with water twice. Finally, the cake was dried at 30 °C under 

vacuum to render a raw white solid. 

Microcapsules dispersion in epoxy resins and Tappered Double 

Cantilever Beam (TDCB) specimens preparation. The unfilled, neat 

specimens were manufactured by carefully mixing the different 

components of each resin system on the specified proportions as 

stablished by the manufacturer (Table 3.1). For the synthesis of the SH 

specimens, a dispersion process based on previous bibliography was 

performed.37 First, a specified amount of SH microcapsules (0 to 30 wt.%) 

and ruthenium-based catalyst (0.004 – 0.1 wt.% respect monomer weight) 
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were added into the epoxy component of the resin. Next, the mixture was 

mechanically stirred at 500 rpm using a Dispermat CV3 (VMA-Getzmann 

GMBH, Germany) at room temperature for 15 minutes. Then, the 

remaining resin components were added, followed by 5 minutes mixing 

at 800 rpm.  

The mix was poured finally into a silicon mould with the TDCB geometry 

defined in previous works,38 and cured in a staged protocol recommended 

by the manufacturer for a full cure process (Table 3.1). The additive 

containing self-healing resins were cured following the same procedure 

as the neat ones.  

3.2.3 Characterization methods 

Particle size. The average particle size and particle size distribution of 

the microcapsules were measured by laser diffraction using a Mastersizer 

3000 (MAZ3000, 0.1 to 1000 µm range, Malvern Panalytical, UK).  

Thermogravimetric Analysis (TGA). TGA was carried out with a Q500 

thermobalance (TA Instruments, US). Resin samples were heated from 25 

°C to 1000 °C at a 10 °C/min heating rate under air and nitrogen flow. The 

weight loss was recorded as a function of temperature. 

Differential Scanning Calorimetry (DSC). The DSC was cooled to -

75°C and then, a cooled sample of approximately 5mg was introduced 

ensuring the temperature did not surpass -70 °C. Each sample was heated 

in a ramp of 5 °C·min-1 from -65 °C to 150 °C and the onset temperature 

(𝑇𝑜𝑛𝑠𝑒𝑡) as well as the peak temperature (𝑇𝑝) were recorded. Due to the 

system’s high exothermic polymerization reaction, the 𝑇𝑜𝑛𝑠𝑒𝑡of the 

system is used as reference to point the starting temperature of the self-

healing. 

Fourier transform infrared-attenuated total reflectance (FTIR-

ATR). The infrared spectra were obtained by using an IR Affinity-1S CE 
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FTIR spectrophotometer (Shimadzu, Japan) in the 4000-500 cm-1 range 

and with a 1 cm-1 resolution (32 scans collected). 

Microcapsules and composites morphology. Scanning Electron 

Microscope (SEM) micrographs were obtained with a SEM Touchscope 

JEOL JSM-6010LV (JEOL instruments, Japan) and a Phenom XL Desktop 

SEM at acceleration voltages of 5 kV. Prior to the SEM observation, the 

specimens were coated with a thin conductive layer by using a sputter 

coater (Cressington scientific instruments, 108 Auto). 

For the characterization of inner part of microcapsules, thin slices of 

microcapsules embedded in Epikote:Epicure epoxy resin (see Section 2.4) 

are produced by using a RM2255 manual rotary microtome (Leica 

Biosystems, Germany). 

After curing, the homogeneity of the microcapsules dispersion into the 

cured resin and their integrity were evaluated by SEM (Touchscope JEOL 

JSM-6010LV, JEOL, Japan). Thin slices of the material (40 µm thick) were 

obtained by Microtome (Leica MR 2255) and further metallized with Au.  

Focused Ion Beam (FIB). Internal microstructure for the different 

tested specimens was characterized by micro-machining cross-sections 

at the central part of the different microspheres by means of focused ion 

beam (FIB). Cross-sectioning and the subsequent field emission scanning 

electron microscopy (FESEM) observations were conducted using a dual 

beam workstation (Zeiss Neon 40). A thin platinum layer was deposited 

on the region of interest prior to FIB with the main aim of reducing ion-

beam damage. Then, a Ga+ ion source was used to mill the surface at a 

voltage of 30 kV. A final polishing of the cross-section was performed at 

a current of 500 pA in order to get more details related to microstructure 

of the different microspheres investigated in the present study. 

Nuclear Magnetic Resonance (NMR). 1H-NMR spectra are acquired in 

a Bruker Avance‐II+ 600MHz (14 T). NMR spectra of the self-healing 
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loaded microcapsules were obtained in Deuterated Dichloromethane 

(DCM-d2) and compared to the NMR spectra of extracted self-healing 

mixture after microcapsules swelling in acetone-d6 and filtration through 

0.45 µm pore nylon filters. 

Viscosity of monomeric blends. The behaviour of the monomeric 

blends at different temperatures was quantified by measuring the 

elucidation time in a Ford 3 cup previously cooled at the selected 

temperature (-70, -20 °C, room temperature).  For reference, a parallel 

measurement at 20 °C between the same monomer blend in the viscosity 

cup and in the Bohlin Gemini rheometer (Malvern Panalytical, UK) using 

a cone-plate geometry and a shear rate from 0 to 83 s-1 were performed. 

Rheological behaviour of uncured epoxy resins. Instantaneous 

viscosities of the neat resins and the microcapsules loaded resins were 

determined at 25 °C under a shear rate from 0 to 83 s-1 using a parallel 

plate geometry in a Bohlin Gemini rheometer (Malvern Panalytical, UK). 

Self-healing testing. As a mean to evaluate the self-healing performance 

and efficiency, a modified method based on the previously stablished by 

White et al. has been followed.19 Shortly, the specimen was placed in an 

ultrafreezer at –80 °C for 48 h to ensure a homogeneous ultra-low 

temperature. Afterwards, in order to assure the correct direction of the 

propagation of the breaking line, a notch was made into the specimen 

using a sharp razor blade.  

The cold specimen was loaded in the instrument and the tension-

displacement test started while controlling the load in order to stop the 

experiment when a drop of force during the assay is detected. The 

temperature was registered during the assay using an infrared 

thermometer IAN 291541 (Powerfix Profi, Germany). Immediately after 

the test, the specimen was placed in a chest freezer of ultralow 

temperature (EHF, 78/86 from Equitec, Spain) and allowed to heal 
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keeping cryogenic conditions (–20 °C) for 48 h. After the healing time, 

the sample is cooled to –80 °C to ensure it remains cold during the assay 

and the test is performed again.   

The overall duration of the measure, from the moment the specimen was 

removed from the ultrafreezer until it was placed again did not exceed 6 

minutes and the specimen temperature did not achieve temperatures 

above -20 °C.   

The specimens were tested by using the Instron 1341 machine working 

under loading control mode. The tests were conducted under 

displacement mode at a constant deformation speed of 5 mm·s-1, which, 

carefully developed by previous investigations 19 helps to control the crack 

growth along the centre line of the brittle specimen.  

The fracture healing efficiency in the case of quasi-static fracture 

conditions (η), can be calculated by using the following equation 

provided by previous studies19,39: 

Equation 3.1. Self-healing efficiency equation for quasi-static fracture conditions. 

Where η is defined as the ability of a healed sample to recover fracture 

toughness, Kcvirgin is the fracture toughness of the virgin specimen and 

Kchealed is the fracture toughness of the healed specimen. 

Typically, in order to calculate the sample toughness, it would be 

necessary to integrate the equation obtained from the load-displacement 

curve. However due to the specific geometry of the TDCB specimen, the 

sample toughness is equal to the critical load (Pc) multiplied by a 

geometrical constant (α), thus giving: 𝐾𝑐 =  𝛼 ∗ 𝑃𝑐; that can be 

simplified40, therefore, reducing the equation to the following: 
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Pc, the critical load, is defined either as the point where the TDCB 

specimen breaks or the point in the load (N) vs displacement (d) curve 

where the load drops, meaning that the tensile test starts to propagate 

the crack generated by the razor blade.  Moreover, surface morphology of 

the cured virgin and healed TDCB specimens were carefully studied by 

SEM to observe the possible differences in the microcapsule structure. 

 

3.3 Results and discussion 

3.3.1 Fluidity and Reactivity at different temperatures  

The liquidity of the ENB/DCPD mixtures were studied at 1, 4, 24 and 72h. 

Neither phase separation nor appearance of solids was found at –70 and 

at -20 °C in monomer mixtures from 100:0 to 80:20 ENB/DCPD ratios. 

Although there was a proportional increment of the quantified values of 

viscosity as the temperature lowered and the ratio of DCPD monomer 

was increased (Figure 3.1), the maximum efflux time obtained was 16.6 s 

for the 80:20 blend at -70 °C, only 3.7 seconds above the liquid reference 

of 100:0 ENB, thus supporting the fluid behaviour observed at all studied 

temperatures and blends. For further research in this study, ratios of 95:5 

and 80:20 were selected as, based on literature,41 they were respectively 

the mixtures with higher reactivity and with more crosslinking capacity.  

Equation 3.2. Simplified self-healing efficiency equation for quasi-static fracture conditions. 
Due to the TDCB geometry, the fracture toughness (Kc) can be substituted by the critical load 

(Pc) [40]. 
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A first qualitative comparative assay between catalysts at different 

concentrations proved G3 to be the most active catalyst for the selected 

ENB/DCPD blends both at room temperature and at -20 °C, in coherence 

with previous reported data.42 

At -70°C there was no evidence of reaction of any blend with any catalyst 

concentration.  

 

As a mean of obtaining quantifiable values for the reactivity of the 

catalysts at low temperature, blends of ENB/DCPD were produced again 

and mixed respectively with a high concentration of 0.1 wt.% of the 

selected catalysts (Table 3.2). HG2 exhibited both the 𝑇𝑜𝑛𝑠𝑒𝑡 and the 𝑇𝑝 at 

Figure 3.1. Graph showing the efflux time of the different monomer blends at different 
temperatures with a Ford #3 Cup. Pure ENB (100:0) was used as reference as the solidification 
temperature of ENB is set at -80 °C. Although at room temperature no difference was observed 
in the Efflux time, which is related to the material’s viscosity, between the different blends, there 
is an observable increase when either the temperature is lowered or the ratio of DCPD monomer 
is increased, leading to the highest value at -70 °C and 80:20 ENB/DCPD. However, the time only 
increased for approximately 3s, demonstrating thus the fluidity of the blends even at ultra-low 
temperatures. No appearance of solids was observed in any blend at any temperature.    



 CHAPTER 3 
 

108 
 

higher temperatures than those of G3. Moreover, a proportional reactivity 

pattern (lower 𝑇𝑜𝑛𝑠𝑒𝑡) could be envisioned when a higher load of ENB was 

used. Over time, HG2 and G3 have been shown similar yields but G3 is a 

considerably better catalyst at low-T, presumably because dissociation of 

the electron-deficient 3-bromopyridine ligand is extremely rapid and/or 

because rebinding is slow, both of which contribute to favorable turnover 

conditions.43 Acknowledging thus the lower reactivity of HG2 vs G3 for 

low temperature applications, HG2 was discarded from further work in 

this study. 

 

Table 3.2. Summary of the 𝑇𝑜𝑛𝑠𝑒𝑡  and 𝑇𝑝 of the different ENB/DCPD blends with 0.1 wt.% of 

HG2 and G3 catalyst.  

 

In order to determine the optimal concentration of G3 catalyst for the SH 

systems, reactivity of 0.01 and 0.004 wt.% with different blends were 

produced and measured with DSC (Table 3.3).   

The obtained results with the monomer reactivity are in coherence with 

all the data previously observed (Table 3.2) as well as the collected by 

other researchers.26,42 First, it is observable that due to the DCPD’s lower 

reactivity compared with the ENB monomer, the increase of DCPD 

content in the blend causes a decrease in both the 𝑇𝑜𝑛𝑠𝑒𝑡 as well as on the 

𝑇𝑝. Moreover, the increment of catalyst shows evidence of lowering the 

activation temperature several degrees as assessed in the previous 

qualitative experiments.  
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Nonetheless, all the selected ratios at the chosen G3 catalyst 

concentration confirmed a good cryogenic reactivity and therefore, have 

potential to be used as a self-healing reactivity blend for the intended 

application. 

 

With all the collected data, the selected system for the encapsulation was 

ENB/DCPD 80:20 ratio monomer mixture with 0.01% G3 catalyst. This 

selection was considered a compromise between: i) suitable fluidity at 

both –20 °C and -70°C as well as good polymerization times at –20 °C, ii) 

the more crosslinked final polymers with theoretical mechanical 

improvement provided by higher contents of DCPD and iii) the economic 

cost of the last generation Grubbs catalyst.  

3.3.2 Microcapsules synthesis 

Interfacial polymerization methodology allows obtaining a wide range of 

microcapsules as there are several variables to play with: polyisocyanate 

and polyamine used, isocyanate/amine ratio, core/shell materials ratio, 

water/oil phase ratio in the emulsification step, emulsifier (type and 

amount), polyamine dilution, reaction temperature and stirring rate 

(both emulsification and polymerization steps). In addition, the 

microcapsules requirements were defined: minimum quantity of free 

isocyanate, <20µm diameter, minimum release produced by porosity, 

Table 3.3. Summary of the 𝑇𝑜𝑛𝑠𝑒𝑡  and 𝑇𝑝 of the different ENB/DCPD blends with 0.01 wt.% and 

0.004 wt.% of G3 catalyst. Graphs and results of all other blends can be observed in the Suporting 
information. 
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maximum core/shell ratio and high temperature resistance (more than 

200°C). 

First, the conditions of ENB/DCPD emulsion in water step were 

optimized an fixed as 70:30 water/oil ratio and 3-3.5% of Arabic Gum as 

emulsifier.44 

 

In the encapsulation method developed, the oil phase is composed of 

END/DCPD (80:20 weight ratio), as previously stated, mixed with a low 

viscosity pMDI (Voranate™ M2940). Once the emulsion is formed, a 

diluted aqueous solution of the polyamine is added to react with pMDI 

and form the polyurea wall of the microcapsules (Figure 3.2).44   

 

The effect of the variables of emulsion (stirring rate) and polymerization 

(amine type and concentration, reaction conditions) steps in the 

morphology, shell polymer conversion and thermal resistance of 

microcapsules have been studied and compared. This was investigated 

with the aim of obtaining robust and stable core-shell microcapsules with 

the maximum loading of healing core and with the highest thermal 

Figure 3.2. Scheme of the protocol for ENB/CDPD microcapsules synthesis. 
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resistance for the production of composites. Reaction conditions and 

properties of the obtained microcapsules (MC1-MC19) are gathered in 

Table 3.4, and their SEM images in Figure 3.3.  

 

First short alkyl chain polyamines were used (EDA, DETA and TETA) in 

order to minimize the ENB/DCPD release due to wall porosity (MC1-

MC3). Only EDA rendered small individual spherical microcapsules, as 

DETA and TETA lead to coagulation (Figure 3.3 a).  

When comparing the morphology of microcapsules with different 

core/shell ratios and fixed amine concentrations (1% aqueous solution 

added at a 1.1 ratio to isocyanates), MC1, MC4 and MC5 it was observed  

 

 

Figure 3.3. SEM images of the different synthesized microcapsules. a- MC1; b-MC3; c-MC4; d-
MC5; e-MC6; f-MC7; g-MC8; h-MC9; i-MC11; j-MC12; k-MC13; l-MC14; m-MC15; n-MC17; o-
MC18 and p-MC19. 
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that a spherical morphology was obtained at all the studied ratios: 60:40, 

70:30, and 80:20 (Figure 3.3- a, c and d). Within this context, if both 

core/shell ratio and amine concentration were increased above 80:20 and 

up to 4% respectively to accelerate the reaction (MC12 and MC13), the 

microcapsules became slightly deformed in one axis presenting an 

elongated shape (Figure 3.3- j and k). This effect may be associated to 

insufficient material for wall forming and so particle merging. It is worth 

mentioning that 70:30 core:shell ratio MCs lead to closest contents of 

healing agents to theoretical value (70%) of the studied samples, resulting 

in most efficient encapsulation system. In addition, the rendered 

materials of 70:30 core:shell proportion showed higher degradation 

temperature (250 °C) when compared to other ratios.  

On the other hand, the aforementioned systems present an incomplete 

isocyanate consumption during the chemical reaction as shown in the 

FTIR spectra by means of presence of NCO peak corresponding to the 

signal at 2272 cm-1. In order to improve isocyanate reaction, the effect of 

both the equivalents of amine and its concentration in the aqueous 

solution were studied in microcapsules with 70:30 core/shell fixed ratios 

(MC1 and MC6-MC11). The increase of amine equivalents produced 

materials with less load of encapsulated healing monomer and the free-

isocyanate presence in the product was only slightly reduced (Figure 3.4). 

The amine concentration did not show either a strong effect over 

isocyanate reactivity; furthermore, FESEM images of FIB crosscuts 

indicated that its increase led to microcapsules with a core-matrix 

structure instead of a core/shell structure. Within this observation, 1% 

EDA concentration with 1.1 amine equivalents to isocyanate were 

determined as best reactants system for polymerization. 

Conversion of polyurea shell was further studied by the effect of reaction 

conditions: temperatures from room temperature to 70 °C and reaction 



Self-healing system for low and ultra-low temperatures 
 

115 
 

times in a range of 2h to overnight were applied (MC1 and MC14-MC17 

microcapsules). Under milder conditions (MC1 and MC4), still a high 

quantity of free isocyanate was detected by FTIR (Figure 3.4). Reaction 

temperature and time were increased until non-free isocyanate was 

detected, what occurred at 70 °C and overnight reaction (Figure 3.4), and 

thus full conversion was achieved. However, when the reaction was 

directly heated to 70 °C, the morphology of the capsules was more 

irregular when comparing to spherical morphologies obtained in 

mixtures initially stirred at 50°C for 1h (MC14), as depicted by the SEM 

micrographs (Figure 3.3- l).  

 

To better improve the encapsulation efficiency, the particle size 

distribution and shape of the microcapsules were optimized by modifying 

the parameters of the emulsion step (stirring rate and time), which is 

Figure 3.4. FTIR spectra of the microcapsules produced by using 1.1 (black), 1.5 (red) and 2 
(green) equivalents of ethylenediamine. The differences in isocyanate content produced by the 
modification of added equivalents can be observed at 2272 cm-1 as pointed by the arrows and 
the box. 
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critical over these properties in interfacial encapsulation.45  Accordingly, 

an increase in rotor speed during the emulsion step from 3000 to 5000 

rpm (MC18) reduced the particle size (D50) from 21 to 14 µm, despite the 

presence of some irregularities (Figure 3.3- o) and lower healing content, 

56%. The increase of emulsion stirring time from 10 to 20 min and the 

higher surfactant concentration, 3.5% gum Arabic (MC19) lead to core-

shell spherical regular microcapsules (Figure 3.3- p and Figure 3.6 Top), 

with an encapsulation efficiency (relation between theoretical and 

measured monomer content) close to 100%. Although the modification 

of some parameters such as stirring velocity or emulsifier concentration 

and its effect on microcapsule morphology and size distribution are well 

Figure 3.5. Normalised FT-IR spectra of the encapsulation reaction at different temperatures 
and times. The differences in isocyanate content produced by the modification of procedure can 
be clearly observed at 2272 cm-1 as pointed by the decrease of the peak in comparison with the 
stable N-H signal at 1500 cm-1. 
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known, it’s interesting to observe the effect of amine to isocyanate ratio 

and more importantly, amine concentration in the microcapsule core 

structure. As clearly depicted in Figure 3.6, an increase of the amine 

concentration is the main factor producing the change from a matrix-core 

type (top) to an almost full-reacted sphere (bottom), thus causing a huge 

decrease in the load capacity of the microvessel. 

 

As physical-chemical characterization has demonstrated that MC19 

microcapsules fulfilled desired proprieties, they were chosen for their 

incorporation in the epoxy resin.  

3.3.3 Incorporation of ENB/DCPD microcapsules in epoxy resin  

Achieving a homogeneous distribution of both SH capsules and ROMP 

catalyst is imperative to guarantee equal self-healing properties along the 

1 mm20 mm

20 mm 2 mm

Figure 3.6. SEM (left) and FIB-FESEM (right) micrographs of ENB/DCPD polyurea microcapsules 
synthesized employing TOP 1.1 eq of amine and 1wt.% of amine aqueous solution (Table 3.4, 
Entry MC19) and BOTTOM 1.5 eq of amine and 4wt.% of amine aqueous solution (Table 3.4, 
Entry MC9). 



 CHAPTER 3 
 

118 
 

manufactured specimen. Moreover, SH additive homogeneity is 

necessary to increase the contact probability between the released 

content and curing agent after damage-induced breakage of the capsules. 

Homogeneous distribution of both SH capsules and ROMP catalyst has 

been successfully achieved as it was observed by SEM micrographs of 

cured epoxy resin with 10 and 20 wt.% (supporting information). 

Furthermore, the used concentration of SH additives is above the 

observed quantities for achieving a good reactivity thus, improving until 

almost a certain point the contact between monomer and catalyst in case 

of a crack.    

Once an optimal distribution of the microcapsules over the resin was 

verified, as a mean to assess the process limitations, rheological studies 

of the instantaneous viscosity (mPa·s) on modified resins with different 

percentage of SH additives were performed prior to specimen 

manufacturing. Loads of 10, 20 and 30 wt.% of SH capsules were 

compared to the neat resin. Epoxy resin systems Epikote 135-Epikure 137 

and Araldite LY556-Aradur 917 were chosen as references due to their 

posterior use in industrial infusion process, in which viscosities above 

2000 mPa·s are not viable. For this reason, 2000 mPa·s was stablished as 

the limit-line. 

From the rheological studies, we can determine that the viscous 

behaviour of the neat resin displays a non-Newtonian pattern, more 

specifically a shear-thinning tendency where the instantaneous viscosity 

decreases as the shear velocity increases. The same pattern is followed yet 

enhanced as more SH additives are introduced into the epoxy 

component. This effect is seen is both resins but more intensely in the 

Epikote-Epicure system.  

In both studied systems, only loads of 10 wt.% always fulfil the viscosity 

requirements for the final applications, becoming thus the optimal load 
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for production processes with both epoxy systems in terms of achieving 

the highest possible load of SH additives while maintaining the potential 

industrial processability. However, upon certain shear, both epoxy 

systems loaded with 20 wt.% of MCs, displays values below the limit-line 

of viscosity. Thus, certain adaptations will allow higher loads if higher 

self-healing additives charge is needed. 

Viscosity of CTD 7.1 epoxy system was not critical as the composite 

manufacture did not present the previous limitation. However, 10 wt.% 

of SH microcapsule loading was also used for this system with the aim of 

having the same quantity of self-healing additives among samples under 

study.  

3.3.4 SH efficiency assessed by fracture test results 

 Once the SH additive load was stablished at 10 wt.% results of fracture 

TDCB specimens with and without microcapsules were compared and 

the SH efficiency was determined.   

Initially, due to material shortage, the focus of study was limited to only 

neat and SH modified Epikote 135/137 epoxy resin specimens. Specimens 

containing 10 wt.% of SH additives were tested for the epoxy resin system, 

along with another neat epoxy resin samples used as reference. Samples 

of both kind of specimens were manufactured with the optimal geometry 

for fracture SH studies.38,40,46 Tests evaluating the SH efficiency at 

cryogenic temperatures with both modified and unmodified resins were 

evaluated per triplicate and the results are summarized in Table 3.. While 

neat specimens exhibited a fracture force near 190 N, there is a reduction 

to 133 N when SH additives are included into the epoxy resin. Unlike other 

researchers reported,47 SH additives produced a decrease on the fracture 

toughness values of the specimens. In this sense, other parameters 

including microcapsule size, shell composition, aggregation effects and 
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G3 catalyst interaction with the resin could be held responsible for such 

effect. Further and deeper research would be needed for this hypothesis 

verification.   

 

The SH efficiency (ηSH) was calculated by means of Equation 3.2, using 

the obtained critical fracture load of both virgin and healed sample at 

low/ultra-low temperatures. Regardless of initial decrease in values, 

fracture healing tests in SH modified Epikote 135 epoxy resin exhibited 

ηSH values of 115% at low/ultra-low temperatures.  

Figure 3.7. Representative force vs displacement curves of epoxy resins manufactured with 
ENB/DCPD microparticles. Higher values of fracture toughness are observed in the three epoxy 
systems after the healing process. 
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Accounting for the excellent SH capacity obtained for the first epoxy 

system, one SH modified specimen of Araldite LY556 and one of CTD7.1 

epoxy systems were manufactured in order to observe if these results 

could be extrapolated into other epoxy resin systems. SH fracture 

toughness results for those systems are summarized in Table 3.5. 

 

Table 3.5. Epikote, Araldite and CTD epoxy systems Self-Healing results. 

Epikote 135/ Epikure 
137 – 

10% Self-Healing 
additives 

133.3 ± 
18.9 

153.2 ± 24.9 114.8 ± 9.1 

Epikote 135/ Epikure 
137 

187.1 ± 
12.3 

25.3 ± 3.0 - 

Araldite LY556/ Aradur 
917 – 

10% SHMC 
109.5 127.3 116 

Araldite LY556/ Aradur 
917 

132.5 ± 7.4 17.0 ± 2.0 - 

CTD 7.1 – 
10% SHMC 

100 134 134 

CTD 7.1 
150.5 ± 

16.1 
20.0 ± 3.3 - 

a 100% of SH efficiency was considered when the healed sample demonstrates the same level 

of critical fracture load than the virgin one. 

 

According to the load-displacement curves (Figure 3.7), differences 

between fracture forces of specimens with and without SH followed the 

same behaviour of the first studied system, where additives appear to 

have caused a slight decrease in the toughness of the specimens. Similarly 

to Epikote modified resin, both Araldite and CTD 7.1 SH specimens 

demonstrated SH capacity with efficiencies of 116 % and 133 % respectively 

at low temperatures leading thus to a tougher material after healing in all 

studied systems, while no effect was observed in reference specimens. 

This demonstrates the versatility of the SH systems efficiency for different 

Resin Virgin (N) Healed (N) % healinga 
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epoxy resins at cryogenic conditions. The observed trend is in good 

agreement with those reported in previous studies.19,26 

The authors acknowledge the simplistic yet most common approach for 

the SH studies that the TDCB provide in regard to other techniques 

studying the damage on continuum mechanics18 that can be more 

representative but appears to have a higher degree in complexity that falls 

out of the current scope of this work. 

3.3.5 Fracture surface morphology 

Several fracture surfaces of different SH specimens were analysed by SEM 

microscopy after conducting the fracture tests (Figure 3.8). Comparing 

the fractured surface of the healed samples after performing the SH test 

to those observed in areas of the modified specimens that were not 

damaged, the surface morphology and microstructure are completely 

different in terms of surface roughness. This phenomenon is produced 

due to the lack of observable microcapsules in the fractured region of the 

self-healed specimens (Figure 3.8, b). These observations could imply 

that, during the fracture test, the microcapsules broke and their content 

effectively interacted with the catalyst, repairing the induced microcracks 

and thus, performing the desired and observed SH effect shown in Figure 

3.7, whereas in the rest of the specimen, no damage was induced and 

therefore, the SH microcapsules remain intact (Figure 3.8, a). Moreover, 

the hypothesized specimen embrittlement due to the microcapsules 

addition, can be attributed to the observed, intact and marked 

microsphere clusters (yellow highlighted square in Figure 3.8, a). These 

aggregates, although having a scarce presence in the resin as observed by 

SEM (SI), may be generating secondary phases and non-coherent 

interfaces that in turn, could potentially be the reason for the decrease of 

toughness of the SH modified specimens in comparison with the neat 
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ones. Additionally, a closer inspection of a region of a tested modified 

specimen, exhibit the reacted SH microcapsules completely integrated in 

the matrix as well as a bad adhesion between the microcapsules and the 

resin employed in a non-damaged area of the specimens (Figure 3.8, c). 

These results contribute to the hypothesis that the SH additives are the 

main drivers for the samples embrittlement as well as confirm the release 

and reaction of the SH monomers at the studied temperatures. Even 

2.5 mm(b)2.5 mm(a) 2.5 mm(b)2.5 mm(a) (a) (b)

(c) (d)

Figure 3.9. TOP- SEM micrographs of the Epikote 135 epoxy composites with SH additives. (a) 
non-damaged area where the capsules can be seen intact on the yellow square and (b) self-
healed specimen where the surface of the specimen does not show any apparent microcapsule 
due to the SH effect. BOTTOM - SEM micrographs from a tested modified specimen. (c) In the 
fracture region, where it can be appreciated a reacted core of the microcapsules and its 
surroundings and (d) far from the fracture zone. 



 CHAPTER 3 
 

124 
 

though the introduction of these SH system could appear to slightly 

compromise the epoxy material toughness, it should not significantly 

affect the final composite mechanical properties when the Carbon or 

Glass fibre reinforcement is added. Moreover, the possible presence of 

small clusters inside the composite did not compromise the healing effect 

as shown in Figure 3.7. 

 

3.4 Conclusions 

In this work, the comprehensive study was successfully performed 

regarding fluidity and chemical reactivity of different ENB/DCPD 

mixtures, catalysts type (HG2, G3) and concentration (0.1 to 0.004%). It 

has been proven that the system can flow and fill the crack at ultra-low 

temperatures (–70 °C) and react with G3 catalyst promoting the ROMP 

reaction at cryogenic temperatures (–20 °C) facing composite real 

applications. The microencapsulation of the ENB/DCPD mixture in 

pMDI-based polyurea by interfacial polymerization allowed a wide range 

of core-shell materials with high healing agent load.  

A load of 10 wt.% of SH additives was proven optimal to maintain the 

viscosity values within the working range given by large-scale 

manufacturing processes. Extrinsic self-healing system based on 

ENB/DCPD blend and G3 catalyst did not affect the epoxy system curing 

process.  

The use of TDCB geometry helped in understanding the crack 

propagation and the fracture properties of microcapsules reinforced 

epoxy composites. 

The developed system demonstrated SH values up to 134% at low and 

ultra-low temperatures. Crack surface morphology images obtained by 
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SEM before and after the SH process confirmed the feasibility of the 

breaking and curing mechanism of the extrinsic system.  

Even though most of the research exhibited in this work has been done 

in different systems of epoxy materials, both the additives size and its 

concentration have been optimized for an industrial scale-up and 

application for FRP manufacture.  

As a summary, we have developed an autonomous, extrinsic SH system 

that has demonstrated flowability at ultra-low temperatures (-70 °C) and 

a highly efficient automatic repair at cryogenic temperatures (–20 °C) 

without the need of catalyst protection in three different commercial 

epoxy resins traditionally used in fields as automotive, aeronautics and 

wind energy. Moreover, due to the excellent results derived from this 

work, little modifications can be generated to adapt the system to a broad 

range of polymeric materials and therefore, to an extremely wide field of 

applications. 
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Abstract 

Currently, there is an unmet need of possessing a deeper understanding 

between the chemical structure and the exhibited properties of polymers. 

Moreover, thanks to the development of technologies allowing an 

unprecedented level of personalization, researchers are aiming towards 

the generation of polymers tailored for specific applications. In the 

present work, a series of soft, transparent, and UV-photopolymerizable 

Polyurethane-Acrylate (PUAs) hybrids were synthesized via a two-step 

polymerization route, followed by a UV-curing process and maintaining 

two constant ratios of soft/hard segment in the polyurethane (PU) 

Scheme 4.1. Graphical representation of the presented work. By a careful selection of the 
building block types and composition, it was possible to generate a set of transparent 
photocuring polymers with tunable softness and viscoelastic behavior.   
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structure as well as using three different acrylate segment types at three 

concentrations in the overall polymeric structure (2.5, 5 and 7.5 wt.%). 

The success of the synthesis procedure, the molecular weight, the 

transparency, the thermal behaviour, the viscoelastic response and the 

softness of the synthesized PUA were studied by analytical methods. 

Using those techniques, it was possible to quantify gradual values 

between the different generated materials showing up to a 50% difference 

in the molecular weight, variations reaching 15 °C in the thermal 

transition or modifications of the thermal stability of 50 °C, changes of 

even a 90% in the viscoelastic response and additionally, a range of 

hardness going from extra-soft to medium-hard. Through this work, it is 

possible to predict how the different variables affect some of the most 

relevant properties of the synthesized materials and therefore select the 

most suitable for each specific application. These results are expected to 

guide further developments on materials in applications ranging from 

UV-curable coatings to in situ 3D-printing for biomedical applications. 

Keywords: Polyurethane; Acrylate; Photocurable; Thermal stability; Dynamic 

Mechanical Analysis; Soft Polymers;  
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4.1 Introduction 

The transition from solvent-containing, toxic and slow reactive 2k 

formulations to 1k UV-curing systems made a significant impact in 

improving the fields of protective coatings,1 automotive, dental industry,2 

or photolithography among others.3 Moreover, the addition of 

Polyurethanes (PU) to the typically acrylic single-component 

formulations to synthesize Polyurethane-Acrylate hybrids (PUA) allowed 

a gain in mechanical properties, adhesion and weather resistance while 

keeping the good properties of these light-curable materials.4 Most of the 

interesting properties of these PUA polymers come from the PU’s 

molecular backbone composed of different blocks of soft polyether or 

polyester bonded by polycondensation reactions to hard segments of 

diisocyanates. While soft segments account for the elastic behaviour, 

urethane groups are the main responsible for increasing the rigidity due 

to their high hydrogen bond content.5 The almost endless possibilities of 

modifying the polymer’s structure and final properties provides with a 

unique level of versatility, thus being possible to adapt them into a wide 

range of applications.  

Taking a close look at the general composition of most UV-curable 

systems, the oligomer, which is a macromolecule or prepolymer, is the 

provider of the major properties of the end-product.6,7 Concretely for 

PUA hybrid polymers, the main oligomers are based on a PU structure 

but ended in both extremes of the chain by acrylic photo-responsive 

moieties. Then, a light sensitive molecule called the photoinitiator, 

triggers the polymerization when it is exposed to certain wavelengths of 

UV light, and finally, a reactive diluent is added, which lowers the 

system’s viscosity. There are, however, concerns regarding this last 

component in the system.8 Even though the reactive dilutant reduces the 
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system’s intrinsic viscosity and thus eases its use into certain applications, 

issues of volatility and toxicity during its manipulation as well as during 

transport and storage must be managed. For all these reasons, the use of 

reactive diluents must be carefully studied in further developments of 

photocurable polymer systems.  

One of the fields of application with higher potential for photocurable 

resins lies within Additive Manufacturing (AM) technologies. AM, also 

known as 3D printing, has caused a revolution in designing and 

producing objects with complex geometries by building them layer by 

layer.9 Among the different AM techniques, photocuring 3D 

technologies, known as vat photopolymerization techniques (VAT), are 

still the most relevant in terms of speed, cost, and printing resolution.9 

Within VAT AM, photocurable Direct-Ink-Write (DIW), thanks to 

extruding the materials to the photocuring area, has been proposed to 

introduce novel materials unable by conventional techniques (i.e. limited 

by high viscosities).10 Moreover, the current possibility of generating data 

from imaging technologies (i.e., from Nuclear Magnetic Resonance 

(NMR) or tomography), allows the fabrication of complex personalized 

models, of great value for great range of medical applications.11,12 

However, to achieve successful results working with those techniques, 

materials with specific characteristics as well as sensitive to light stimulus 

must be designed. Up to now, most uses of photocuring 3D printing 

techniques are focused on temporary replacement materials due to the 

limited performance and brittleness of the nowadays used UV-curing 

resins. Additionally, the current commercially available elastomeric 

resins, apart from being mostly opaques and therefore not applicable in 

fields where high transparency is required, do not provide the users the 

possibility of modifying the resin composition and thus, its properties.13,14 

A challenging but potentially high-rewarding area, lies within the 
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manufacture of customizable elastomeric materials capable of 

complementing the current available ones for rapid prototyping AM, 

widening the material’s portfolio and thus, accelerating the inclusion of 

this technology into more fields.15 However, to achieve such goal, it is 

imperative to obtain first a deep enough understanding of the structure-

properties relationship in the materials as a way of creating specifically 

and optimally synthesized polymers tailored for each desired 

application.6  

Beyond the attempts to replicate some organ-like structures, to generate 

artificial replacements, there has been recently an interest in obtaining 

relevant models for testing and practicing medical procedures aiming to 

increase the ratio of success and decrease unexpected complications. 

Thanks to non-invasive techniques, doctors are already capable of 

looking through the human body to find alterations of the homeostasis 

and analysing the general tissue behaviour before an intervention. The 

potential generation of those images as 3D models would gear up the 

preoperational readiness and greatly diminish the potential associated 

risks. Nonetheless, to truly generate a positive impact, those models 

should mimic as precisely as possible the behaviour of the targeted 

organs. As an outline, the generation of highly tuneable materials can 

become a huge step forward in the successful production of those truly 

realistic surgical models.   

In the past years, there have been studies directed specifically towards 

enlightening the potential relationships between molecular structures of 

the synthesized PUA systems and the properties those materials 

presented. Early studies aimed to understand, among others, the 

thermal,16,17 mechanical18 or viscoelastic19 behavioural changes generated 

in basic PU systems by using different kinds of isocyanates,20,21 chain 
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extenders22 or polyol types23 as well as the proportion between them.24 

For PUA hybrids, similar but more recent studies regarding thermal 

stability25, mechanical properties,25 microphase separation,26 

transparency14 or biocompatibility27,28 have been pursued. However, they 

are mostly focused on the effect of polyol and diisocyanate due to the 

relative broad spectrum of possibilities they provide. With all, very few 

literature report about the influence of the acrylic component in the final 

polymer properties.29 

In this work, we have been able to synthesize soft, photocurable, 

transparent, diluent and filler-free PUA hybrid polymer aiming to provide 

a thorough structure-properties relationship study on the effect of 

different UV-reactive biocompatible acrylate moieties such as 2-

hydroxyethyl methacrylate (HEMA), 2-hydroxypropyl methacrylate 

(HPMA) and poly(ethylene-glycol) methacrylate (PEGMA) as well as the 

different soft/hard microstructure ratios. Simultaneously, a methodology 

has been provided to finely tune the photocurable polymer’s properties 

thus broadening the library of elastomeric materials potentially suitable 

for UV-curing technologies and potentially easing the adoption of soft 

polymers for tissue-replicating models. Additionally, the effectiveness of 

their sterilization was also studied to demonstrate their applicability for 

preoperative strategic planning as surgical model materials. 

4.2 Experimental 

4.2.1 Materials 

Isophorone diisocyanate (IPDI), 1,4-butanediol (BDO), tetrahydrofuran 

(THF) (all materials were reagent grade with a purity of ≥99.0% and 

contained 250 ppm BHT as inhibitor), dibutyltin dilaurate (DBTDL) and 
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phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PBO) were 

purchased from Sigma and used without further purification. 

Poly(propylenglycol) (PPG, Mn = 1000 g mol-1), 2-hydroxyethyl 

methacrylate (HEMA), 2-hydroxypropyl methacrylate (HPMA), 

poly(ethyleneglycol) methacrylate (PEGMA, Mn = 360 g mol-1, containing 

500-800 ppm MEHQ as inhibitor) were purchased from Sigma and placed 

under vacuum at 60 °C for 2 h prior to use to ensure the removal of 

unwanted moisture.  

4.2.2 Characterization methods. 

Fourier transform infrared-attenuated total reflectance (FTIR-

ATR). The infrared spectra were obtained by using an IR Affinity-1S CE 

FTIR spectrophotometer (Shimadzu, Japan) in the 4000-500 cm-1 range 

and with a 1 cm-1 resolution (32 scans collected). 

Nuclear Magnetic Resonance (NMR). 1H-NMR and 13C-NMR spectra 

were acquired in a Bruker Avance‐II+ 400 MHz. NMR spectra of the 

different polymer samples prior to being UV-cured were obtained in 

deuterated chloroform (CDCl3) at room temperature. Chemical shifts 

were assigned using the residual undeuterated solvent signal as an 

internal reference. 

Gel Permeation Chromatography (GPC). Molecular weight of the 

polymer samples was studied through an Ultra High Performing Liquid 

Chromatograph model 1260 (Agilent, US), using a PLgel 10 µm MIXED-B 

300 x 7.5 column and using THF as the mobile phase at 40 °C. The 

equipment calibration was done with a series of PolyMethyl Methacrylate 

(PMMA) patrons with molecular weights from 880 to 1577000 Da. 

Thermogravimetric Analysis (TGA). TGA was carried out with a Q500 

thermobalance (TA Instruments, US). 5 to 10 mg of PUA samples were 

heated from 25 °C to 700 °C at a 10 °C min-1 heating rate performed in an 
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inert atmosphere of nitrogen (40.0 mL min-1). The weight loss was 

recorded as a function of temperature. Values of T5% were taken at the 

temperature that the sample’s weight loss represented a 5 wt.%. Tmax was 

obtained from the peak of the first derivative of the weight-loss/time 

curve.  

Differential Scanning Calorimetry (DSC). A DSC analysis of each UV-

cured polymer specimen was executed in a Q20 DSC instrument 

connected to a cooling system (TA Instruments, US) using between 3 and 

5 mg of sample in an Aluminium pan. A heat-cool-heat analysis was 

performed from 25 °C to 200 °C at 10 °C min-1 followed by a cooling ramp 

to -80 °C at 5 °C min-1 and finally, heating again to 200 °C at 10 °C min-1 

performed in an inert atmosphere of nitrogen (40.0 mL        min-1). Glass 

transition temperature (Tg) values and the width of the transition were 

obtained from the slope change in the second heating run cycle. 

UV-Vis transmittance. The optical transmittance was studied in thick 

specimens of 4 mm using an UV-2450 UV-visible spectrophotometer 

(Shimadzu, JP) at the wavelength range of 400 to 800 nm. As mentioned 

in previous studies,30 it is important to acknowledge that higher 

transmittance levels could be achieved as, due to the measurement 

procedure in solid samples, there are two interfaces where the light is 

reflected: on entering the sample, and on leaving. This effect is related to 

the differences between refractive indices between the samples and air. 

Dynamic Mechanical Assay (DMA). DMA was carried out in a SDTA861 

dynamomechanic equipment (Mettler Toledo). Rectangular specimens of 

20x5x2 mm3 were cut from UV cured films of 10*80*2 mm3 and the 

viscoelastic response and glass transition temperature (Tg) were 

evaluated by assessing each sample’s storage modulus (E’) and tangent 

delta (tan ɗ) as a function of temperature (from -90 °C to 50 °C in a 3 °C 

min-1 ramp) under oscillating stress at a defined frequency (1 Hz).  While 
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the E’ is proportional to the material’s stiffness and is related to the stored 

energy level, the tan ɗ value is an indicative of the material’s capacity for 

energy dissipation when changes in the physical properties are applied 

and plainly translates into quantifying how good the material will be at 

absorbing energy. 

Shore 00 hardness. Hardness of each UV-cured specimen was 

quantified following ASTM D2240 while using a manual 53505/00 shore 

durometer (Baxlo, Barcelona, SP). For each measurement, 5 replicates 

were performed in different locations of each specimen. The obtained 

results are expressed in Shore Units (SU) ranked from 0 to 100, being 0 

the softest and 100 the hardest.    

 

4.2.3 Synthesis of PUA hybrids 

Polymerization reactions were conducted in a five-neck, 250 mL, round-

bottom glass reactor equipped with an overhead anchor-type mechanical 

stirrer, a water-cooled condenser, a temperature probe and an Argon 

inlet. All the PUA hybrids were synthesized through an adapted two step 

polymerization procedure as follows: First, the PU prepolymers were 

prepared by adding together 50 mL of THF with the calculated molar 

amount of PPG and heating them at 60 °C while stirring at 260 rpm for 1 

h under Argon atmosphere. Once the temperature was reached, the 

required quantity of IPDI and three drops of the catalyst (DBTDL) were 

introduced and the mix was left to react for 2 h at 60 °C. Secondly, half of 

the stochiometric quantity of chain extender (BDO) was added slowly 

and left to react for 1 h. In parallel, 1 wt.% of photoinitiator (PBO) was 

dissolved with magnetic stirring in the specified methacrylate (MA) 

monomer content in the dark. The acrylic mixture was then incorporated 

into the reactor while stirring at 200 rpm and kept at 60 °C until no 
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further decrease in the NCO peak at 2272 cm-1 was observed by FTIR-ATR 

spectroscopy. Finally, the remaining half of the stochiometric molar 

quantity of BDO was added until complete disappearance of the NCO 

peak. A final drying process is carried out to remove the solvent from the 

synthesised product prior to storage it. 

As an example for “H_HEMA5” sample (Table 4.1), 82 mmol of PPG1000 

were heated and stirred with 50 mL of THF before adding 180 mmol of 

IPDI for reaction, thus producing the prepolymer. After completion of the 

prepolymer, 40 mmol of BDO were added to the prepolymer mixture and 

left to react. Then, 50 mmol of HEMA (or 50 mmol of HPMA or 30 mmol 

of PEGMA) were added. Finally, another 40 mmol of BDO were used to 

finish the polymerization. The crude product was collected and the 

solvent was removed at 30 ºC under high vacuum for 12 h obtaining the 

corresponding PUA hybrid as a transparent fluid.  

1H NMR (400 MHz, CDCl3) δ ppm: 6.10 (s, 1H, H2C=C-), 5.57 (s, 1H, H2C=C-

), 4.88 (br s, 2HHPMA, -O-CH2-CH-), 4.80 (br s, 1HHPMA, -O-CH2-CH-), 4.07 

(br s, 2HHPMA, -O-CH2-CH-), 3.85-3.25 (m, 2HPPG, -CH2-, 1HPPG, -CH-, 

4HBDO, -CH2-CH2-O), 2.90 (br s, 2HIPDI, -CH2-NH), 1.94 (s, 3HHPMA, -CH3), 

1.80-1.60 (m, 4HBDO, -CH2-CH2-O, 4HIPDI, -CH2-), 1.45-0.75 (m, 2HIPDI, -

CH2-, 3HPPG, -CH3, 3HHPMA, -CH3, 6HIPDI, -CH3). 

13C NMR (100 MHz, CDCl3) δ ppm: 167.3 (OCOHPMA), 156.7 (NCOIPDI), 155.5 

(NCOIPDI), 136.1 (H2C=C-HPMA), 126.1 (H2C=C-HPMA), 76.0-71.5 (-CH-CH2-

PPG, -CH-CH2-PPG, CH2-CH2-O-BDO), 70.0-62.0 (-CH2-HPMA, -CH-HPMA), 55.0 

(-CH2-NH-IPDI), 47.2-23.3 (-CH2-IPDI, (-C-IPDI, CH2-CH2-O-BDO), 18.4 (-CH3 

HPMA), 17.6-17.0 (-CH3 PPG, -CH3 IPDI). 

Signal assignments were done with the aid of HSQC experiment. 
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4.2.4 Specimen preparation 

Polymer specimens of 10x80x2 mm3 were prepared by filling a Teflon 

mold with the uncured PUA hybrid to remove the residual THF in a 

vacuum oven at 30 °C with a tinted screen until no bubbles appeared. 

Then, the mold was covered with a glass slide to avoid the presence of 

oxygen during the photopolymerization process, and the sample was 

placed in a UV Form Cure (Formlabs) and irradiated for 5 min at 405 nm 

at room temperature while rotating at 1 rpm to ensure a fully cured 

sample.   

4.3 Results and discussion 

4.3.1 Synthesis of PUA hybrids 

Within the synthesis process, IPDI was selected as the diisocyanate 

monomer due to its reported lower toxicity and higher biosafety than its 

aromatic counterparts.31 Moreover, due to its asymmetric structure, each 

isocyanate group follow a different reaction kinetics and thus it is possible 

to generate a more accurate synthesis process. From the wide range of 

potential polyol molecules, PPG was selected due to their asymmetric 

methylene group that prevents from potential crystallization processes, 

thus enhancing the transparency and also, providing an overall improved 

material softness.32 THF was selected as the synthesis solvent due to 

having a minor hazardous impact than other potential options (i.e., DMF 

or DMSO) while offering a good temperature reaction as well as having 

the capability of maintaining the polyurethane pre-polymer in solution 

with higher molecular weights than other solvents.33  

Finally, the 3 different acrylic monomers were selected due to presenting 

differences only in the chain length of the main structure between the 



Synthesis of UV-curable PUAs with on demand properties 
 

147 
 

acrylate and hydroxyl moieties, thus providing the single key variable of 

chain length to the overall process.  

In this methodology, polyurethane prepolymer was first synthesized with 

an excess of isocyanate end-groups to provide potential anchoring points 

for the successful incorporation of the following acrylic monomers 

(Figure 4.1). The main adaptation produced to this well-known method,4 

was the addition of the chain extender monomer (BDO) that was 

incorporated in two different feedings. The first feeding was introduced 

before the acrylate monomer while the second one was the final step of 

the synthesis.  

The changes in the feeding procedure aimed to lower the pre-polymer’s 

intrinsic viscosity thus allowing a homogeneous distribution of the acrylic 

monomer in the overall polymer attempting to improve the polymer’s 

fluidity prior to being UV-cured as well as generate a narrower molecular 

weight distribution. The molecule responsible for activating the UV-

curing process (PBO) was dispersed in the last BDO feeding prior to finish 

the synthesis to obtain a homogeneous solution without compromising 

its stability and avoiding any unintentional photopolymerization.  

Thanks to the acrylic groups at the end of each PU oligomer and the 

photoinitiator, it was possible to generate a soft thermoset elastomer 

when placed under UV-light for a few seconds by crosslinking the 

different PUA oligomers through radical polymerization. The overall 

process different PUA oligomers through radical polymerization. The 

overall process of PUA synthesis can be observed in Figure 4.1.  Even 

though the acrylate composition-properties relationship is pivotal in this 

study, the selection of two different base PU pre-polymers with varying 

softness (65:35; 80:20) were introduced aiming to investigate the 

potential changes in the polymer’s characteristics with the same 
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crosslinking densities from the acrylate moieties, thus researching about 

which variable holds a higher impact in the properties within the 

polymer. 

 

 

Figure 4.1. TOP. Schematic overview of the synthesis process of the Polyurethane-Acrylate Hybrids 
(PUAs). The polymers were synthesized in a batch process at 60 °C, with mechanical stirring and under 
Argon atmosphere.  BOTTOM. Diagram of the theoretical molecular structure obtained in each synthesis 
step. An NCO-terminated oligomer is obtained in the first step while a larger molecule with acrylic end-
groups is obtained at the end of the synthesis process. Molecules containing terminal hydroxyl groups 
are found in the middle of the oligomer structure, linked to IPDI molecules. A variable number of oligomer 
structures obtained in process 1 can be found within structure 2. 
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Table 4.1. Soft/hard ratios (relating to NCO/OH feed) and the composition of the PUA hybrids, 
including the acrylate type and its concentration in each sample. Moreover, the average 
Molecular weight obtained by Gel Permeation Chromatography (GPC) and the polydispersity of 
each sample is shown.  

Sample 
Soft/Hard 

ratio 
Acrylate 

type 
Acrylate  

wt.% 

Average 
Molecular 

Weight 
(Mw), (g 
mol-1) 

Polydispersity 
index (PDI) 

H_HEMA2.5 

65:35 

HEMA 

2.5 26190 2.03 

H_HEMA5 5 15600 1.92 

H_HEMA7.5 7.5 8972 2.44 

H_HPMA2.5 

HPMA 

2.5 24667 2.04 

H_HPMA5 5 17192 2.02 

H_HPMA7.5 7.5 13552 1.89 

H_PEGMA2.5 
PEGMA 

360 

2.5 28400 2.25 

H_PEGMA5 5 16545 2.11 

H_PEGMA7.5 7.5 10964 1.77 

S_HEMA2.5 

80:20 

HEMA 

2.5 20761 2.38 

S_HEMA5 5 17488 2.01 

S_HEMA7.5 7.5 10225 1.81 

S_HPMA2.5 

HPMA 

2.5 33260 2.01 

S_HPMA5 5 * * 

S_HPMA7.5 7.5 22432 1.95 

S_PEGMA2.5 
PEGMA 

360 

2.5 41125 2.04 

S_PEGMA5 5 38210 2.04 

S_PEGMA7.5 7.5 * * 

* Not determined due to gelation of the polymerization mixtures 

 

Progress of reactions were monitored by FTIR-ATR spectroscopy to 

observe the changes in the molecular structure of the PUA hybrids during 

their polymerization and to confirm the successful syntheses of the 

prepared hybrids. The decrease of the characteristic NCO stretching peak 

at 2272 cm-1 could be clearly seen as more components with hydroxyl 

moieties were added to the growing polymer. The complete absence of 

isocyanate groups was assured by the disappearance of that peak, which 
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indicates the reaction completion. Representative FTIR-ATR spectra are 

shown in Figure 4.2 for sample S_HPMA5 (before and after UV-curing).  

The appearance of the characteristic PU peaks, such as the stretching 

vibrations of NH at 3380 cm-1, the stretching vibrations of C=O of 

carbonyl groups at 1734 cm-1, the bending vibrations of N-H at 1644 cm-1 , 

the peaks at 1350 and 1250 cm-1 associated with the stretching of C-N bond 

and the C-O-C vibrations respectively, indicates the presence of the ester 

linkage confirming thus the polyurethane formation.34,35 

 

Moreover, the appearance of a peak at around 1644 cm-1 in the spectra 

before the UV-curing, which corresponds to the stretching of the C=C 

bonds, indicates that the methacrylate groups have been successfully 

incorporated into the polyurethane chains. The further disappearance of 

Figure 4.2. FT-IR spectrum of the sample S_HPMA_5 reaction at time 0 (red) and once the 
reaction was considered as finished (black). It is possible to observe the complete disappearance 
of the NCO peak at 2272 cm-1 while peaks from the PUA structure appear at 3380, 1734, 1644, 
1250 and 815 cm-1 demonstrating thus the complete polymer synthesis. 
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that peak in the spectra after UV-curing and the apparition of a peak at 

815 cm-1 related to the methylene group in the methacrylate molecule 

confirms the UV-crosslinking procedure. After irradiation by UV, it can 

be observed that the peak frequency bands assigned to disordered 

hydrogen-bonding carbonyl groups are narrower and weaker than before 

irradiation, while the frequency bands assigned to ordered hydrogen-

bonded carbonyl groups are broadened thus indicating a higher degree 

of hydrogen bonding (Figure 4.3). 36 

The chemical structure of the synthesized PUA hybrids was also analyzed 

by 1H NMR and 13C NMR in CDCl3. As an example, Figure 4.4 shows the 

1H NMR spectrum corresponding to sample H_HPMA5. The assignation 

of peaks is also remarked and fully confirm the chemical structure of the 

PUA hybrid. The peaks in the range of 4.88-4.07 ppm are -CH2-CH- 

protons of HPMA and appear at lower chemical shift than the free 

monomer. These peaks shift to lower field confirms that the acrylic 

monomer is attached to the OCO group of urethane nitrogen atom of 

Figure 4.3 FT-IR spectrum of sample S_HPMA5 before and after UV irradiation in 1800-
1600 cm-1 region fitted by Gauss-Lorentz curves. 
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IPDI. Moreover, the existence of acrylic groups (-H2C=C-) is clearly 

observed by the characteristic peaks at 6.10 and 5.57 ppm, which is crucial 

to carry out the subsequent UV-curing of the polymer. 

The GPC analysis of the synthesized polymers showed a single peak with 

gaussian symmetry around the highest point and a medium width 

distribution. Table 4.1 summarizes the GPC results of the PUA hybrids 

with varying contents of methacrylate monomers.  

All the obtained values were found between 10000 and 40000 g mol-1. It 

can be observed in Table 4.1 that for any of the three methacrylate 

monomers under study, the Mw decreases with the concentration of 

methacrylate monomer. This effect can be attributed to the 

monofunctional methacrylate monomer acting as chain stopper of the 

linear PU. As expected, by increasing the content of methacrylate 

monomer, the PU yields chain ends lacking functional groups and 

therefore the polycondensation process terminates earlier, leading thus 

to lower Mw polymers.37 

Figure 4.4. 1H NMR (CDCl3) spectrum of sample H_HPMA5 
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The increased content of PPG monomer in the initial steps of the 

synthesis for softer PUA samples led to a higher prepolymer molecular 

weight and therefore, an increment in the final polymer’s molecular 

weight. 

Comparing harder polymers with equal acrylic wt.%, those containing 

HEMA exhibited lower Mw than with HPMA or PEGMA. Additionally, 

focusing on the differences between the softer and harder synthesized 

polymers, HPMA and PEGMA soft samples exhibit an overall higher 

average Mw over their harder counterparts. These results can be 

translated into HPMA and PEGMA monomers having a lower reactivity 

compared with HEMA, thus allowing the step-growth polymerization 

process for longer times.   

The authors hypothesize that the decreased reactivity for PEGMA and 

HPMA monomers and the overall higher Mw of the synthesized polymers 

is related to steric hinderances generated by the increased volume of the 

monomer particles compared to HEMA. The increase for the HEMA to 

successfully find the free isocyanate group could produce a general 

decrease of the prepolymer molecular weight, explaining thus the 

obtained results. 

 

4.3.2 Transparency 

Optical transparency is a desirable property for most materials and 

utmost necessary in some applications.14,38 The transparency degree was 

measured by determining the light transmittance in 4 mm thick samples 

obtained by photocuring the UV-susceptible methacrylic end-groups 

from the synthesized flowable polymer. This procedure was performed 

for all the synthesized specimens. Figure 4.5 (upper) depicts three 
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representative transmittance results in samples exhibiting the higher and 

lower limits obtained after irradiating from 400 to 750 nm. As observed, 

the measured samples exhibit good transparency levels and can be easily 

used as see-through materials (Figure 4.5, bottom). Among the different 

PUA, HPMA-based formulations appear to exhibit higher transparency 

levels than their counterparts achieving transmittance values up to 85% 

throughout the overall wavelength range.  

 

Figure 4.5. Up, optical transparency at from 750 to 400 nm with three different acrylic types, 
concentration, and soft/hard ratio. Bottom, representative picture of the transparency of 
different 4 mm thick HEMA, HPMA and PEGMA specimens. 
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4.3.3 Thermal properties 

Table 4.2. Summary of the synthesized polymer’s thermal properties. For each material is shown 
its Glass temperature (Tg) as well as the transition onsets (Ti and Tf) and overall increment (ΔT). 
Moreover, 5% weight loss (T5%) as well as the samples maximum degradation temperature (Tmax) 
are shown.  

Sample Tg 
(ºC) 

Ti (ºC) Tf (ºC) ΔT 
(°C) 

T5% Tmax 

H_HEMA2.5 -38.44 -42.33 -34.05 8.28 236,04 328 

H_HEMA5 -27.29 -35.42 -13.53 21.89 263,75 336 

H_HEMA7.5 -27.40 -36.57 -12.26 24.31 271,71 335 

H_HPMA2.5 -28.33 -37.06 -13.73 23,33 256,57 338 

H_HPMA5 -25.07 -33.82 -11.37 22,45 268,52 337 

H_HPMA7.5 -25.49 -38.08 -26.93 11.15 282.40 343 

H_PEGMA2.5 -30.81 -38.58 -17.24 21.34 264.90 321 

H_PEGMA5 -29.73 -37.61 -13.68 23,93 258.09 349 

H_PEGMA7.5 -27.71 -38.32 -12.35 25,97 269.12 342 

S_HEMA2.5 -37.32 -42.57 -33.84 8.73 272.32 328 

S_HEMA5 -35.94 -39.74 -29.57 10.17 276.38 336 

S_HEMA7.5 -27.19 -41.12 -29.66 11.46 275.32 338 

S_HPMA2.5 -36.21 -41.56 -33.52 8.04 258.29 339 

S_HPMA5 -34,82 -43,10 -25.04  18,47 277.03 335 

S_HPMA7.5 -27.49 -36.26 -10.73 25.53 273.75 349 

S_PEGMA2.5 -38.42 -42.30 -34.76 7.54 257.43 352 

S_PEGMA5 -37.26 -43.61 -34.64 8.97 259,35 358 

S_PEGMA7.5 -35.89 -42.63 -32.25 10.35 261.76 349 

 

Aiming to assess the differences in thermal behaviour, all the photocured 

samples were subjected to a cycle of heating to erase the material’s 

thermal history, followed by a cooling, and reheating ramps. The glass 

transition temperature (Tg) as well as the width of the transition (ΔT) are 

shown in Table 4.2. The single Tg observed in all samples indicate a lack 

of separation between soft and hard domains within the PU structure.  

Moreover, the absence of any crystallization indicates that the 

synthesized polymers are completely amorphous. Figure 4.6 shows the 
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absence of melting peaks for hard segments, as demonstrated by previous 

works when the hard segment content is lower than 23-35%.39 

 

Accounting only for the acrylate wt.% change, it is possible to observe 

that there is a trend pointing towards the increment of the Tg when there 

is a higher presence of acrylic moieties in the polymer structure, 

increasing up to 10 °C between the less and more crosslinked specimens 

(2.5 to 7.5 wt.%) (Figure 4.7). Additionally, the transition temperature 

width (Table 4.2) appears to broaden when the acrylic wt.% is increased. 

The observed direct relationship between the simultaneous increase of 

crosslinking points and the Tg value due to mobility restrictions is already 

well known and has been described extensively.17  

Figure 4.6 DSC curves of the 2nd heating of hard photocured samples at 2.5 acrylate wt.%. 
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Comparing samples with the same acrylate wt.% but varying its type, 

HPMA-based samples appear to have a higher Tg, followed by those 

containing HEMA and finally, PEGMA polymers exhibit generally the 

transition at the lowest temperature (Figure 4.7).  

 

 It can also be extracted from the results that the soft/hard ratio, show a 

lower Tg when containing higher softer components (80:20) compared to 

its harder counterparts (65:35). This phenomenon is due to limitations in 

the freedom degree promoted by the harder segments. 

The TGA thermograms of all the samples presented a very similar 

degradation profile where only a single weight drop is measured when 

the temperature is increased. Table 4.2 also presents the onset 

degradation temperature determined at 5% weight loss (T5%) as well as 

the maximum degradation rate temperature (Tmax), determined from the 

first derivative’s peak maximum were obtained for each polymer 

specimen by TGA.  In all samples, the maximum weight loss rate is 

produced in the temperature range between 328 and 360 °C. This 

decomposition is attributed to the cleavage of both urethane and ether 

Figure 4.7. Graphical representation of the obtained Tg temperature values for soft samples with 
different acrylate types and concentrations. 
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bonds.40 The degradation process takes place around the same 

temperature values independently from the acrylate concentration and 

type, as well as its soft/hard ratio. However, when comparing T5% a higher 

thermal stability can be stated in the formulated specimens with higher 

acrylate wt.%. Additionally, when comparing samples with equal acrylate 

wt.% but different type, HPMA-based samples appear to have a slightly 

higher thermal stability than HEMA or PEGMA samples. 

The lack of relevant differences in the main degradation temperature is 

derived from the presence of identical type of chemical bonds through 

the polymer. Nonetheless, the findings regarding the polymer’s thermal 

stability are in agreement with previous research already exhibiting a 

small better thermal stability of poly(HPMA) over poly(HEMA).41 

The thermal stability of the synthesized materials, in the same range of 

typical TPU elastomers and coatings,42,43 points towards a good thermal 

compatibility with current conventional sterilization processes (reaching 

up to 140 °C) and therefore, a potential use in biologically sensitive 

applications.  

 

4.3.4 Dynamic mechanical assay 

After the samples were photocured, the effects of the different 

methacrylate cross-linkers and its concentrations on the viscoelastic 

properties of the PUA hybrid were assessed by Dynamic Mechanical 

Analysis (DMA).  

The obtained results were grouped and compared depending on the type 

of acrylic monomer (HEMA, HPMA and PEGMA) and its weight 
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percentage (2.5, 5, 7.5 wt.%) in the final polymer formulation as well as 

the soft/hard ratio.  

In Figure 4.8 can be seen that PEGMA samples presents two thermal 

transitions (Tα and Tβ at around 20-30 ºC and -20 ºC, respectively), while 

in HEMA and HPMA only that Tβ, related to the glass transition, can be 

identified. 

The influence of acrylate content while maintaining the same acrylate 

type (HPMA) and soft/hard ratio (80:20) is exemplified in Figure 4.9. 

Samples exhibit a peak broadening and an intensity diminution as the 

acrylate wt.% is increased. Simultaneously, the tan ɗ peak (or Tβ) is 

shifted to higher temperatures. 

Figure 4.8. Comparative tan ɗ (DMA) graph between polymers with the same soft/hard ratio and 
acrylate wt.% (5%) but different type. While Tα (20-30 °C) and Tβ (-20 °C) are seen for the PEGMA 
sample, only the Tβ transition is observed for HEMA and HPMA-based polymers. 
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That behaviour is more intense in HEMA and HPMA-based polymers 

than in PEGMA samples and it is observed in both hard and soft samples 

(Table 4.3). Using the peak intensity and full width at half maximum 

(FWHM) values of samples containing 2.5 wt.% of acrylic monomer as 

reference and comparing it to the obtained values for the 5 and 7.5 w.%, 

it is possible to observe the previously mentioned tendencies. In detail, a 

peak intensity reduction of 28 and 41% and a broadening of 22 and 59% 

is determined for hard HEMA samples. In HPMA, the intensity also 

decrease a 28 and a 39% while the peak widths is increased to 14 and 57%. 

For PUA samples with 80:20 soft/hard ratio, the peak reduction are about 

19 and 43% for HEMA while 21 and 37% when increasing the HPMA wt.% 

content. 

Figure 4.9. Comparative tan ɗ (DMA) graph between polymers with the same acrylate type 
(HPMA) and soft/hard ratio (80:20) but different wt.%. 
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The same analysis was performed for PEGMA-based samples, the peak 

intensity comparison from 2.5 to 5 and 7.5 wt.% of acrylic monomer, 

shows a reduction of only a 9 and 8% respectively, in hard samples. With 

softer samples, the decrease follows up to 19 and 22%. In general, the peak 

widening effect in those PEGMA samples is minor, being an 17% the 

maximum obtained of them all. The temperature increase in the Tβ can 

be explained by the reduction in the polymer’s chain mobility due an 

increase of crosslinking points as the acrylate wt.% is increased.  

Those samples with lower acrylate wt.% inherently possess a higher 

number of freely moving polymer chains that cause more internal 

frictions or  entanglements constrains among chains44 and subsequently, 

those polymers have a higher energy dissipation capability (higher tan ɗ 

peak).45  

In parallel the increase in crosslinking density associated with the higher 

acrylate wt.%, produces a widening of the tan ɗ peak due to a greater 

heterogeneity in the average length between crosslinking points. 40,46,47 

Comparing HPMA or PEGMA samples with HEMA’s with the same 

acrylate wt.%, an increase of the peak intensity is noticeable (Figure 4.8). 

While only a 3 to 15% differences in the peak intensity are seen between 

HEMA and HPMA, the peak intensity of PEGMA can be up to 90% higher 

(Table 4.3).  Studying the FWHM, an inversely proportional relation 

between peak intensity and width can be detected again. HEMA-based 

samples appeared to exhibit the widest graphs when comparing with the 

other acrylic moieties at the same wt.%. This effect is most notorious for 

hard PEGMA samples with 7.5 wt.%, where a maximum of a 45% decrease 

can be seen. 
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Internal frictions caused by the long polyethylene chain from PEGMA are 

hypothesized to be the main responsible for the increase in the peak 

intensity and thus, its higher capability to dissipate energy viscously. The 

differences between acrylate type are more significative in 7.5 wt.% 

samples. This effect is related to the greater freedom of movement that 

chains with higher Mw have inherently and therefore, higher number of 

interactions. In other words, HEMA is the shortest chain, thus, the 

internal molecular packaging of a highly crosslinked HEMA-based PUA 

is more restricted (and elastic) than a PEGMA-based PUA. While having 

similar crosslinking density with the same acrylate wt.%, in PEGMA PUAs 

the longer polymer chains allow for more freedom of movements as well 

as an increased length for entanglement interactions.44 This increased 

interaction among the molecules is translated directly into an increased 

viscous behaviour.   

Similarly, the widening effect of the tan ɗ peak is hypothesized to be 

related to the non-homogeneous dispersion of the chain length between 

crosslinking points. Observing the width tendencies, it can be stated that 

at low concentration values, the random bonding of the acrylic groups 

during the photopolymerization is similar in all samples and therefore, 

samples with HPMA and PEGMA moieties show stronger FWHM 

reductions when increasing acrylate content compared to HEMA. So, as 

the acrylate concentration increases, the molecular weight between 

crosslinking points is more homogeneous compared to HEMA PUAs. For 

HPMA and PEGMA samples, as the wt.% is enhanced, so does their 

intermolecular steric hindrances, leading them to be relatively more 

evenly distributed than the HEMA references, obtaining therefore 

sharper peaks. The effect is enhanced with PEGMA, which has a much 

longer polymeric chain than the reference, than for HPMA, which only 
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has the asymmetric methylene differing from the HEMA’s molecular 

structure.     

Figure 4.10 shows the tan ɗ curves of samples maintaining the acrylate 

type and wt.% but changing the soft/hard ratio. Comparing those results, 

it is possible to notice that softer specimens (80:20) show a higher peak 

intensity as well as a much lower peak temperature (Tβ) in all samples. 

This effect can be also attributed to the higher presence of the hard and 

more rigid PU domains that limit the chain movement in the polymer 

segments in harder samples (65:35). 

 

Storage modulus (E’) curves of the different samples are shown in Figure 

4.11. All materials exhibited a similar storage modulus evolution during 

the heating. First, at low temperature, the materials present a plateau at 

values around 1 GPa followed by a drop during the transition from glassy 

Figure 4.10. Comparative tan ɗ graphs between soft (80:20) and hard (65:35) samples containing 
different acrylic types and wt.%. A. Comparison for HPMA at 2.5 wt.% B. Comparison for HEMA at 
2.5 wt.% C. Comparison for HPMA at 7.5 wt.% D. Comparison for PEGMA at 7.5 wt.%. 
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to rubbery state generated by the chain mobility and finally, ending in a 

rubbery plateau at E’ values comprehended between 0.4 and 5.0 MPa.  

There are, however, differences in the obtained E’ graphs between the 

acrylate wt.% used, the type of acrylate, as well as the soft/hard ratio of 

their PU backbone.  

Comparing first acrylate wt.% modifications whilst maintaining the rest 

of variables constant, samples with an acrylate content of a 2.5 wt.% 

exhibited the steepest slope during the transition process and reach a 

lower rubbery plateau values than their 5 or 7.5 wt.% counterparts.  

Those differences are clearer in HPMA-based polymers than in PEGMA 

(Figure 4.11, a and c). Using the acrylate type as the only variable function, 

HEMA and HPMA perform very similar while PEGMA-based 

formulations show a more intense decrease as well as reach lower E’ 

values in the rubbery plateau (Figure 4.11, d).  

This could be attributed to the increased molecular segment length 

between crosslinking points in the PEGMA-based samples in contrast 

with HEMA and HPMA samples, that would present an identical length. 

This segment length increment could facilitate chain movement resulting 

in a lower E’ when the temperature is increased, as seen in Figure 4.11, c. 

HPMA thermograms were selected to illustrate the effect on the soft/hard 

ratio.  

While in 65:35 soft/hard samples there are little differences when 

comparing 5 to 7.5 wt.% graphs, in softer specimens appear a proportional 

trend between the wt.% of acrylate and the E’ values in the rubbery 

plateau (Figure 4.11, a and b). This can be linked to a relative increase of 

the chain movement restriction produced by the acrylate content in 

softer samples in contrast with those with higher harder polyurethane 
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segment composition, where the PU backbone seems to play a stronger 

role in the generation of its properties. 

Those results indicate that the number of acrylic moieties in the polymer 

are directly related to the material’s stiffness. There is little to no 

differences between the different materials’ stiffness at temperatures 

below the glass transition, mostly due to the predominance of the PU 

structure. Whereas, at temperature above the glass transition, the acrylic 

segments appear to have a greater impact on the storage moduli.  

These differences are increased with the acrylate wt.% and are seen in 

specimens with higher polyol content (80:20) due to the increased impact 

of the crosslinking effect in softer samples as explained previously.   

  

 

 

Figure 4.11. E’ graphs of different PUA samples. A. comparison between samples with HPMA but 
different wt.% in hard samples. B. Comparison between HPMA specimens with different wt.% with 
soft PU backbone. C. E’ results for PEGMA-based, hard polymers with varying wt.%. D. E’ comparative 
of different acrylate types with constant wt.% for soft samples. 
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4.3.5 Shore 00 hardness  

The measurement of the PUAs hardness according to a shore 00 

methodology are exhibited in Figure 4.12 for each specimen. As observed, 

the obtained levels of hardness are well distributed from extra soft (a little 

over 40 SU) from the S_PEGMA2.5 specimens to medium-hard values 

(with approximately 95 SU) from the H_HEMA7.5. Several tendencies can 

be spotted within the hardness quantification. First, the obtained results 

are aligned with the data presented so far, where PEGMA-based samples, 

due to possessing longer polymeric chains present a more viscous 

behaviour that can be translated into softer materials compared to HEMA 

or HPMA polymers. Interestingly, the increment from 2.5 to 5 wt.% in 

HEMA PUAs appear to have a higher impact in the material’s hardness 

than in HPMA samples. This effect is hypothesized to be generated by the 

same inner frictions that induced a more viscous behaviour exhibited by 

DMA and caused by the steric hinderances from HPMA. At 2.5 wt.%, 

HEMA PUAs exhibited slightly lower hardness values than their HPMA 

counterparts. However, from 5 and 7.5 wt.%, samples containing HEMA 

were quantified as harder than the samples containing the same acrylate 

wt.% of HPMA in both 80:20 and 65:35 compositions. Differences 

between 80:20 and 65:35 formulations are also noticeable. At all times, 

80:20 specimens showed a softer behaviour than 65:35 samples, with 

differences up to a 28% between H_PEGMA2.5 and S_PEGMA2.5. Beyond 

the already interesting capability of obtaining a desired degree of softness 

with a well-known and specific formulation, some of the quantified 

values are in the same range of certain biological tissues such as heart,48 

kidney,49 muscle,50 fetal membranes,51 tendon, skin52 or cartilage.53 

Moreover, it has been demonstrated by previous works that although 

certain healthy tissues exhibit lower hardness values, due to changes in 

their inner structure (fibrotic or cancerous processes, among others) can 
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lead them towards having a harder behaviour with similar values to the 

here presented.54,55     

 

4.4 Conclusions 

A series of novel, soft photopolymerizable and transparent PUA hybrids 

were successfully synthesized by using a modified two-steps 

polymerization procedure. The synthesis was confirmed by FTIR-ATR 

and NMR analyses. The GPC measurements corroborated the Mw 

variation on the synthesized PUAs by the addition of different end-

capping methacrylic molecules. 

Polymer composition of the resulting PUAs varied by changing the 

soft/hard ratio and the acrylate monomer in the feed, which influenced 

the thermal, optical and mechanical properties of the final materials. DSC 

and TGA analyses revealed the effect of the polymer composition on the 

Tg and on the degradation temperature, confirming the possibility of 

Figure 4.12. Graphical representation of the shore hardness for each synthesized PUA. The 
obtained results range between extra-soft (<50 SU) to medium-hard. (>90 SU).  
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adjusting thermal properties by modifying either the acrylate wt.% or the 

soft/hard segment composition. TGA measurements showed that the 

decomposition takes place in one stage and the PUAs are stable up to 

high temperatures (around 340 ºC), which is compatible with current 

conventional sterilization processes. 

The DMA analysis was used to investigate the viscoelastic properties of 

the photocured PUAs. The results suggested that the network density 

grows with the increasing acrylic monomer content, thus decreasing the 

viscous response of the material. This behaviour is also affected by the 

acrylate type, showing a more intense decrease of the viscous response 

and lower E’ values in the rubbery plateau for PEGMA-based PUAs, which 

possess longer molecular segment length and higher chain movement 

among physical crosslinks than for HEMA or HPMA-based PUAs. The 

photocured PUAs hardness was classified between extra soft and 

medium-hard. PEGMA allowed the widest range of hardness 

customization while the incorporation of HPMA provided the lower 

influence on that property. 

The characteristics of the synthesized materials allow them to be used in 

photocurable 3D printing fields where materials with tuneable properties 

are needed while not being limited by viscosity requirements (as DIW). 

Moreover, the softness of these photocurable PUAs fit within the one 

exhibited by certain biological tissues, so they can be considered as 

promising candidates for the fabrication of surgical phantoms or models 

for biomedical applications. 
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5.1 Introduction 

 

 

 

 

 

Inventia Life Sciences Ltd. is an Australian private company based in 

Sydney (New South Wales, Australia). Founded in 2015, this biotech 

company has developed a bioprinting platform that targets the possibility 

of obtaining 3D cell cultures in a high throughput approach. The main 

objective of developing those 3D cultures is to generate more 

representative models that can be helpful in the research for new drugs 

or techniques (Figure 5.2).  Thus, the final aim of the 3D bioprinting 

platform, called “Rastrum” (Figure 5.3) is tackling at the same time the 

need for an improved system that can replicate better the biological 

environment while removing the difficulties of doing so.  

Figure 5.1. Inventia Life Science’s main logo 

Figure 5.2 Representation of how 3D cultures are more physiologically relevant than current 2D 
cell cultures but are more complex to work with. They can replicate more easily the true cell 
morphologies and replicate much more accurately the cellular response to certain treatments. 
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The summary of the work performed during the internship will be 

divided and discussed into two main sections: 3D bioprinting materials 

development and Rastrum Upgrading. 

As most of the information regarding the work carried on during the 

internship is under a confidential agreement, names and relevant data 

have been changed in this thesis to protect the overall intellectual 

property of the company. 

 

 

 

 

 

 

 

 

 

5.2 3D bioprinting material development 

Aiming for the achievement of (bio)materials that could successfully 

replicate physiological environments of certain tissues, parameters such 

as stiffness or pore size need to be perfectly controlled. Moreover, the 

addition of biological motifs such as RGD, YIGSR or IKVAV provide 

signals recognized by cells which allow an improved compatibility with 

the synthetic matrix.  

Figure 5.3. Rastrum, the 3D printing platform that the author helped to develop during its 
internship.  
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The development of methodologies that control the quality of the 

product is crucial for the success of any manufacturing-related business. 

One of the main tasks performed during the internship, was focused on 

ensuring that standard operation procedures (SOP) were developed and 

followed for always ensuring an optimal level of behavior reactivity for 

the synthesized and distributed inks as well as it’s expiry date.  

5.2.1 Control of gen 2 matrixes 

 Generation II matrixes from Inventia are generated through the reaction 

of 2 components (called from now on Bioink A (PEG-based) and Activator 

B for confidentiality issues) which, when mixed in a previously well 

stablished proportion, an instantaneous, non-toxic crosslinking reaction 

is triggered, generating the matrix (Figure 5.4). The specific relationship 

between quantities of products A and B is based on the presence of 

certain concentrations of reactive groups in each one, therefore, the 

characterization of how these groups prevail with time is vital to ensure 

the correct behavior of the printing process and the 3D matrix generation.  

Figure 5.4. 3D Drop-on-Demand Bioprinting process of the Rastrum platform. Upon contact of 
the two components, gelation occurs instantly at room temperature without harming the 
embedded cells. 
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By the time the author started with this stability project, the studies of 

bioink stability already labeled it as a highly stable product while 

Activator B did demonstrate high levels of self-reactivity so far. Thus, it 

was determined that the component B of the inks was the one which 

could stablish the expiration date of the sold packs. As the chemical 

performance is the main interest of the product, studies regarding the 

reactivity were chosen aiming to understand how this product was aging 

at different conditions. To do that, thanks to the possibility of reacting 

the Activator to a molecule “X” that causes conformational changes and 

turns into a colored substance, a photochemical assay was performed, 

and it was feasible to determine the concentration of the reactive group 

in B by measuring at a certain wavelength and compare it with a 

calibration curve. The calibration curve was generated with a known 

concentration of a small molecule presenting the same chemical group 

(Figure 5.5). 

Figure 5.5. Calibration curve for the measurement of the reactive group concentration based on 
the fluorescence response when reacting against compound “X”. 
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Due to the great number of necessary replicates to certify the method’s 

validity, 96 well plates were used. Although the method so far generated 

quite incoherent data, even when several researchers performed the same 

methodology and obtaining results with significative differences, 

instability of the chemical compound as well as random problems with 

the activator through time were labeled as the main issue. Nonetheless, 

by the almost ceaseless repetition of the assay aiming to generate a 

standardized procedure and thus establishing the acceptable results of 

the analyzed products for further manufacturing practices, thanks the use 

of different types of 96-well plates and some serendipity, it was 

discovered that the non-attachment coating on the well’s bottom in some 

culture plates reacted partially with the Activator B thus exhibiting lower 

concentration values on the experiment.  

To confirm the observed hypothesis, a battery of equal samples but 

measured on different plates were performed (Table 5.1). In the 

experiment, differences going up to a 20% could be observed between the 

coated and non-coated plates. Moreover, within the coated results, there 

were inner differences that correlate with the obtained so far.  Apart from 

the technical implications for the following internal SOP for the 

quantification and validation of the products, it was a way to discover a 

few errors present in some customer sites that could be fixed. 

 Finally, this test with the non-coated plates, allowed to stablish a 12-

months use of the activator B while keeping it froze without losing any of 

its properties. 
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Table 5.1. Summary of the fluorescence results from the characterization of Activator B. The 
normalized values were obtained by using the absorbance values in the equation obtained from 
the calibration curve. It is possible to observe lower values for certain conditions.   

5.2.2 GrowInk 

While the company has its own library of different matrixes developed 

for specific tissues, it is possible to adapt new materials to be used as 

potential bioinks for the platform. Thanks to an external collaboration 

with UPM Biomedicals from Finland, GrowInk-T, an animal free, 

biocompatible and shear-thinning material based on nanocellulose was 

adapted to be used by the 3D bioprinter. The printing optimization 

process began with stablishing the printing parameters as well as the 

concentration of GrowInk that could support the final matrix structure 
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geometry without presenting blocking issues while printing through a 

drop-on-demand system. To assess the successful printing of the ink, a 

structure composed of 1 single plug of a few nL (Figure 5.6) were printed 

in each well of a 96-well plate.   

 

 

Some printing parameters were modified in each row to observe potential 

differences in the final geometry of the printed structure (Figure 5.7). The 

main modified variables were: the applied pressure, the opening time of 

the nozzle and the firing frequency. Each of those variables were studied 

with two concentrations previously defined between UPM Biomedicals 

and Inventia’s research team to ensure a correct ink behavior. After 

several trials, together replicability and precision of the printed geometry 

as well as the lack of ink in the pneumatic systems rendered a previously 

defined concentration “X” with parameters “Y” (Figure 5.7, row B) as the 

most promising combination for the process in development. 

 

Figure 5.6. Representative 3D bioprinted GrowInk-T plug in a 96-well plate. A) Schematic side 
view of the structure, 300 μm in height, B) Schematic top view of plug, 1.5 mm in diameter, C) 
Bright-field image of the GrowInk-T cuboid structure, Scale bar: 500 μm 
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To really determine the feasibility, a full 96 well plate was printed with 

the defined parameters (Figure 5.8). Only 2 out of the 96 printed wells 

presented issues and thus, the selected parameters and concentrations 

were certified as optimal to proceed with further experimentation in the 

adaptation of the ink for the 3D-bioprinting platform. 

Afterwards, the cell compatibility with the selected concentration was 

assessed using MCF-7 cells. MCF-7 cell line is an immortalized mammary 

cancer cell line widely used for laboratory cell culture. Also, this cell line 

was chosen as the model cell based on data from previous reports that 

exhibited the generation of well-defined 3D spheroid structures in 

nanofibrillar cellulose hydrogels. Nanocellulose hydrogels are extremely 

hydrated porous materials with good mechanical properties that have 

been demonstrated for 3D cell cultures mimicking the extracellular 

matrix (ECM) without presenting cytotoxicity. Among the different 

reported approaches for crosslinking nanocellulose,1 one protocol relies 

Figure 5.7 Brightfield image taken from a printed 96-well plate. Each row was printed using 
modified parameters to observe differences and aiming to achieve the optimal for the selected 
ink formulation. 
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on the use of metal ions as ionic crosslinkers (Ca2+, Cu2+ or Fe3+ among 

others). Due to the presence of ions in cell culture media, ionic 

crosslinking reactions are the main drivers in the soft, instant gelation for 

GrowInk material, which result when these two components are mixed 

thoroughly and the material’s viscous behavior change. However, those 

crosslinking reactions could not take within the Rastrum system as it was 

determined that the increase in viscosity was too high for being correctly 

printed.  

 The experimental tests showed that not only the incorporation of media 

was an issue but also, the media coating the cells through surface tension 

forces needed to be removed in order to not generate enough ionic 

strength to trigger crosslinking reactions. As a solution, cells were 

centrifuged and washed with distilled and microfiltered water. The use of 

water with low ionic strength (hypotonic) generated a secondary issue 

Figure 5.8. Brightfield image of a full printed 96-well plate using the most promising parameters 
from previous experiments. The reproducibility and precision of the structures (it only failed 
2/96) determined that it was a good procedure to advance to the next steps of the ink 
adaptability process. 
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regarding cell viability through 

cytolysis due to the swelling of the 

cells (Figure 5.9). The prevention of 

the hypotonic shock and massive cell 

death inside the inks was prevented 

by the incorporation of a disaccharide 

in a certain concentration. This 

molecule protected the cell while not 

triggering crosslinking reaction and 

thus, maintaining the same viscosity 

levels as the previously studied, thus allowing to print the selected 

structure of GrowInk containing cells (Figure 5.10). 

 

 

 

 

 

 

 

 

 

 

Nonetheless, the true meaning of a successful process was defined as the 

generation of potential spheroids that could be used as cellular models 

for basic research. Therefore, several models were generated modifying 

Figure 5.9. scheme of cytolysis by exposure 
of an animal cell to hypotonic solution. 

Figure 5.10. Brightfield image of a printed GrowInk plug containing MCF7 cells 1 day after being 
printed. The lack of resolution is due to the presence of media to help cell growth. The scalebar 
is 500 µm.  
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the disaccharide concentration as well as adding certain peptides too see 

which one was the one allowing for the generation of the desired cellular 

constructs.  

The printed structures were studied for at least 7 days and then, dyed with 

a life-death method to assess with fluorescence, both the overall 

cytotoxicity and to clearly see the generation of potential cellular 

structures. 

With the generated data (Figure 5.11), it was possible to certify the cellular 

survival inside the ink after 7 days as well as the initial generation of more 

complex structures.  

 

Although more studies regarding the use of GrowInk and Rastrum are 

taking place to further develop and see how far the material can advance 

with the help of Inventia, the author proceeded to work in other projects.  

Figure 5.11. Life-death fluorescence images and brightfield images of MCF-7 GrowInk plugs at 
day 7. It is possible to observe that in some plugs there were cell aggregations similar to the 
initial constructs of spheroids. Each number at the top of the images represent the well of the 
96-well plate they were seeded. 
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5.2.3 Hepatocarcinoma model 

The final project regarding ink development where the author 

participate, was helping in the final development of a hepatocarcinoma 

model.  

Most of the work regarding ink selection and concentrations had already 

been performed but the presence of optimal spheroids within the 3D 

printed plugs were still missing. For the final ink optimization, a Human 

hepatocyte carcinoma cell line called HepG2 was used. Those cells were 

printed using different inks that varied in their rigidity or the 

concentration of peptides present in the molecular structure and cultured 

for 7 days to study the spheroid formation.  

Figure 5.12. Cell model study on HepG2 cell line. A, B, C and D are different inks tested to observe 
differences in the generation of cell spheroids that could mimic the real tissue for research 
purposes. It is possible to observe in the fluorescence images on day 7, how the insides of the 
spheroids present violet colors due to the mix between living and dead cells from the lack of 
nutrient and oxygen perfusion. This is the same behavior seen in real spheroids. 
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On day 7, an immunofluorescent life-death assay was performed to see 

the cell viability in those constructs. Only the most representative models 

are presented and exhibited in Figure 5.12. 

The obtention of representative spheroids within 7 days of normal culture 

in the printed 3D structures certified the success of these experimental 

procedure. Although conditions A, B and C demonstrated all the 

capability of generating those cellular structures, condition C appeared 

to be the one producing the most similar histological shape to the real 

hepatic carcinoma.  More studies with these models are being carried on 

by both Inventia and some external collaborators.2–4 

 

5.3 3D bioprinting platform (Rastrum) upgrading 

5.3.1 System sterilization 

One of the many advantages of Rastrum versus other 3D-bioprinter 

platforms is that it is itself a biosafety cabinet thanks to the incorporation 

of a laminar flow and several HEPA filters (Figure 5.13). However, to 

maintain a complete sterile system and to ensure that no cross-

contamination takes place during the printing process (called printrun), 

there is the need to ensure minimal presence of microbial or cellular 

components in the overall internal pneumatic system. Several factors add 

complexity to the cleaning processes such as being regularly in contact 

with culture media with cells, having the overall system enclosed in the 

dark without possibility of being UV-sterilized or the different types of 

materials that compose the overall circuit (stainless steel, thermoplastic 

polyurethane, polypropylene or medical-grade silicone, among others).  
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The easiest protocol to determine the presence of bacterial 

contamination was to print a few mL of distilled water through every 

nozzle of the system and, with a sterile pipette, add few µL into a broth 

and put it at 35°C for several days. If after 14 days, no presence was 

detected by appearance of turbidity in the media, the printer was labeled 

as sterile (Figure 5.14). 

Although the first approaches to perform a deep cleaning of the system 

were through the repetitive use of a highly concentrated phosphate buffer 

(PBS) and several washes with Ethanol (70°), it rendered inefficient, and 

the printer presented bacterial contamination. 

  The next steps involved the use of hydrogen peroxide at different 

concentrations. Even it demonstrated to be more efficient than the 

previous method, bacterial presence was still detected while needing a 

more thorough afterwards cleaning process was needed. Very few ppm of 

Figure 5.13. Representation of the laminar Flow inside a working rastrum 3D 
printer. 
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H2O2 demonstrated to have enough effect on cells to be detected by 

cytotoxicity assays such as life-death assay or prestoblue. 

The incorporation of a different, highly reactive reagent used to deeply 

disinfect medical equipment into a these sensitive, complex, and overall  

expensive system was both brave and, as later found, successful. The 

optimal process of the system clean-up took several weeks of iterations 

and a check-up of every part of the pneumatic circuit to assess that no 

rustiness or presence of salts were left in it.  Nonetheless, a 

multidisciplinary team composed of an informatic engineer, a cell 

biologist, a materials scientist, and a physicist developed a method of 

cleaning 99.99% of all biological residues while no harming the system 

whatsoever and doing it all in less than 30 minutes (Figure 5.14). This 

process optimization allowed to perform this test every day in every 

printer in use worldwide and ease the next step in the process workflow, 

the greenlighting. 

 

 

Figure 5.14. Sterility tests performed on the printer named “Finicky Flemming” before (left) and 
after (right)) the developed sterility process. Each well represented the sterility of each nozzle/ 
printing chamber and 2 baseline controls without any addition were used as negative controls. 
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5.3.2 Greenlighting 

The Greenlighting was the other project regarding the system upgrading 

where the author took part. It consisted in creating a workflow designed 

to ensure a correct usage of the platform by all users, independently of its 

initial background. As the main goal of the company was to ease the 

access of this technology to researchers from a very different field, it was 

an incredibly necessary process for the upscaling of the bioprinter. 

As a summary, the workflow was a series of steps designed to be 

performed at the beginning of every day for the first user, a series of small 

reminders for each researcher prior and during the performance of any of 

its assays. As the first step a full cleanup of the printer took place to 

prevent any contamination from the last usage. Aiming to optimize time, 

it was also designed to use the cleaning water to print several patterns 

that the user needed to assess. Other interesting issues were the 

reminders of closing or opening certain lids to prevent external 

contamination, the use of gloves or when to thaw ink cartridges. As a way 

of certifying that the created pathway was easy enough for everyone to 

follow, everyone in the company (more than 35 people) were invited to 

test it, from the CEO to the office’s assistant. The results showed that 

independently of who did the experimental procedure with the platform, 

3D cellular matrixes with no contamination were created as well as a tool 

to certify the status of each printer component remotely.  

On the top of it all, together with the marketing department, a small 

infographic was created aiming to ease the visualization of the overall 

created workflow for both the greenlighting and the printing process, 

thus helping potential new users to easily understand how and what they 

would achieve with Rastrum, the 3D bioprinting platform.  
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Observing the overall workflow and as a summary, the author helped in 

the development of steps 1, 3 and 5 thus moving the platform a little closer 

to becoming and incredibly powerful tool for new developments 

regarding biomedical advances.  

 

 

 

 

 

 

 

 

 

Figure 5.15. Infographic of the overall workflow with Rastrum, the 3D bioprinting platform. 
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6.1 Thesis conclusions 

In the herein presented doctoral thesis, significative progresses in the use 

of advanced polymers for the fields of self-healing and additive 

manufacturing have been achieved.  The significant contributions 

directed towards resolving some of the major challenges that were 

currently preventing the inclusion, or complete adoption, of those 

technologies in the industrial fabric are described: 

i) A high-efficient self-healing polymeric system capable of 

working efficiently at low and ultra-low temperatures was 

successfully obtained aimed for its application in high 

demanding fields such as aeronautics, automotive or 

windmills. By analyzing monomeric mixture behavior and its 

reaction kinetics of different ROMP monomers with different 

next-generation metathesis catalysts, it was possible to 

assemble an industrially scalable system that fulfilled all the 

theoretical self-healing steps at harsh environmental 

conditions. The creation of a composite material with current 

commercially used epoxy resins and manufactured following 

industrially set limitations, allowed to generate a self-healing 

system fully able of being introduced into industrial 

workflows. The replication at laboratory scale of the true 

climatological conditions that the composite materials will 

face in the real application was pivotal to create a 

representative system for real applications.  

 

ii) The synthesis of UV-Curable Polyurethane-Acrylate hybrids 

with tunable hardness and viscoelastic properties on demand 

was achieved through a controlled and industrially scalable 
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two-step procedure. A controlled causal effect involving the 

final PUA’s thermal and mechanical behavior were achieved 

through a careful polymer synthesis process. In the developed 

protocol, both the ratio of each polymer chain segments and 

the use of different acrylate monomers possessing differences 

on its molecular weight were successfully tuned. The range of 

achieved properties ranged from behaving as medium-hard to 

extra-soft materials, which translates into the possibility of 

obtaining materials with the potential to mimic certain 

biological tissues. Moreover, due to the photopolymerization 

step within the procedure, it has been possible to adapt this 

library of polymers to its use as materials for additive 

manufacturing. The successful synthesis of the reported 

library of polymers holds the potential to improve the 

adaptability of AM technology while advancing the field of 

personalized medicine with the creation of surgical guides. 

 

iii) It was possible to advance into the full development of a state-

of-the-art 3D bioprinting platform. The creation of 

standardized procedures over the stability of the used bioink, 

created a work frame for improved customer success. The 

material’s portfolio of the 3D bioprinting platform was 

widened due to the adaptation of novel nanocellulose-based 

bioinks. A physiologically relevant cellular model for liver 

tissue was developed considering critical factors such as the 

interactions between the matrix material, the bioprinting 

parameters and the cellular components. The obtention of the 

cellular models in a minimized, high-throughput fashion, 

withhold the capability of boosting fields ranging from drug 
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discovery, personalized medicine to basic molecular biology 

research. 

There are still plenty of limitations holding the application of most 

advanced polymers and their technologies into real, industrial 

environments. Nonetheless, the great impact that those materials could 

generate into society is a driving force powerful enough to fuel the work 

presented in this thesis. The (maybe) small, but rather significant 

progression carried in the generation of a self-healing system, specifically 

designed for applications were its implementation would maximize the 

application and economical turnover, the synthesis of a polymeric system 

settling improved bases for widening AM in health sector, or contributing 

to the generation of a novel 3D bioprinting platform with limitless 

potential, have fulfilled the main objective of this thesis of bringing a 

novel generation of materials a little bit closer to  reality. 
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A.1 Monomer mixtures fluidity at -20°C 
 

Figure S1. 80:20 ENB:DCPD mixture at -20°C after 14 days. The blend presents fluidity and no 
phase separation.  

 

Figure S2. 85:15 ENB:DCPD mixture at -20°C after 14 days. The blend presents fluidity and no 
phase separation.  

 

Figure S3. 90:10 ENB:DCPD mixture at -20°C after 14 days. The blend presents fluidity and no 
phase separation.  
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Figure S4. 95:5 ENB:DCPD mixture at -20°C after 14 days. The blend presents fluidity and no 
phase separation.  

 

 

Figure S5. 100:0 ENB:DCPD mixture at -20°C after 14 days. The blend presents fluidity and no 
phase separation.  
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A.2 Monomer mixtures fluidity at -70°C 
 

 

Figure S6. 80:20 ENB:DCPD mixture at -70°C after 14 days. The blend presents fluidity and no 
phase separation.  

 

Figure S7. 85:15 ENB:DCPD mixture at -70°C after 14 days. The blend presents fluidity and no 
phase separation.  

 



Supporting information 
 

VII 
 

 

Figure S8 90:10 ENB:DCPD mixture at -70°C after 14 days. The blend presents fluidity and no 
phase separation.  

 

 

Figure S9. 95:5 ENB:DCPD mixture at -70°C after 14 days. The blend presents fluidity and no 
phase separation.  
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Figure S10. 100:00 ENB:DCPD mixture at -70°C after 14 days. The blend presents fluidity and 
no phase separation.  

 

A.3 Chemical Structure 

 

Figure S11. Chemical structure of the Ru-based Catalysts used in this work. 
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A.4 Blend reactivity quantification at different catalyst 

concentration by DSC 
 

 

Figure S12. Normalized DSC reaction curves of different ENB/DCPD blends at 0.1 wt.% HG2 
concentration. Due to the sample’s reactivity, it was difficult to achieve a correct measurement 

of the tested weight. The graphs were normalized in order to remove the mass as a variable 
and observe the peak and the onset temperature and compare it with the G3 counterpart. 
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Table 1. Summary of all the results (Onset and Peak temperature) obtained by the DSC 
temperature ramp of the different ENB/DCPD blends at 0.01 and 0.004 wt.% concentration 

 

 

Figure S13.Normalized DSC reaction curves of different ENB/DCPD blends at 0.01 wt.% G3 
concentration. Due to the sample’s high reactivity, it was impossible to achieve a correct 

measurement of the tested weight. The graphs were normalized in order to remove the mass 
as a variable and observe the peak and the onset temperature. 
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Figure S14. Normalized DSC reaction curves of different ENB/DCPD blends at 0.001 wt.% G3 
concentration. Due to the sample’s high reactivity, it was impossible to achieve a correct 

measurement of the tested weight. The graphs were normalized in order to remove the mass 
as a variable and observe the peak and the onset temperature. 

 

Although all results follow the expected trend, there is however, an 

anomaly on the 80:20 blend with 0.001 wt.%, which exhibited a slightly 

lower 𝑇𝑜𝑛𝑠𝑒𝑡 and 𝑇𝑝 that blends with higher ENB content at the same 

catalyst ratio. Nonetheless, all the selected ratios at the chosen G3 catalyst 

concentration confirmed a good cryogenic reactivity and therefore, have 

potential to be used as a self-healing reactivity blend for the intended 

application.  
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A.5 Scanning electron microscope images of Microcapsules 

 
Figure S15. SEM micrographs of ENB/DCPD polyurea microcapsules synthesized employing TOP 
50 °C/1h (M14), MIDDLE 70 °C/3h (M15), and BOTTOM 70 °C/overnight (M17). 
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Figure S16. SEM micrographs of ENB/DCPD polyurea microcapsules synthesized at 5000 rpm in 
the emulsion step: TOP 3% GA and 10 min emulsion (Entry MC18), and BOTTOM 3.5% GA and 

20 min emulsion (M19). 

A.6 FT-IR assessment of the microparticles 

 
Figure 17. FT-IR spectra of the microcapsules obtained at 1% (black), 4% (red) and 10% 

(green)amine concentrations in aqueous solution. 
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A.7 FIB-FESEM images of the microcapsules 

 

 

Figure S18. FESEM images of FIB cross-sections of MC1. 

 

 

Figure S19. FESEM images of FIB cross-sections of MC5. 
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Figure S20. FESEM images of FIB cross-sections of MC18. 

  

Figure S21. FESEM images of FIB cross-sections of MC19. 
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A.8 Thermogravimetry analysis of microcapsules (TGA) 

 

Figure S22. TGA of MC1. 

 

Figure S23. TGA of MC4. 
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Figure S24. TGA of MC5. 

 

Figure S25. TGA of MC6. 
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Figure S26. TGA of MC8. 

 

Figure S27. TGA of MC9. 
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Figure S28. TGA of MC14. 

 

Figure S29. TGA of MC15. 
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Figure S30. TGA of MC16. 

 

Figure S31. TGA of MC17. 
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Figure S32. TGA of MC18. 

 

Figure S33. TGA of MC19. 
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A.9 FTIR spectra of microcapsules 

 

Figure S34. FTIR spectrum of MC3. 

 

Figure S35. FTIR spectrum of MC9. 
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Figure S36. FTIR spectrum of MC10. 

 

Figure S37. FTIR spectrum of MC12. 
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Figure S38. FTIR spectrum of MC13. 

 

Figure S39. FTIR spectrum of MC18. 
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Figure S40. FTIR spectrum of MC19. 
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A.10 NMR spectra of microcapsules 

 

Figure S41. 1H-NMR (DCM-d2, 600MHz) spectrum of MC19. 

 

Figure S42. 13C-NMR (DCM-d2, 150MHz) spectrum of MC19. 
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Figure S43. 1H-NMR (acetone-d6, 600MHz) spectrum of MC19 actone-d6 extracts. 

 

Figure S44. 13C-NMR (acetone-d6, 150MHz) spectrum of MC19 actone-d6 extracts. 
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A.11 Viscosity Results: 
 

 

 
Figure S45. SEM micrographs of ENB/DCPD polyurea microcapsules with 20 wt.% (left) and 

10wt.% (right) dispersed in epoxy resin. 

 
Figure S46. Viscosity curve at 25°C of (a) Araldite LY556 epoxy resin component. (b)  Epikote 

135 epoxy resin component. 
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