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PREFACE 
 

 

Smart polymer materials represent an exciting range of novel materials for advanced 

applications such as aeronautics and biomedical devices. These materials are able to 

sustain any external stimuli including temperature, pH, electric and magnetic fields and 

response in an adaptive and proportional manner to this environmental change. Two main 

categories of smart materials are able to encompass these features, i.e., self-evolving 

materials and self-healing materials. Self-evolving materials can, for instance, 

reconfigure themselves on-the-fly to react upon changing environmental conditions. A 

variety of possible material candidates can be described as self-evolving materials 

including shape-memory polymers, adaptive hydrogels and actuators changing their 

properties in response to external stimulation. In addition to them, intrinsic self-healing 

polymers encompass these responsiveness features and are constructed on the basis of 

reversible bonding such as Diels-Alder reactions for locally healing these materials after 

experiencing damage.  

This book intends to propose a comprehensive knowledge on smart materials that 

encompass self-evolving materials and self-healing materials, including their 

implementation of 3D-printing technology. Combining smart materials and additive 

manufacturing has thereby been introduced as an inspiring way to provide more complex 

3D objects with elevated adaptive properties. They are myriad issues that are still 

challenging with the construction of these smart materials, including their additive 

manufacturing, but the book will offer novel opportunities to obtain multi-responsive 

materials in advanced technology. 

Chapter 1 - Shape memory materials are able to change their shape upon application 

of an external stimulus such as temperature, humidity, light, electric or magnetic fields, 

etc. Due to their scientific and technological relevance, this book chapter reviews the 

main shape memory materials, briefly introducing metals, ceramics and polymers. In 

particular, shape memory polymers are discussed following the nature of the stimulus 

that allows their shape memory response, including their characterization methods. 
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Polymeric materials show a wide range of relevant properties such as processability, 

versatility and biocompatibility, among others, characteristics that are responsible for the 

increased interest in recent years in the shape memory field. 

Chapter 2 - Shape memory materials are able to change their shape upon application 

of an external stimulus such as temperature, humidity, light, electric or magnetic fields, 

etc. This chapter wants to focus the attention on nanocomposite systems with shape 

memory response due to their high scientific and technological relevance. In particular, 

three different nanocomposites based on ethylene copolymers are presented with different 

thermally-activated mechanisms such as Nucrel® and Surlyn® reinforced with silica 

nanoparticles, blends of EVA/thermoplastic starch reinforced with natural bentonite and 

EVA reinforced with starch nanocrystals. All of these systems present shape memory 

ability, evidencing how the addition of well dispersed nanoparticles can affect the shape 

memory response of the neat matrix. 

Chapter 3 - Shape-memory polymers (SMPs) are currently a subject of tremendous 

attention from both - the academic and industrial fields and are playing a major role in 

inspiring the design of a class of polymer materials. Their attractive properties related to 

multi-step shape-changing upon exposure to an appropriate stimulus, as well as high 

elastic deformation, low density, relatively low cost, ease of processing, chemical 

stability and biocompatibility make SMPs suitable for numerous real world applications. 

As if that’s not enough, fabricating nanocomposites via the incorporation of nanofillers 

offers the possible applications as innovative materials with designed functionalities and 

multi-responsiveness even further. Nowadays, these polymer materials can be used as 

biomedical devices (implants, sutures, stents, drug delivery systems), actuator systems, 

sensors or deployable hinges for automotive, electronics and aerospace industries. In this 

chapter, a short description on SMPs chemical architecture, nanofillers incorporation and 

approaches for 3D printing are outlined. The content would also mention some potential 

application of the printed parts and final critical remarks. 

Chapter 4 - The introduction of healing characteristics into synthetic polymers has 

represented a step forward in the development of safer, more durable and more reliable 

materials. Ideally, a healable material should be able to restore its performance after 

being damaged, even for multiple damage/healing events. In this sense, the current 

knowledge about material science, polymer physicochemistry and polymer synthesis has 

led to the development of new types of healable polymers capable of fullfilling these 

prerequisities: Intrinsically healable polymers. These materials contain active elements, 

which are covalently incorporated into the polymer structure and impart repairing 

characteristics to the final material. Herein, the authors summarize the most relevant 

parameters in the development of intrinsically healable polymers as well as the most 

recent synthetic approaches reported in the literature.  

Chapter 5 - Self-healing materials have intensively been investigated over the past 15 

years. Several approaches have been developed, resulting in materials capable of dealing 
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with damage events in a more or less independent way, thereby extending their service 

life, and thus reducing waste. Large interest has been drawn to self-healing elastomeric 

materials, following either extrinsic or intrinsic approaches. In this chapter the authors 

discuss Diels-Alder chemistry and disulfide exchange reactions as the most prominent 

examples currently used in the development of intrinsic self-healing elastomers based on 

reversible covalent bonds. 

Chapter 6 - The self-healing ability of poly(ethylene-co-metacrylic acid) (EMAA) 

copolymer neutralized with sodium salt forming the ionomer known as Surlyn® has been 

investigated using various types of low-velocity damage: indentation, puncture and 

scratch with razor blade, and puncture with different sharp metallic pointers. These types 

of macroscopic damages create low-energy heat transfer to the tested material and 

therefore, thermal energy must be externally added to the material to trigger its healing 

properties. Different thermal treatments have been carried out using a range of 

temperatures (40, 55, 70 and 105ºC) and heating times, to determine the healing abilities 

of the material and to optimize the healing procedure for each type of damage. The use of 

70ºC for 40 min is an effective healing route for the most of the damages, but only 

complete healing values were obtained when using 105ºC. 

Chapter 7 - In this chapter, photo-responsive polymers (PRP) with extraordinary 

consideration in the polyurethane field and in particular, coumarin-based polymers are 

reviewed. But it also summarizes other representatives photo-reactive compounds used in 

polymer science (i.e., azobenzene, spiropyran, cinnamic acid/ester, anthracene and 

coumarin derivatives). Firstly, this chapter offers an overview of the photo-responsive 

mechanism of these photo-reactive compounds. Since light is an ideal way to modify 

physical and chemical properties on material surfaces, smart properties such as self-

healing and/or shape memory behavior can be performed with the correct useful of this 

source. For these reason, PRP can be used as films, hydrogels as well as supramolecular 

systems with interesting properties for several applications such as laser dyes, drug 

delivery systems and mainly as coatings. Well-dispersed nano-sized fillers are able to 

enhance several properties of PRF, including hydrophilic/hydrophobic, thermal and 

mechanical properties, as well as the release ability, etc. Thus, recent developments in 

PRP are summarizes here with a special emphasis on PU-coumarin based systems as well 

as on their nanocomposites. 

Chapter 8 - This Chapter deals with an extensive description related to polymer 

dispersed liquid crystals based on block copolymers. In addition, a short introduction 

related to liquid crystals with an emphasis on nematic liquid crystals and polymer 

dispersed liquid crystals (PDLC) will be given. The introductory part will be followed by 

a comprehensive discussion related to polymer dispersed liquid crystals and their 

reversible properties under external stimuli such as thermal gradients or electric and 

magnetic fields. Finally, different examples of PDLC blends based on block copolymers 

such as a polymeric matrix will be presented. Furthermore, special attention will be paid 
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to the reversible switching of these smart materials using different characterization 

techniques such as differential scanning calorimetry (DSC), optical microscopy (OM), 

photoluminescence spectroscopy (PL), UV-visible spectroscopy (UV-vis), and others. 

Chapter 9 - A short review on current work in smart hydrogels field has been 

presented in this chapter, focusing the attention on the different stimuli to be used for 

activating hydrogels. Special attention was paid on frontal polymerization as suitable 

synthetic route for smart hydrogels and their nanocomposites. Therefore, after a brief 

review on frontal polymerization to design smart hydrogels, a case study has been 

presented based on the use of the frontal polymerization to obtain smart hydrogels 

nanocomposites of poly(N-vinylcaprolactam) (PVCL) and its nanocomposites. In 

particular, hydrogels were reinforced with both silver and hydroxyapatite nanoparticles. 

Because of the unique properties of these nanoparticles, the nanocomposites presented 

herein can be considered as very interesting materials for biomedical and antibacterial 

applications. 

Chapter 10 - Thermoresponsive polymers have been thoroughly investigated for 

biomedical uses in many areas; from theragnostics, drug and gene delivery to cell 

harvesting and tissue engineering. The use of biocompatible smart polymers requires 

precisely tuning the structure, composition (hydrophobic/hydrophilic balance), polymer 

length, molecular weight, lateral chains, etc. in order to achieve physical changes in 

aqueous media at physiological temperature This chapter intends to describe these issues 

and how the alteration of the chemical structure of the repetition unit within the 

backbone, the polymerization degree or end-functionalization, affect the thermal, 

mechanical and degradation properties of the resulting (co)polymers upon the final 

application. 

Chapter 11 - Bacterial colonization and biofilm formation on material surfaces is a 

serious problem in medical devices and, in general, in human healthcare. In recent years, 

polymeric coatings with inherent antibacterial properties have acquired relevance as a 

practical alternative to combat biofilm formation. Basically, there are two main types of 

antimicrobial surfaces, bactericidal and antifouling surfaces, in which each type presents 

its inherent drawbacks. Thus, many efforts have been made to develop surfaces with both 

characters, bactericidal and bacteria-resistant properties. Of particular interest results 

smart antimicrobial surfaces that can reversible switch in response to external stimuli 

between bactericidal and antifouling character to release dead bacteria attached onto the 

surfaces. In this chapter, the authors highlight the recent developments performed on 

smart surfaces with switchable capacity between biocidal activity and self-cleaning 

properties in response to stimulus such as pH, temperature, aqueous environment, ionic 

strength, light and electrical field.  

Chapter 12 - In the last years, smart (or intelligent) packaging has been one of the 

most promising technologies in the food packaging industry. In fact, the possibility of 

making people aware of the safety and the quality of the food they are going to eat, has a 
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huge potential impact in terms of both health of the consumer and reduction of food 

waste. In this field, many technical opportunities have been developed, based on a 

physical or a chemical reaction that results in a visible change of color which 

communicates to the consumer the change in the food quality. Being some of the most 

used materials in food packaging, polymers have often a main role also in the smart 

solutions, also thanks to their versatility and the possibility to be modified and tailored to 

obtain the expected features. This chapter represents a brief overview of the smart 

packaging solutions related to the polymer world. 

Chapter 13 - The increasing production of biobased and biodegradable polymers 

provides to the food industry the opportunity to offer alternative solutions with lower 

environmental impact. Among the available biopolymers, caseinates show excellent 

edible film formability, the ability to form thin and flexible layers, interesting for edible 

coating systems. Hydroxytyrosol (HT) is a natural antioxidant occurring in olives and 

mostly recovered from residues of olive oil production. However, many authors 

suggested that it is also available in olive oil. The HT is an ortho-diphenol with a marked 

antioxidant activity related to the electron donating ability of hydroxyl groups in the 

ortho position and subsequent formation of stable intramolecular hydrogen bonds with 

the phenoxylic radical. This chapter begins with generalities regarding the interest of 

smart materials in the food packaging field, focusing the attention on antioxidant active 

packaging systems as well as the interest on the use of edible active coatings for these 

applications. Then, it is reported the development of active edible films based on sodium 

caseinate and HT. The most important results regarding a full characterization of the 

obtained active films in terms of visual, structural, thermal, mechanical and barrier 

properties; together with the evaluation of the antioxidant properties of the developed 

films are described throughout this chapter and it was possible to conclude that this 

system is a good alternative to avoid or retard foodstuff oxidation and though increase 

food shelf life. 

Chapter 14 - The main advantages of inorganic–organic hybrids are the combination 

of frequent dissimilar properties of organic and inorganic components in one material and 

the opportunity to develop an almost unlimited set of new materials with a large spectrum 

of known and yet unknown properties, because of the many possible combinations. 

Usually, in composite materials, polymer networks serve as organic matrices and 

inorganic components (Si, Ti, Sn, Al-based compounds, etc.) serve as fillers dispersed 

into the polymer network. These composites can be considered within Class I hybrids. In 

this class, weak bonds between components can be found such as Van der Waals forces 

or hydrogen bonds. Moreover there is Class II hybrids where components are linked by 

strong chemical bonds such as ionic or ionic-covalent bonds. Two types of reactions can 

be used to synthesize Class II hybrids: the simultaneous polymerization and the 

sequential polymerization of organic and inorganic monomers. Different structures can 

be obtained by altering the polymerization procedure: inorganic phase nanodomains 
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dispersed into the organic matrix; networks with bicontinuous phase structure; networks 

with ordered inorganic phase; and organic-inorganic block copolymer networks with 

inorganic junction domains. The chemistry of inorganic-organic network hybrids is 

mainly developed using hybrid molecular precursors such as organically modified metal-

alkoxides or oligomers of general formula R’nSi(OR)4-n or (OR)4-nSi-R”-Si(OR)4-n with n 

= 1,2,3, respectively. Several stimuli responsive hybrids have been manufactured for 

different applications: drug delivery systems based on mesoporous silica supports (MSS) 

have been described responding to physical, chemical or biochemical stimuli; 

antibacterial hybrids based on photocatalyst reactions; smart biosensing systems based on 

thin metallic and inorganic nanofilms with natural peptides, glutathione or aminothiol are 

also being described responding to complex opto-electronic interactions; graphene-based 

bilayer and multilayer actuators made from graphene and conducting polymers are 

described responding to chemical variations; and self-healing graphene–polymer hybrids 

are described responding to near-infrared region (NIR) irradiation. These materials are 

among the highlighted examples of hybrid smart materials. 

Chapter 15 - Additive manufacturing (AM), also generally known as 3D printing 

permits the fabrication of fully customized objects with a high level of geometrical 

complexity implying rapid fabrication time as well as low cost. Among the materials used 

for additive manufacturing include metals and ceramics in addition to polymers. 

Nevertheless, the synthetic versatility as well as the wide range of material properties that 

can be achieved using polymers have established this type of materials amongst the most 

widely employed. Herein, the authors describe the basic principles applied when 

considering printing mechanisms, as well as the advantages and disadvantages of the 

most relevant AM technologies. Moreover, the characteristics of the polymers employed 

for each technology are described including discussion of some illustrative examples of 

their principal applications. 

Chapter 16 - The scientific and technological progress reached a point that allows for 

exciting 3D printing technologies. Applied to the additive manufacturing industry, said 

technologies offer the possibility to create polymer devices with controlled architectures 

such as personalized prototypes, hydrogels, biomedical and flexible electronic devices, as 

well as sensors and actuators with controlled properties and a specific set of desired 

functionalities. Alongside this advancement, a new class of polymers defined as “smart 

polymer materials”, are described, with a main utility built around the capacity to exhibit 

adaptive properties that fulfill previously impossible functions post application of 

environmental changes. Direct 3D printing of such stimuli-responsive materials allowed 

the development of a brand new 4D printing technology with an outlined time dimension. 

This chapter will cover a comparative review of the two most frequently explored AM 

technologies - fused deposition modeling and stereolithography with a specific focus on 

the practical use in “smart materials” 3D printing. Potential applications for the printed 

parts and some critical remarks are also mentioned. 
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Nothing than both scientific and technological progresses has pushing the emergency 

of smart polymer materials for advanced applications such as aeronautics. Nature is 

thereby inspiring scientists to design these smart polymers in such a way to biomimic the 

behavior of living organisms. The most inspiring feature is the ability of a material able 

to interact with its surrounding environment and to provide an adaptive and proportional 

response given any environmental change. This corresponds to a large range of properties 

(stiffness, etc.) that can be adapted upon the application of an external stimulus as well as 

upon the nature of stimuli including temperature, pH, electric and magnetic fields. The 

adaption of biomimetic principles for materials research generally encompasses two main 

categories of materials, i.e., self-evolving materials and self-healing materials. Self-

evolving materials can, for instance, reconfigure themselves on-the-fly to react upon 

changing environmental conditions. A variety of possible material candidates can be 

described as self-evolving materials including shape-memory polymers, adaptive 

hydrogels and actuators changing their properties in response to external stimulation. For 

instance, shape memory polymers (SMPs) represent a new class of high-performance 

materials, having the potential to be applied as biomedical materials as well as 

engineering thermoplastics. Resulting from the association between the polymer 

morphology and a specific program, these materials have the ability to deform 

themselves from a temporary shape to a permanent shape upon application of an external 
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stimulus like a change in temperature or exposition to light. Since the 1980s, self-healing 

polymers have been widely developed to overcome any mechanical stress or degradation 

(damage, fracture, photo or thermal degradation…) that cause failure or microcracks, 

reducing the lifetime, the sustainability and the safety of the material during their 

utilization. Intrinsic self-healing polymers based on reversible bonding such as Diels-

Alder reactions have shown to be an interesting alternative to heal in a repeatable and 

infinite manner. 

In this respect, we are also facing an era where combining Smart Materials and 

Additive Manufacturing will alter our lives by providing complex 3D objects with unique 

abilities given environmental changes, among which Self-Evolving Materials will 

definitely fall down as the most important descendant. Based on a layer-by-layer 

fabrication process to design custom 3D objects using computer-aided models, 3D-

printing technology significantly speed up the product development using a single build 

station at sub-microscale. As the number of studies conducted on this technology 

increases, the new 4D printing has been coined as the fourth dimension of time.  

The motivation of this book was thereby to propose a comprehensive knowledge on 

smart materials that encompass self-evolving materials and self-healing materials, 

including their implementation of 3D-printing technology. The authors of this book are 

leading in the realm of smart materials and provide up-to-date research and related 

methodologies all long the book. They are myriad issues that are still challenging with 

the construction of smart materials, including their additive manufacturing, but it also 

offers novel opportunities to obtain multi-responsive materials in the advanced 

technology. 

The chapters of this book have been divided into four main sections as shape-

memory polymers (Chapters 1-3), self-healing polymers (Chapters 4-7), smart materials 

made of liquid crystals and hydrogels (Chapters 8-13) and 3D- and 4D-printing 

technology (Chapters 14-15). The first chapters discuss about the multi-responsiveness of 

shape-memory polymers including the design of related nanocomposites. In particular, 

shape memory polymers and nanocomposites are one the of most important class of 

multi-responsive smart materials, providing excellent and new opportunities for scientific 

developments in the field of polymer synthesis and functionalization, molecular 

architecture design, processing of polymer blends and interpenetrating networks and 

multifunctional materials. The second section discusses about self-healing polymers that 

can be intrinsically healed under mild conditions. For instance, Diels-Alder chemistry 

and disulfide exchange reactions as the most prominent examples currently used in the 

development of intrinsic self-healing elastomers based on reversible covalent bonds. In 

the third section, the ability to respond with any environmental change has been 

discussed within large range of smart materials such as liquid crystals and coating, 

thermoresponsive polymers and hydrogels. For instance, thermoresponsive polymers 

have been thoroughly investigated for biomedical uses in many areas. The use of 
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biocompatible polymers showing a physical change in physiological aqueous media at 

body temperature requires precisely tuning the structure, composition 

(hydrophobic/hydrophilic balance), polymer length, molecular weight, lateral chains, etc., 

giving access from theragnostics, drug and gene delivery to cell harvesting and tissue 

engineering. The final section highlights the key-feature related to Additive 

manufacturing, also generally known as 3D printing, permitting the fabrication of fully 

customized objects with a high level of geometrical complexity implying quite limited 

time to fabrication as well as low cost. Direct 3D printing of such stimuli-responsive 

materials allows the development of an original 4D printing technology where the time 

dimension is herein outlined. 

Thanks to the great efforts made by the authors and valuable writng, the book thereby 

attempts to outline the most recent progress and important concepts underlying smart 

materials as the scientists continue to pursue We do hope that this book will construct 

new solidified pathways in the realm of smart materials inspiring researchers from the 

multidisciplinary fields of material science, chemistry and engineering.   
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ABSTRACT 

 

Shape memory materials are able to change their shape upon application of an 

external stimulus such as temperature, humidity, light, electric or magnetic fields, etc. 

Due to their scientific and technological relevance, this book chapter reviews the main 

shape memory materials, briefly introducing metals, ceramics and polymers. In 

particular, shape memory polymers are discussed following the nature of the stimulus 

that allows their shape memory response, including their characterization methods. 

Polymeric materials show a wide range of relevant properties such as processability, 

versatility and biocompatibility, among others, characteristics that are responsible for the 

increased interest in recent years in the shape memory field. 

 

Keywords: stimuli-responsive, shape memory polymers, humidity, temperature 
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INTRODUCTION 

 

Nature is a vast source of inspiration for engineering functional materials. Indeed, 

chemists and material scientists often follow the principles of nature for the design of 

new synthetic materials (“bio-inspired materials”) [1]. In this context, one of the most 

inspiring features is the ability to change a specific property upon the application of an 

external trigger. The variety of the properties that can be changed upon application of an 

external stimulus is enormous, as well as the nature of the applied stimulus. Variation of 

mechanical properties is one feature, which for example can be found in sea cucumbers 

as reported from Bellamkonda et al. [2]. These animals are able to change their skin 

stiffness by several orders of magnitude in case of danger (i.e., an attack by a predator) 

[2]. In addition to these macroscopic changes, natural materials show a stimuli-

responsiveness on the level of single molecules. For instance, proteins adopt different 

shapes depending on the conditions used (e.g., temperature, pH-value, salt concentration, 

etc.) [3]. Simplifying nature’s inspiring examples, many stimuli-responsive polymeric 

systems have been developed by researchers over the last decades [4-5].  

Among stimuli-responsive materials, shape-memory materials (SMMs) can respond 

by changing their shape toward the application of a specific stimulus. SMMs are 

characterized by the shape memory effect (SME), which is defined as the ability to 

recover their original shape at the presence of the right stimulus, after being severely and 

quasi-plastically distorted [6]. The growing interest on SMMs production is well-

highlighted by the number of publications during the last seventeen years (Figure 1).  

 

 

Figure 1. Number of scientific publications per year on the SMMs. Data Source: Scopus®; data 

research made on August, 2017. 
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SME has been observed in different kinds of materials like metal alloys [7-9], 

ceramic materials [10-12], hybrids [13-14] and gels [15-16] as well as polymeric 

materials [17-19]. A briefly state of the art of these materials is presented in the next 

pages. 

 

 

METAL ALLOYS 

 

Shape memory alloys (SMAs) or ‘‘smart alloys’’ was firstly discovered by Arne 

Ölander in 1932 [20], but the importance of SMMs was not recognized until William 

Buehler and Frederick Wang whom revealed the SME in a nickel-titanium (NiTi) alloy in 

1962 [21], also known as Nitinol [22]. SMAs are a group of metallic alloys that can 

return to their original form (shape or size) when subjected to a memorization process 

between two transformation phases, which are temperature or magnetic field dependent 

[23]. In brief, SMAs can exist in two different phases with three different crystal 

structures, i.e., twinned martensite, detwinned martensite and austenite. The austenite 

structure is stable at high temperature, while the martensite structure is stable at lower 

temperatures. When a SMA is heated, it begins to transform from martensite into the 

austenite structure, i.e., to recover its original form. This transformation is possible even 

under high applied loads, and therefore, results in high actuation energy densities [23]. 

The SME in SMAs is a diffusionless solid phase transition between martensitic and 

austenitic crystal structures [24-25]. While at low temperatures, SMAs present the SME, 

at high temperatures, recovery can be achieved instantly and simultaneously upon 

releasing the applied load, just like rubber band. This is called “superelasticity” [26]. The 

SME and the superelasticity (or pseudoelasticity) on metallic materials, can be 

categorised into three shape memory characteristics as follows: 

 

 One-way shape memory effect. The one-way SMAs retain a deformed state after 

the removal of an external force, and then they are able to recover their original 

shape upon heating. 

 Two-way shape memory effect or reversible SME. In addition to the one-way 

SMAs, two-way SMAs can remember their shape at both high and low 

temperatures. However, two-way SMAs are commercially less applied due to the 

‘training’ requirements and to the fact that they usually produce about half of the 

recovery strain provided by the one-way SMAs for the same material [27-28]. 

Furthermore, their strain tends to deteriorate quickly, especially at high 

temperatures [29]. Therefore, the first one provides more reliable and economical 

solution [23]. 

 Pseudoelasticity (PE) or Superelasticity (SE): The SMAs revert to their original 

shape after applying mechanical loading at temperatures between the temperature 
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where the transformation in austenite structure is complete and the highest 

temperature at which martensite can no longer be stress induced, without the 

need for any thermal activation [30]. 

 

Other forms or types of SMMs have been explored due to some obvious limitations 

or disadvantages of SMAs, such as high manufacturing cost, limited recoverable 

deformation, limited operating temperature and low bandwidth [17]. 

 

 

CERAMIC MATERIALS 

 

Shape memory ceramics (SMCs) are inorganic or ceramic compounds that undergo 

martensitic or displacive transformations can be either stress or thermally-activated. 

Anyway, most of ceramics are very brittle and the transformations needed to active the 

SME, i.e., martensitic transformation, can cause cracking, most often because shape 

distortions in adjacent crystal grains are incommensurate with one to another, inducing 

large mismatch stresses and triggering fracture [10]. As a matter of fact, unlike SMAs 

such as Ni-Ti that can withstand low strains up to ~ 8% and at lower strain levels they 

can be reversibly transformed up to millions of cycles [31], in SMCs such as zirconia, at 

strains of only about ~ 2%, cracking is observed after only a few transformation cycles 

[32]. Using ceramics, some new shape memory device can be designed for high 

temperature application where ordinary SMAs are not applicable. However, the 

technological application of the shape-memory capacity is limited by the small 

magnitudes of recoverable strains and the tendency of the ceramics to microcracking. It is 

possible to classify these materials in terms of their shape memory mechanisms [13]: 

 

 Martensitic SMCs are the most known and widespread one. The mechanism is 

analogous to the metallic alloys: a transition between two crystalline phases is 

able to produce shape changes. For these materials, the maximum strain achieved 

is not more than 4%. More displacive or martensitic-like transformations and 

potential shape-memory materials can be found in a variety of structural ceramics 

such as zirconia based ceramics [11, 33] or partially stabilized zirconia [34]. 

 Viscoelastic SMCs are sintered ceramics that contain very little glass phase 

including mica (KMg3AlSi3O10F2), silicon nitride (Si3N4), carbon nitride (SiC), 

zirconia (ZrO2) and alumina (Al2O3) [35]. Some mica glass-ceramics typically 

have a heterostructure characterized by a volume fraction in between 0.4 and 0.6 

of mica, as the principal crystalline phase, dispersed in a continuous glassy 

phase. These materials exhibit clear shape-memory phenomenon: after high-

temperature plastic deformation, cooling under load to room temperature in order 

to fix the temporary shape thanks to mica phase, and then reheating to recover 
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the original shape [36]. Because the sliding through dislocations in mica is not 

possible at low temperature, the deformation of the material at elevated 

temperatures will be retained even if the load is removed, after cooling under 

load to ambient temperatures. The elastic strain energy stored in the glassy phase 

will thus provide a driving force for recovering the original shape. If the 

deformed mica is reheated to a high temperature at which the stored elastic strain 

energy is sufficient to activate the dislocation slide, the phase mixture will 

reverse the original plastic deformation. In these materials, the shape-recovery 

percentage shows a strong dependence on the deformation temperature, 

deformation rate, reheating temperature and heating time [36]. 

 Ferroelectric SMCs are pervoskite-type oxides where the crystallite domains may 

exist in a variety of states such as cubic, tetragonal, rhombohedral or 

orthorhombic, which may be either paraelectric, ferroelectric or antiferroelectric, 

depending on the exact composition, as well as external conditions such as 

temperature, stress and electric field. The phase transitions between the different 

structures, such as the paraelectric-ferroelectric transition and the 

antiferroelectric-ferroelectric transition may be accompanied by a considerable 

strain in the ceramics. When the electric field is removed, conventional 

electroceramics will return to their original state [37]. This is a typical 

ferroelectric behaviour. Although the shape-memory ceramics have lower strain 

levels than shape-memory alloys, they have some clear advantages and may be 

more suitable for certain applications. For instance, because an electric field can 

be readily changed at much higher rates than temperature, the shape-memory 

ceramics may be actuated at higher bandwidths, with the maximum response 

speed of only a microsecond. 

 Ferromagnetic SMCs are transition metal oxides that undergo paramagnetic-

ferromagnetic, paramagnetic-antiferromagnetic transformation, or orbital order-

disorder transitions and the reversible transformations are also accompanied by 

recoverable lattice distortions. Because of spontaneous magnetization of these 

compounds is only achievable at very low temperatures, the effects of the 

magnetic field on the transformation and ferromagnetic shape-memory effect in 

these compounds are less investigated. 

 

 

POLYMERIC MATERIALS 

 

Shape memory polymers (SMPs) are polymers which are able to “memorize” a 

permanent shape and that can be manipulated in a way that a certain temporary shape will 

be “fixed” under appropriate condition [4]. Thanks to a several great features, SMPs 

show several advantages in comparison with SMAs [26]. In particular, some of these are 
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low density, high recoverable strain within a wide range of stimuli (by means of direct 

heating or by Joule heating, induction heating, infrared/radiation heating, laser heating, 

moisture or solvent or changes in pH value, light, etc.), as well as, transparency, chemical 

stability, easy chemical modification, well processability, high potential to be easy 

recyclable and reusable at low cost [38] and eventually, biocompatibility and 

biodegradability. Regarding the costs, not only the cost of raw material as well as the cost 

in fabrication and processing remain lower than for SMAs [26]. 

The first publication mentioning SME in polymers is due to L. B. Vernon in 1941 in 

a United States patent [39], who claimed a dental material made of methacrylic acid ester 

resin able to recover its original shape upon heating. Despite this early discovery, 

recognition of the importance of SMPs did not occur until the 1960s, when covalently 

cross-linked polyethylene was found to have shape memory capability [40]. Significant 

efforts began in the late 1980s and this trend continues to grow until nowadays. Dozens 

of other polymers have been designed and synthesized demonstrating shape memory 

properties for different applications. 

Shape memory effect has been reported in many types of polymers like thermosets 

[41-42], thermoplastics [43-44], elastomers [45-46], hydrogels [47-48] and liquid crystals 

[49-50]. Despite their unique properties, the potential applications of SMPs are often 

limited due to their low thermal conductivity, inertness to electrical stimulus, slow light 

and electromagnetic stimuli responsiveness and low recovery time during actuation [5].  

To overcome these difficulties new generation of shape memory polymeric 

nanocomposites (SMCs) have been designed. Generally, they are produced by the 

incorporation of one or more nanofillers as, nanotubes [51], nanofibers [52-53], 

nanocrystals [54-55], etc., within the polymer matrix. The advantages of the incorporated 

nanoreinforcing agents are based on their high specific surface area, high stiffness and 

their inherent functionalities.  

The SME in SMPs is based on a totally different mechanism compared to the other 

SMMs. In order to show SME, SMPs have to be composed by two basic phases/domains, 

one is the “fixing” domain, and the other is the transition or “switching” domain. While 

the fixing domain always maintains its shape within the whole SME cycle, the switching 

domain changes its stiffness significantly at the presence of the right stimulus. This 

property is not intrinsic to the material. A combination of a determined polymer 

molecular structure, morphology, and a specific tailored processing known as a 

“programming” and “recovery” processes is needed in order to obtain SME [18]. First, 

the material is formed into its initial permanent shape by conventional processing 

methods, such as solvent casting, extrusion or injection molding. In the “programming” 

process, with the application of an external stimulus, the material is deformed and fixed 

in a “temporary shape.” Afterwards, upon the application of the external stimulus, the 

material recovers its initial permanent shape, during the “recovery” process [56]. 
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Figure 2. Schematic representation of the shape-memory effect (SME). 

Programming-recovery cycles have to be repeated several times. Moreover, 

depending on the structure of the polymer, it is possible to fix two or more temporary 

shapes in each cycle [57]. SME can be utilized on surfaces (i.e., polymer coating) [58] in 

order to tune the surface properties by changing the shape of the polymer surface. 

Furthermore, bulk materials are of great interest where the polymeric material is able to 

change its overall shape. The properties of shape memory polymers render them 

attractive for a variety of application in both technical industries (i.e., aeronautics, 

electronics, textile and packaging) and biomedical applications (i.e., stents, scaffold, etc.). 

 

 

Design of Shape Memory Polymers and Classification 

 

As mentioned in the previous paragraph, SMPs are generally composed by structural 

pre-requisites: one consisting of netpoints that define a stable “network” structure or 

stable domain and the other one is named as switching domain, which can be influenced 

and change its properties by means of the external trigger and can enable fixation of the 

temporary shape. The first domain stabilizes the whole SMP and is responsible to retain 

the original shape. Indeed, the deformation of this phase is the driving force for the shape 

recovery. In fact, in the permanent shape, the molecular chains within the SMP are at the 
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lowest energy (highest entropy) state. As long as this is stable, any macroscopic 

deformation imposed on the permanent shape would change the conformation of the 

polymeric chains raising the energy state of the material. At this point, thanks to the 

influence of the external trigger, a depression of the molecular mobility can be induced 

and it serves to maintain the system in high energy state. Once it is removed out by 

reactivating the chain mobility, with the external trigger (i.e., by heating), the entropic 

energy is released, driving the molecular chains back to their lowest energy state. 

Therefore, the materials recover their original shape [59]. In SMPs, this stable domain 

(network) can be achieved by the introduction of either chemical covalent bonds or 

physical interactions, i.e., crystallites, glassy hard domains, hydrogen bonding, ionic 

clusters, chain entanglements and interpenetrating networks [18, 60-61]. The netpoints 

can be sufficiently stable to withstand the mechanical conditions encountered in the shape 

memory cycles without plastic deformation; otherwise, the permanent shape would not 

fully recover. The second phase fixes the temporary shape by crystallization (i.e., a 

melting transition will lead to the shape recovery), glass transition, a transition between 

different liquid crystalline phases, reversible covalent or non-covalent bonds (i.e., 

photodimerization of coumarine [63], Diels–Alder reactions [63], supramolecular 

interactions [64] and dipolar interaction [65]). Furthermore, SMPs can be designed as 

“multimaterial” systems such as multi-block copolymer as well as covalent polymer 

networks can be used as components forming “multimaterial” with shape memory 

properties. The preparation of binary blends from two polymers by a physical process is 

also an efficient method for the creation of “multimaterial” systems, in which the 

properties of the resulting binary polymer blends can be systematically varied.  

Often one of the blend component is a polymer able to provide the flexible SMP 

matrix. The second blend component is used for the modification of the properties of one 

or both domains.  

The covalent polymer network approach to create “multimaterials” is applied in 

interpenetrating polymer networks (IPN). Here, both polymer networks are not covalently 

linked to each other [60]. IPN can be obtained by two crosslinking processes occurring 

sequentially or both at the same time by using two different, not interfering chemical 

reactions forming the two different networks. Each polymer network provides permanent 

net-points contributing to the permanent shape [66]. 

In literature, SMPs have been classified in several ways, for example, through the 

nature of the fixed or fixity bonds, the nature of the stimulus, which allows the shape 

memory properties, the transition able to activate the recovery process. In the next 

paragraphs, SMPs will be classified depending on the nature of the stimulus, which 

allows the shape memory properties: temperature, solvent/water and humidity, light and 

other stimuli (electric and magnetic field, etc.). 
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Figure 3. Schematic representation of different permanent networks and switching phases that can 

constitute shape memory polymers. 

 

Temperature Responsiveness 

 

The shape memory behavior of thermally-activated SMPs is generally triggered by 

heating the specimen above a specific transition temperature (Ttrans) belonging to the 

switching domain. The most important transitions, which are used for thermally-

activating SMPs are the melting/crystallization transition (Ttrans = Tm) and the 

glass/rubber transition (Ttrans = Tg) [4]. The Tm can be utilized in chemically crosslinked 

rubbers, in semicrystalline polymeric networks as well as in physically crosslinked 

polymers (i.e., copolymers with a low melting temperature phase, which is responsible 

for the switching, and a high melting temperature phase, which constitutes the permanent 

network) [67]. Indeed, one possibility for the shape fixation is the crystallization of the 

switching domain. The melting of this phase will lead to the shape recovery of the SMP. 

Most of these SMPs are based on polyolefins (including ethylene copolymers i.e., 

ethylene vinyl acetate), polyethers, or polyesters (in particular polycaprolactone, PCL).  

Hereby two different mechanisms related with Tm have been developed: The first 

concept is based on the strain induced-crystallization. In particular, the strain induced-

crystals act as thermo-responsive switching domain responsible for fixing the temporary 

shape. The other strategy is based on the melting of the crystalline switching domain of a 

two-component system such as blends [43], block copolymers [68] as well as 

polyurethanes [69]. Polyethers are a polymer class, which feature typically low melting 

temperatures, which makes them promising materials for the switching domain on SMPs. 

For instance, polyethylene oxide was utilized as soft block (switching domain) in 
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segmented multiblock copolymers with poly(ethylene terephthalate) hard block (stable 

domain) [70]. In segmented materials, an increase of the soft block content, resulted in 

higher Ttrans due to the better crystallization of the soft block. Low melting aliphatic 

polyesters are probably the most often utilized soft block (in particular PCL). These soft 

blocks have also been applied in polyurethane systems [69]. Lower molar masses of the 

polyester results in lower Ttrans, so that temperature (40ºC) in the region of the human 

body temperature could be achieved [54]. Additionally, polymer blends containing PCL 

have been previously reported in the context of SMPs. The biodegradability of the soft 

PCL blocks opens the possibility to design SMPs for biological applications [71].  

In a similar way, the Tg can be utilized in chemically crosslinked thermosets as well 

as physically crosslinked thermoplastics. Polymeric materials with a Tg above room 

temperature can be utilized. Within this context, large varieties of different materials have 

been investigated. In comparison to the SMPs based on Tm, in general, when Tg is used as 

Ttrans, a slower shape recovery is shown due to the broad glass transitions (representing a 

second order phase transition). Consequently, these SMPs are not ideal for applications 

where a sudden shape recovery is required. On the other hand, the slow recovery makes 

them interesting candidates for certain biomedical applications [72]. Different studied 

show that is possible to reduce the broadness of Tg. For example, epoxy resins, as a 

classical thermoset, were also utilized as SMPs based on Tg [73]. Rousseau et al. [74] 

reported that, the Tg could be tuned out by the thermoset composition between 31ºC and 

93ºC and that a higher crosslinking density resulted in a faster shape recovery of these 

materials. Polyurethanes (PUs) containing a switching domain with a glass transition 

instead of a semicrystalline switching domain can also feature SME, as previously 

reported in literature. In contrast to the shape memory PUs based on Tm, these systems 

are transparent and are more prone to biodegradation due to the absent crystallinity of the 

switching domain [75]. Classical thermoplastic elastomers like PUs or EVA feature an 

excellent processability. However, the lack of chemical crosslinks lead to inferior 

properties compared with covalently crosslinked polymer. Indeed, latter materials show 

higher recovery stresses and higher cyclic recoverable strains [76]. Most methacrylate-

based covalently crosslinked shape memory polymers are based on the Tg of the soft 

domain [77]. These materials are also interesting for bio-applications due to their 

biocompatibility and biodegradability [78].  

Another biocompatible and biodegradable polymer that show shape memory effect 

based on its Tg is the polylactic acid (PLA), but its intrinsic brittleness limited the shape-

memory effect for wide application. Zhang et al. [79] found that melt-blending PLA with 

biodegradable polyamide elastomer (PAE) can change the mechanical properties of PLA. 

With the PAE contents increasing, the elongation at break of blends increased and the 

brittle behavior of PLA changed as a ductile behavior. PAE domains act as stress 

concentrators in system with the stress release locally and lead to energy-dissipation 

process. They will prevent breaking of PLA matrix under high deformation, and lead to 

Complimentary Contributor Copy



Stimuli-Responsive Polymeric Materials with Shape Memory Ability 11 

PLA molecular orientation. When the temperature is above to the Tg of PLA, at about 

60ºC, the shape memory behavior can be activated [79].  

Regarding high temperature SMPs for new applications, the engineering polymer 

polyetheretherketone (PEEK) can be modified to reveal shape memory properties as well. 

Indeed, it was revealed that it was practically feasible to program PEEK at room 

temperature and to lower the recovery temperature from its melting temperature range to 

around its Tg only by varying the programming temperature [80]. However, the strains 

that can be achieved with PEEK are rather small (30%), and the shape memory behavior 

is relatively poor due to creep issues. In contrast, dual and triple shape memory polymers 

can be prepared from sulfonated PEEK ionomers and a high temperature fatty acid salt, 

in particular sodium oleate (NaOl) [81]. Therefore, metal salts of sulfonated PEEK 

exhibited triple shape memory behavior, where two temporary networks are shown: one 

from the glassy state of the ionomer and the other from the NaOl crystals. While the ionic 

nano-domains due to the ionic or dipolar interactions between metal sulfonate groups 

provide the permanent network [81].  

The switching phase, able to fix the temporary shape, can also be based on thermo-

reversible bonds. An example of covalent thermo-reversible covalent bond is the Diels-

Alder reaction and its corresponding retro-Diels-Alder reaction. Raquez et al. [63] 

synthesized cross-linked semicrystalline PCL-based polyesterurethane systems by 

thermo-reversible Diels–Alder reactions, and they showed that this system exhibits one-

way and two-way shape-memory properties.  

Instead of thermo-reversible covalent bonds, supramolecular interaction can be also 

utilized for the design of a reversible network. For this purpose, several possibilities 

exist: hydrogen bonds, ionic interactions or metal ligand interactions. Briefly, the design 

of shape memory polymers based on hydrogen bonds mostly depend on two binding 

motifs: the pyridine moiety [82] and the ureidopyrimidine unit [83]. The pyridine moiety 

can form inter- or intramolecular hydrogen bonds to the urethane group [84]. These 

interactions can be reversibly broken and, thus, they can interact as the temporary 

network. In order to increase the strength of the hydrogen interaction, the 

ureidopyrimidine unit can be installed within the polymeric structures. Due to the 

quadruple-hydrogen-bonded dimer a strong interaction could be achieved [85]. Regarding 

the other thermo-reversible supramolecular interactions, ionomers represent another 

approach. These unique materials exhibit physical and mechanical properties that are 

profoundly different from their non-ionic analogs. The most common strategies to obtain 

ionomers are the neutralization of sulfonated polymers with zinc salt [87-88] and the 

integration of the ionic group by carboxylic acid [86]. This behavior is attributed to the 

strong interactions that they are able to form because of coulombic difference in potential 

between ionic charges. While the morphology of ionomers is not fully understood, it is 

generally accepted that ionic groups coordinate with counter ions to further self-assemble 

into phase separated nano-domains (ionic clusters) thus forming a reversible ionic 
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network [86]. The inter-chain interaction formed the permanent network, whereas the 

dipolar interactions between the dispersed phase of crystalline salt and the ionomer itself 

resulted in the temporary network. In addition, metal-ligand interactions provide a 

thermo-reversibility that can be used for the design of shape-memory polymers [89]. 

Thanks to the development of reversible covalent and non-covalent chemistry, 

opportunities for designing switching domains or segments at the molecular level have 

emerged. While phase transitions are largely related to a thermal effect, molecular 

switches bring more options in terms of triggering mechanisms.  

Moreover, it is also important to emphasize that for certain application direct heating 

methods are not applicable and a solution can be found using indirect trigger methods. 

Therefore, electrical, magnetic, optical, acoustic and chemical energies can all be 

converted into thermal energy and cause heating within the materials. Normally, it is 

necessary to incorporate functional fillers into a SMP matrix in order to achieve the 

energy transformation, i.e., carbon fiber, carbon nanotubes, carbon nanofibers, metal 

powder, etc. [59]. In the next sections, non-thermal triggers are briefly described. 

 

 

Solvent/Water/Humidity Responsiveness 

 

Only few SMPs responsive to solvent/water/humidity (also called chemo-responsive) 

have been reported in the literature. The programming procedure for the water-responsive 

SME is basically the same as that in the thermo-responsive SME. However, instead of 

heating to above the Ttrans to activate the SME, the approach applied to trigger the water-

responsive SME is to soften/dissolve the switching domain or, the transition temperature 

of the switching domain can be lowered below room temperature [19, 90]. Indeed, 

solvent molecules can have a plasticizing effect on polymeric materials, and they can 

then increase the flexibility and the macromolecule chains mobility of SMPs [91]. On the 

other hand, it is possible to design a special dual-component material, which has a 

switching component that can be softened by a particular chemical agent under its 

working environment. Instead of softening, in dual-component materials, shape recovery 

may be induced by removing (dissolving/swelling) the switching component, so that the 

elastic component can freely release the elastic energy stored during the programming 

[19].  

Regarding humidity/water responsiveness, in literature are reported different 

strategies in order to obtain humidity/water-activated SME. One strategy is the 

plasticizing effect of water of the polymer matrixes. In fact, water molecules, which 

diffuse into the polymeric sample, disrupt the intramolecular hydrogen bonds and then 

mobilize the previously vitrified chains, thereby shifting the Tg to lower temperatures and 

allow for room temperature actuation [92]. Yang et al. [93] reported that water-absorbed 

in shape memory polyurethanes can be split into two parts, namely, free water and bound 

Complimentary Contributor Copy



Stimuli-Responsive Polymeric Materials with Shape Memory Ability 13 

water. They showed that free water absorbed into the polyurethanes has negligible effects 

on the Tg and the uniaxial tensile behavior, while bound water significantly reduces the 

Tg in an almost linear way and it has significant influence on the uniaxial tensile behavior 

[93]. The shape memory effect associated with the lowering of transition temperature has 

also been shown for polyurethanes composites reinforced with carbon nanotubes [94]. In 

all cases, the shape memory effect was reported to be slow, with recovery taking at least 

140 min. Furthermore, in these cases, strain recovery is limited to water and it could not 

be triggered by only moisture due to their very low moisture absorption. Chen et al. [95] 

synthesized novel moisture-sensitive shape memory polyurethane based on pyridine 

derivative. They showed that the mechanism of moisture-sensitive SME is based on the 

dissociation or disruption of hydrogen bonding in the pyridine ring, induced by moisture 

absorption.  

A different strategy for humidity/water-induced shape memory effect can be realized 

by incorporating a hydrophilic or water swellable component into the structure [96]. In 

this way, the shape recovery can be greatly accelerated [97-98]. Mei-Chin Chen et al. 

[99] developed a biodegradable water-activated stent, made of chitosan films cross-linked 

with an epoxy compound with shape-memory properties. The raw materials used in the 

fabrication of the developed stent are relatively hydrophilic and a subsequent immersion 

in water led to rapid hydration and recovery in a short period of 150 s. The hydrophilic 

component could be a polymeric component belonging a copolymer or a blend as well as 

hydrophilic filler, organic as much as inorganic [100-102]. Wu et al. [103] developed an 

enzymatically degradable nanocomposites with water-activated SME by using 

hydrophilic cellulose nanocrystals (CNCs) and hydrophobic poly(glycerol sebacate 

urethane). The presence of CNCs improved the mechanical properties and thanks to the 

water absorption/desorption, the elastic modulus of the material can be reversible 

changed. This is because CNCs are hydrophilic and absorb a higher amount of water, 

increasing the water content in the polymeric matrix. Thus, the incorporation of CNCs 

into the polymeric matrix, triggers the water-activated SME in the corresponding 

nanocomposite. Wu et al. [104] successfully synthesized composites with excellent 

water-activated SMEs by using clay as switching component and thermoplastic 

polyurethane (TPU) as the matrix. 

 

 

Light and Others Stimuli 

 

Another stimulus that can be used as trigger, in order to activate SME, is the light. 

Light can be used as a precise stimulus by selecting suitable wavelengths, polarization 

directions, and intensity, allowing non-contact remote. A wide range of polymeric 

materials have been found to change different properties in response to light [62, 105]. 

From the view point of the mechanism of light-activated SME, light-responsive SMPs 
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can be divided into two categories. The first approach, also the most obvious way, is to 

heat above the Ttrans via photo-thermal effect. In this case, generally, light is used only for 

the shape recovery process but is not involved in the processing of fixing the temporary 

shape. In order to achieve effective heating when exposed to light, the SMPs should 

contain some kind of additive or filler that is not only a strong light absorber but also 

presents high efficiency to convert optical energy to heat through non-radiative energy 

decay of excited electrons. The nanofillers could be organic dyes, ligands, gold 

nanoparticles, gold nanorods, carbon nanotubes and graphene for example [106-111]. 

This kind of light-activated SME is essentially a thermally-activated mechanism because 

the thermal effect is still involved to activate the shape-memory behavior. Photothermal 

SMPs have the advantages of fast response (from a few seconds to a few minutes) and 

good shape memory properties, just as those thermally-activated. The second approach 

has a different mechanism based on the use of a reversible photochemical reaction 

without any other energy conversion. Actually, the most extensively studied photo-

responsive polymers in the literature include light responsive moieties based on 

azobenzenes, spiropyrans and spirooxazines and groups undergoing [2 + 2] cycloaddition 

upon light irradiation such as cinnamic esters, coumarin and diarylethenes [112-123]. In 

the case of photo-crosslinking reaction, light takes action in both processes of temporary 

shape fixity and permanent shape recovery. After deforming the polymer to a temporary 

shape, light at a certain wavelength is applied to induce the photo-crosslinking of the 

SMP. Therefore, this photo-induced network structure formed with polymer chains in a 

deformed state is able to retain a certain degree of deformation after removal of the 

external trigger. For the recovery of the permanent shape, light at a different wavelength 

is used to de-crosslinking the polymeric network [62, 124]. Other stimuli can be used in 

order to activate SME such as electric and magnetic fields, pH, etc.  

Electro-activated SMPs are materials that respond to an applied electric field by 

changing their size or shape. They have attracted rapidly expanding scientific and 

technological interest, due to their potential applications in sensors and actuators, robotics 

and artificial muscles, optical systems, drug delivery, space, ocean and energy storage 

applications [125]. Electro-activated SMPs are divided into two types: ionic type [125] 

and dielectric type [126]. In the first type the electro-responsiveness is a result of an 

electric field driven mobility of free ions to create a change in the local concentration of 

the ions within the material. The ionic type includes the conducting polymers [127], the 

ionic polymers [128], and polymer gels [129], as well as the so-called ionic polymer–

metal composites [130]. They require low actuation voltages but suffer low deformations 

and response rates, while they also normally operate under wet conditions. Dielectric type 

materials, whose deformation is induced by electrostatic forces developed between two 

electrodes, comprise the dielectric elastomers [131] and the electrostrictive polymers 

[132]. They exhibit fast response and high deformations and they operate under dry 

conditions, but they require high activation electric fields [91, 113].  

Complimentary Contributor Copy



Stimuli-Responsive Polymeric Materials with Shape Memory Ability 15 

Magnetic-activated SMPs show magnetic-activated SME with the change in an 

applied magnetic field [133]. They are composites of elastomers (magnetically active 

elastomers) or gels (magnetically active polymeric gels) filled with small magnetic 

particles [134]. They are also called magnetoelastic or magnetostrictive polymeric 

composites. Magnetic-active elastomers are composites of high elastic polymeric 

elastomers filled with small nano- or micro-sized magnetic particles [135]. When a 

magnetic field is applied to the composite, all forces acting on the magnetic particles are 

transmitted to the elastomeric matrix resulting in the shape change of the sample [91]. 

Magnetic-active polymeric gels, also called as ferrogels, are super-paramagnetic particles 

filled swollen networks [136-137]. The finely distributed ferromagnetic particles are 

attached to the flexible network by adhesive forces, resulting in direct coupling between 

magnetic and mechanical properties of the magnetic-active polymeric gel [91-113].  

pH-responsive polymeric systems provide the possibility to fabricate tailorable 

‘‘smart’’ functional materials; hence they have found many potential commercial 

applications, such as in controlled drug delivery, personal care, industrial coatings, etc 

[138]. pH-responsive polymeric systems are polymers whose solubility, volume, 

configuration and conformation can be reversibly manipulated by changes in external pH. 

Indeed, a polymer is considered as pH-responsive when it features moieties that are 

capable of donating or accepting protons upon an environmental change in pH [139].  

Ultrasound is the high-frequency waves created by mechanical oscillations of a 

piezoelectric material when an alternating current is applied. Ultrasounds can provoke 

shape changes in polymeric materials due to the unique heating mechanism based on 

polymer chain shearing and friction activated by ultrasonic energy [113]. Ultrasound is 

used in many different fields including ultrasonic devices for object detection and 

distance measurements, for imaging in medicine and for cleaning, mixing and 

accelerating chemical processes in industry [140-141]. 

 

 

SHAPE MEMORY EFFECT CHARACTERIZATION 

 

During the last years, various methods for the characterization of SME have been 

used. In this context, a wide variety of different procedures such as the determination of 

the polymer’s shrinkage, the application of simple bending tests, compression tests (i.e., 

in case of SMP foams), three-point flexural tests, application oriented tests (e.g., for SMP 

textiles or medical devices), cyclic and thermo-mechanical as well as photo-mechanical 

or magneto-mechanical tensile tests have been reported in the literature for quantification 

of the shape-memory properties on the macroscopic level [142]. Furthermore, several test 

methods focusing on the examination of the SME on the micro- and nano-scale have been 

described [143-144]. Two key values for quantification of SME in polymers have been 

introduced describing the ability of fixing the temporary shape, called strain fixity ratio 
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(Rf), and the ability of recovering the original shape, called strain recovery ratio (Rr). In 

the next paragraph, a brief overview about the main cyclic thermo-mechanical tests for 

macroscopic quantification of SME is given as example. 

 

 

Thermo-Mechanical Cycle Experiments 

 

One of the most powerful test methods for quantification of the SME of SMPs are the 

thermo-mechanical cycle experiments [145]. These can be defined as continuous and 

repeatable testing protocol for studying the SME of polymers. Besides thermo-

mechanical cycles allow accurate simultaneous control of physical parameters such as 

strain, stress and temperature, during programming and recovery, in contrast to other 

testing methods. Such experiments are typically performed with a conventional tensile 

machine equipped with a thermo-chamber enabling an accurate temperature control 

during mechanical deformation of the specimen (programming) and recovery [18, 54]. 

Alternatively, dynamic mechanical thermal analyzer (DMTA) can be applied, which 

allow conducting experiments in tensile and bending mode [44, 146]. It is possible to 

divide thermo-mechanical cycle experiments in different methods according to the 

geometry of the test setup as reported bellow. 

Cyclic Thermo-mechanical Tensile Tests follow tailored test procedures. These test 

procedures consist to a programming step, where the temporary shape is fixed, and a 

recovery step where the permanent shape is recovered. The programming step can be 

performed under stress-controlled or strain-controlled conditions and the recovery step 

can be carried out under stress-free conditions or under constant strain. Several thermo-

mechanical testing parameters influence the shape-memory properties, such as the 

applied strain, the strain rate, cooling and heating rates, number of operates cycles (N) as 

well as the applied temperatures, to stretch or deform the sample (Td), to fix the 

temporary shape (Tfix), and to recover the original shape, the switching temperature (Tsw). 

The programming procedure can be performed based on different test protocols, such as 

cold drawing process (Td < Tsw) or a heating-stretching-cooling process (Td = Tsw). In 

general, the programming step is composed by three steps, (1) heating of the sample to 

the Td and deforming of the specimen with a defined strain rate; (2) cooling to Tfix with a 

certain cooling rate, while the elongation is kept constant for the fixation of the 

temporary shape; (3) unloading the applied stress at Tfix resulting in the fixed temporary 

shape. After the temporary shape is fixed the recovery process can be initialized in step 

(4) consisting on heating from Tfix to Tsw with a constant heating rate, allowing the 

recovery of the original shape when performed under stress-free conditions. 

Bending test. There are two types of tests that are based on bending the polymeric 

samples in order to characterize the SME. One is called “simple bending test” and the 

other one is the so-called “three-point flexural test.” Bending tests are preferred in brittle 
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materials, since the interpretation of the tensile test result is difficult due to breaking of 

the sample near the clamps. Additionally, large deflections can be achieved at modest 

strain levels. Another aspect to be mentioned is that several applications require 

information obtained by the bending rather than the tensile properties of the samples 

[142]. In a bending test the sample is bent to a certain angle at Td and it is kept in this 

shape. The deformed sample is cooled to a lower temperature, Tfix, and the remaining 

stress is released. In the last step, the sample is heated up to the Tsw and the recovery of 

the permanent shape is recorded in terms of a series of deformation angles depending on 

T [147-148]. 

The three-point flexural tests is able to provide values for the elastic modulus in 

bending, flexural stress, flexural strain, and the flexural stress–strain response of the 

tested material, i.e., the determination of strain recovery and stress recovery ratio [146, 

149-150]. Compared to uniaxial cyclic tensile tests the main advantage of simple bending 

tests and three-point flexural tests are the rather simple specimen preparation and testing. 

The maximal deformation in three-point flexural tests is significantly lower than in 

tensile tests. While in tensile tests it is possible to reach values up to about 200% of 

deformation (depending on the instrument used), in three-point flexural tests, the 

maximal deformation is only about 20–30%. In tension or compression, thermal stresses 

arise from constrained thermal expansion or contraction, leading to difficulties in 

separating the various mechanisms during deformation. Upon cooling, after tensile 

deformation, the applied stress can increase at a fixed strain, while in the flexural 

deformation the thermal contraction is not as severely constrained [18, 147]. 

 

 

Figure 4. Schematic representation of simple bending test. 
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Cyclic Thermo-mechanical Compression Tests. A compressive stress reduces the 

length of the sample by the uniaxial application of two plates on the sample. Various 

sample geometries with two opposite planar surfaces can be tested in a compression test. 

Cyclic thermo-mechanical compression tests have been mainly applied for porous test 

specimens [142]. Indeed, such foams can be subjected to large compressive strains, above 

90% depending on the foam morphology and density considering that many applications 

of foams involve compression. In a standard compression test of foams, bending of the 

pores occurs during the elastic regime, which can be followed by buckling, as represented 

by a stress plateau at increasing strains [151]. In such a cyclic thermo-mechanical test, the 

foam is inserted in the temperature controlled testing machine and subsequently 

increasing the temperature to Td in order to perform compression of the foam at the 

programmed strain rate. Next, the foam is cooled maintaining the compressive stress until 

Tfix. The compressive stress is then unloaded to obtain the temporary shape of the sample. 

While cooling, thermal contraction occurs, leading to an additional compression of the 

SMP foams. Consequently, the sample would lose contact to the compression plates, if 

cooled under constant strain conditions below Ttrans. By heating the foam under stress-free 

conditions the recovery strain is obtained, while the evolution of the recovery stress can 

be observed by heating under constant strain conditions [152-153]. The parameters Rf and 

Rr are calculated in the identical manner as for cyclic thermo-mechanical tensile tests 

[142]. 

 

 

SHAPE MEMORY POLYMERS APPLICATIONS 

 

The interesting properties of SMPs make them good candidates for many 

applications, from industrial to biomedical application, self-healing materials using the 

SME as well as application in aerospace field [81, 124, 154]. SMPs have been applied in 

commercial products as early as the 1960s in the form of heat-shrinkable polyethylene 

tubes used as wire wraps for the purpose of electrical insulation [155-156]. Over the past 

three decades, reports of SMPs activated by different stimuli and exhibiting a variety of 

features have been increasingly published. In many applications, SMPs have some 

limitations compared to metallic materials, especially due to the low mechanical 

properties of polymers. In order to improve the mechanical properties as well as to obtain 

smart multifunctional materials, many researchers reported new shape memory 

nanocomposites filled with different types of reinforcement [157]. 

Many applications of SMCs in aerospace field have been reported in the literature 

[4]. In this area, SMPs have one decisive advantage, i.e., their lightweight. The 

lightweight of the applied materials is one of the most crucial issues in the design of new 

systems in aerospace. SMPs are of great interest for low-cost self-deployable structure 

[157-158], i.e., solar arrays, solar sails, sunshields, or radar and reflector antennas [124, 
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159-161]. Beyond this sector many other potential applications in different areas are 

reported in the literature, but in this chapter, we will focus more on the potential 

applications in the biomedical field, whereby there have been many advances in recent 

years [56, 162]. 

Shape memory polymers have tremendous applications in biology and biomedicine. 

For this application field, several requirements must be fulfilled and a range of problems 

must be overcome [163]. As a matter of fact, these requirements for biomedical 

applications are related to the biocompatibility and non-toxicity [164], biodegradability 

[165], sterilizability [166], specific mechanical properties [167], and a trigger adapted to 

the human body [56, 163, 168]. As explained in the previous paragraphs, thermally-

activated SMPs must be heated above their characteristic Ttrans to induce their shape 

change. For SMPs with Ttrans close to body temperature, actuation can be accomplished 

by simply placing the SMP into the body. However, if the Ttrans required is higher than 

the body temperature, addition of fillers to the SMPs has enabled several heating schemes 

using external energy sources to selectively heat the SMPs into the body [133]. Small et 

al. demonstrated photothermal actuation using IR laser light [169]. Moisture-activation of 

SMPs has been demonstrated by Chen et al. [95], in which the solvent depresses the glass 

transition temperature of the material via plasticization. Therefore, actuation can be 

achieved at the body temperature. This technique is feasible for deployment of SMP 

medical devices in body fluids. One of the most important design considerations of any 

material for potential biomedical applications is biocompatibility, which is the ability of 

the material to perform in vivo with an appropriate host response [56]. Preliminary 

biocompatibility results of polymeric materials for biomedical applications were widely 

reported in the literature [170]. For example, the first commercially available SMPs from 

Mitsubishi Heavy Industries, Ltd. (Nagoya, Japan), which are now distributed through a 

subsidiary (DiAPLEX, Ltd.), are polyurethane-type SMPs [171-173]. Other published 

biomedical academic studies on SMPs include PCL, PLA-polyurethanes, PEO based 

shape memory polymers that were found to be non-toxic [166, 174-175]. If these basic 

requirements are fulfilled, shape memory polymers can be applied in several biomedical 

applications such as SMP-based medical devices [175-177] (SMP-based stents, clot 

removal devices, aneurysm occlusion devices, etc.), SMP-based drug delivery devices 

[178-180] and SMP-based biomaterials for tissue engineering [181-183] (i.e., scaffold for 

vascular tissue, for bone tissue, etc.) [162]. The first example of fully biodegradable body 

thermo-responsive SMP stent were based on poly(L-lactic acid) (PLLA) and 

poly(glycolic acid) (PLGA) bilayers [184]. Beilvert et al. reported in a recent study that 

natural starch, without chemical grafting, can now be considered for manufacturing 

innovative biodegradable devices for less-invasive surgery. 
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CONCLUSION 

 

In this chapter, a comprehensive overview of recent developments and progress in 

shape memory materials has been presented. In particular, shape memory polymers and 

nanocomposites are one the of most important class of multi-responsive smart materials 

providing excellent and new opportunities for scientific developments in the field of 

polymer synthesis and functionalization, molecular architecture design, processing of 

polymer blends and interpenetrating networks as well as of multifunctional materials. 

Indeed, within the last few years, tremendous efforts were devoted to the area of stimuli-

responsive materials, driven by the need for precisely controllable material properties. 

Due to the high degree of control, external stimuli as triggers that induce changes of the 

physical properties of polymeric materials proved to be a very promising approach. The 

interesting properties of SMPs make them good candidates for many applications, from 

industrial to biomedical application, as self-healing materials with SME as well as 

application in aerospace field.  

 

 

ACKNOWLEDGMENTS 

 

Authors thank Spanish Ministry of Economy, Industry and Competitiveness, 

MINEICO, (MAT2017- 88123-P) for the economic support cofinanced with FEDER 

funds and the Regional Government of Madrid MULTIMAT Challenge: S2013/MIT-

2862. L.P. acknowledges MINEICO for the “Ramon y Cajal” (RYC-2014-15595) 

contract. Authors thanks also CSIC for the I-LINK project, I-LINK1149. Jean Marie 

Raquez is FNRS researcher associate. 

 

 

REFERENCES 

 

[1] Kempaiah, R.; Nie, Z., From nature to synthetic systems: shape transformation in 

soft materials. Journal of Materials Chemistry B 2014, 2 (17), 2357-2368. 

[2] Bellamkonda, R. V., Biomimetic materials: Marine inspiration. Nat Mater 2008, 7 

(5), 347-348. 

[3] Gracias, D. H., Stimuli responsive self-folding using thin polymer films. Current 

Opinion in Chemical Engineering 2013, 2 (1), 112-119. 

[4] Hager, M. D.; Bode, S.; Weber, C.; Schubert, U. S., Shape memory polymers: Past, 

present and future developments. Progress in polymer science 2015, 49, 3-33. 

Complimentary Contributor Copy



Stimuli-Responsive Polymeric Materials with Shape Memory Ability 21 

[5] Pilate, F.; Toncheva, A.; Dubois, P.; Raquez, J. M., Shape-memory polymers for 

multiple applications in the materials world. European Polymer Journal 2016, 80, 

268-294. 

[6] Huang, W.; Ding, Z.; Wang, C.; Wei, J.; Zhao, Y.; Purnawali, H., Shape memory 

materials. Materials Today 2010, 13 (7), 54-61. 

[7] Perkins, J., Shape memory effects in alloys. Springer Science & Business Media: 

2012. 

[8] Ferguson, J.; Schultz, B.; Rohatgi, P., Zinc alloy ZA-8/shape memory alloy self-

healing metal matrix composite. Materials Science and Engineering: A 2015, 620, 

85-88. 

[9] Shahverdi, M.; Czaderski, C.; Motavalli, M., Iron-based shape memory alloys for 

prestressed near-surface mounted strengthening of reinforced concrete beams. 

Construction and Building Materials 2016, 112, 28-38. 

[10] Lai, A.; Du, Z.; Gan, C. L.; Schuh, C. A., Shape memory and superelastic ceramics 

at small scales. Science 2013, 341 (6153), 1505-1508. 

[11] Zeng, X. M.; Lai, A.; Gan, C. L.; Schuh, C. A., Crystal orientation dependence of 

the stress-induced martensitic transformation in zirconia-based shape memory 

ceramics. Acta Materialia 2016, 116, 124-135. 

[12] Uchino, K., Shape memory ceramics. Shape Memory Materials 1998, 184-202. 

[13] Wei, Z.; Sandstroröm, R.; Miyazaki, S., Shape-memory materials and hybrid 

composites for smart systems: Part I Shape-memory materials. Journal of 

Materials Science 1998, 33 (15), 3743-3762. 

[14] Fan, K.; Huang, W.; Wang, C.; Ding, Z.; Zhao, Y.; Purnawali, H.; Liew, K.; 

Zheng, L., Water-responsive shape memory hybrid: Design concept and 

demonstration. eXPRESS Polym. Lett 2011, 5, 409-416. 

[15] Gong, J. P., Why are double network hydrogels so tough? Soft Matter 2010, 6 (12), 

2583-2590. 

[16] Miyamae, K.; Nakahata, M.; Takashima, Y.; Harada, A., Self‐Healing, Expansion–

Contraction, and Shape‐Memory Properties of a Preorganized Supramolecular 

Hydrogel through Host–Guest Interactions. Angewandte Chemie International 

Edition 2015, 54 (31), 8984-8987. 

[17] Peponi, L.; Navarro-Baena, I.; Kenny, J. M., Smart Polymers and their 

Applications. In Smart Polymers and their Applications, First Edition ed.; Aguilar, 

M. R.; Román, J. S., Eds. Woodhead Publishing: 2014, pp 204-236. 

[18] Lendlein, A.; Kelch, S., Shape‐memory polymers. Angewandte Chemie 

International Edition 2002, 41 (12), 2034-2057. 

[19] Huang, W.; Zhao, Y.; Wang, C.; Ding, Z.; Purnawali, H.; Tang, C.; Zhang, J., 

Thermo/chemo-responsive shape memory effect in polymers: a sketch of working 

mechanisms, fundamentals and optimization. Journal of Polymer Research 2012, 

19 (9), 1-34. 

Complimentary Contributor Copy



Valentina Sessini, Jean-Marie Raquez, Philippe Dubois et al. 22 

[20] Ölander, A., An electrochemical investigation of solid cadmium-gold alloys. 

Journal of the American Chemical Society 1932, 54 (10), 3819-3833. 

[21] Buehler, W. J.; Gilfrich, J.; Wiley, R., Effect of low‐temperature phase changes on 

the mechanical properties of alloys near composition TiNi. Journal of applied 

physics 1963, 34 (5), 1475-1477. 

[22] Kauffman, G. B.; Mayo, I., The story of nitinol: the serendipitous discovery of the 

memory metal and its applications. The chemical educator 1997, 2 (2), 1-21. 

[23] Jani, J. M.; Leary, M.; Subic, A.; Gibson, M. A., A review of shape memory alloy 

research, applications and opportunities. Materials & Design 2014, 56, 1078-1113. 

[24] Firstov, G.; Koval, Y.; Van Humbeeck, J.; Timoshevskii, A.; Kosorukova, T.; 

Verhovlyuk, P., Some Physical Principles of High Temperature Shape Memory 

Alloys Design. Materials Science Foundations 2015. 

[25] Vinokur, A. I.; Fredrickson, D. C., Toward Design Principles for Diffusionless 

Transformations: The Frustrated Formation of Co–Co Bonds in a Low-

Temperature Polymorph of GdCoSi2. Inorganic chemistry 2016. 

[26] Sun, L.; Huang, W. M.; Ding, Z.; Zhao, Y.; Wang, C. C.; Purnawali, H.; Tang, C., 

Stimulus-responsive shape memory materials: A review. Materials & Design 2012, 

33, 577-640. 

[27] Huang, W.; Toh, W., Training two-way shape memory alloy by reheat treatment. 

Journal of materials science letters 2000, 19 (17), 1549-1550. 

[28] Cisse, C.; Zaki, W.; Zineb, T. B., A review of constitutive models and modeling 

techniques for shape memory alloys. International Journal of Plasticity 2016, 76, 

244-284. 

[29] Ma, J.; Karaman, I.; Noebe, R. D., High temperature shape memory alloys. 

International Materials Reviews 2010, 55 (5), 257-315. 

[30] Savi, M. A.; Paiva, A.; de Araujo, C. J.; de Paula, A. S., Shape Memory Alloys. In 

Dynamics of Smart Systems and Structures, Springer: 2016, pp 155-188. 

[31] Simha, N., Twin and habit plane microstructures due to the tetragonal to 

monoclinic transformation of zirconia. Journal of the Mechanics and Physics of 

Solids 1997, 45 (2), 261-292. 

[32] Reyes‐Morel, P. E.; Cherng, J. S.; Chen, I. W., Transformation Plasticity of CeO2‐

Stabilized Tetragonal Zirconia Polycrystals: II, Pseudoelasticity and Shape 

Memory Effect. Journal of the American Ceramic Society 1988, 71 (8), 648-657. 

[33] Heuer, A. H.; Ruhle, M.; Marshall, D. B., On the thermoelastic martensitic 

transformation in tetragonal zirconia. Journal of the American Ceramic Society 

1990, 73 (4), 1084-1093. 

[34] Swain, M., Shape memory behaviour in partially stabilized zirconia ceramics. 

Nature 1986, 322, 234-236. 

Complimentary Contributor Copy



Stimuli-Responsive Polymeric Materials with Shape Memory Ability 23 

[35] Itoh, A.; Miwa, Y.; Iguchi, N., Shape memory phenomena of glass-ceramics and 

sintered ceramics. Nippon Kinzoku Gakkaishi/Journal of the Japan Institute of 

Metals 1990, 54 (1), 117-124. 

[36] Schurch, K.; Ashbee, K., A near perfect shape-memory ceramic material. Nature 

1977, 266, 706-707. 

[37] Haertling, G. H., Ferroelectric ceramics: history and technology. Journal of the 

American Ceramic Society 1999, 82 (4), 797-818. 

[38] Inoue, K.; Yamashiro, M.; Iji, M., Recyclable shape‐memory polymer: Poly (lactic 

acid) crosslinked by a thermoreversible Diels–Alder reaction. Journal of Applied 

Polymer Science 2009, 112 (2), 876-885. 

[39] Vernon, L. B.; Vernon, H. M., Process of manufacturing articles of thermoplastic 

synthetic resins. Google Patents: 1941. 

[40] Rainer, W. C.; Redding, E. M.; Hitov, J. J.; Sloan, A. W.; Stewart, W. D., 

Polyethylene product. Google Patents: 1964. 

[41] Yao, Y.; Wang, J.; Lu, H.; Xu, B.; Fu, Y.; Liu, Y.; Leng, J., Thermosetting epoxy 

resin/thermoplastic system with combined shape memory and self-healing 

properties. Smart Materials and Structures 2015, 25 (1), 015021. 

[42] Zheng, N.; Fang, G.; Cao, Z.; Zhao, Q.; Xie, T., High strain epoxy shape memory 

polymer. Polymer Chemistry 2015, 6 (16), 3046-3053. 

[43] Navarro-Baena, I.; Sessini, V.; Dominici, F.; Torre, L.; Kenny, J. M.; Peponi, L., 

Design of biodegradable blends based on PLA and PCL: From morphological, 

thermal and mechanical studies to shape memory behavior. Polymer Degradation 

and Stability. 

[44] Samuel, C.; Barrau, S.; Lefebvre, J. M.; Raquez, J. M.; Dubois, P., Designing 

Multiple-Shape Memory Polymers with Miscible Polymer Blends: Evidence and 

Origins of a Triple-Shape Memory Effect for Miscible PLLA/PMMA Blends. 

Macromolecules 2014, 47 (19), 6791-6803. 

[45] Sessini, V.; Raquez, J. M.; Lo Re, G.; Mincheva, R.; Kenny, J. M.; Dubois, P.; 

Peponi, L., Multiresponsive Shape Memory Blends and Nanocomposites Based on 

Starch. ACS Applied Materials and Interfaces 2016, 8 (30), 19197-19201. 

[46] Feng, X. Q.; Zhang, G. Z.; Bai, Q. M.; Jiang, H. Y.; Xu, B.; Li, H. J., High 

Strength Self-Healing Magnetic Elastomers With Shape Memory Effect. 

Macromolecular Materials and Engineering 2016, 301 (2), 125-132. 
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ABSTRACT  

 

Shape memory materials are able to change their shape upon application of an 

external stimulus such as temperature, humidity, light, electric or magnetic fields, etc. 

This chapter wants to focus the attention on nanocomposite systems with shape memory 

response due to their high scientific and technological relevance. In particular, three 

different nanocomposites based on ethylene copolymers are presented with different 

thermally-activated mechanisms such as Nucrel® and Surlyn® reinforced with silica 

nanoparticles, blends of EVA/thermoplastic starch reinforced with natural bentonite and 

EVA reinforced with starch nanocrystals. All of these systems present shape memory 

ability, evidencing how the addition of well dispersed nanoparticles can affect the shape 

memory response of the neat matrix. 
 

Keywords: ethylene copolymers, ionomeric resin, nucrel®, surlyn®, stimuli-responsive, 

shape memory, thermally-activated, nanocomposites  
                                                           
* Corresponding Author Email: lpeponi@ictp.csic.es. 

Complimentary Contributor Copy

mailto:lpeponi@ictp.csic.es


Valentina Sessini, David Brox, Antonio Julio López et al. 36 

INTRODUCTION 

 

Smart materials have the ability to respond to an external stimulus. Between smart 

materials, there is a class of polymers known as shape memory polymers (SMPs), able to 

change their shape by fixing a temporary one upon the application of an external stimulus 

[1]. Moreover, shape memory materials have the capability to recover the original shape 

once the external stimulus is applied again.  

Shape memory process in polymers involves the retention of the deformation entropy 

as internal energy and its activation due to an external stimulus, which means the 

relaxation of the polymer chains and therefore, the recovery of the original shape [2]. To 

obtain this response, a particular polymer structure is needed and viscoelastic relaxation 

is necessary to create an elevated mobility to the macromolecular chains.  

Different are the external stimuli able to produce the shape change in polymeric 

materials, such as temperature [3-7], humidity [8, 9], pH [10], light [11] and electric or 

magnetic field [12]. However, thermal stimulus is the most common one [13-15]. In 

general, the shape memory mechanism in the SMPs encompasses two main stages: the 

programming stage and the recovery stage as schematically shown in Figure 1. In the first 

stage, a temporary shape (shape B) is fixed by the application of an external stimulus. In 

the second stage, the original shape is recovered (shape A) after applying the same 

stimulus as can be seen in Figure 1 [16].  

Moreover, shape memory polymers are formed by two different phases: the 

reversible phase, also called “switching phase”, which is able to fix the temporary shape 

and the “permanent phase”, responsible for recovering the original shape of the 

polymeric material (Figure 1). Both phases can be formed by chemical or physical 

domains, affecting the thermal response of the polymeric materials. The external 

stimulus, such as temperature, can fix the temporary shape and counteracts the elastic 

forces, which tend to return the material to its original shape [17]. This is the reason why 

a reversible thermal transition to a specific temperature (Ttrans) is needed. In particular, 

permanent bonds are retained at temperatures higher than Ttrans, while reversible and 

permanent domains are both presented at temperatures lower than Ttrans [18].  

The above-mentioned SMPs are the most common ones and they are usually referred 

as “one-way shape memory polymers”, with two active phases – i.e., the switching and 

the permanent domains – with an external stimulus triggering the change from one shape 

to another, Figure 1.  

In general, shape memory properties are characterized by thermo-mechanical cycle 

experiments [19, 20]. Figure 2 shows a 3D representation of a thermo-mechanical shape 

memory cycle. 

The curve shows the process starting with a deformation of the sample at the 

switching temperature (Tsw). Afterwards, a quick cooling stage is done to temperature 

lower than Ttrans (fixing temperature, Tfix) maintaining the applied load until the 
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temporary shape is fixed. After, the unloading of the applied stress is followed by an 

increase of the temperature above Ttrans (Tsw) to activate the recovery of the permanent 

shape. 

When the polymer shows two temporary shapes and only one permanent shape, it is 

known as “triple” shape memory polymer [21]. These polymers need one programming 

stage, to program both temporary shapes, and two different triggers to recover firstly the 

intermediate temporary shape and subsequently the original one, as schematically shown 

on Figure 3. 

 

 

Figure 1. Scheme of the shape memory process. 

 

Figure 2. Scheme of 3D thermo-mechanical shape memory cycle. 
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Figure 3. Scheme of triple shape memory process. 

Therefore, depending on the chemical or physical structure of the switching domains, 

the melting temperature, Tm, or the glass transition temperature, Tg, will be considered as 

the Ttrans [22].  

In particular, in semicrystalline polymers, Tm is used as Ttrans. Polymers with 

chemical crosslinking, i.e., covalent or thermoreversible bonds [23] or physically 

crosslinked by means of segregated domains [24] or a mixture of both types forming 

copolymers [25] are representative of SMPs constructed around Tm. In general, in the 

copolymers the phase with higher Ttrans is the responsible for the preservation of the 

physical structure, maintaining the permanent shape. Meanwhile, the phase with the 

lower Ttrans is the responsible for the fixation of the temporary shape [26] as shown in the 

next paragraphs of this chapter. When SMPs are based on Tg, they are able to fix a 

temporary shape to a temperature below their Tg and to recover the permanent one above 

this temperature [18].  

It is important to note also that in the last years shape memory nanocomposites [27] 

have obtained a great interest from both academic and industrial sectors studying the 

incorporation of nanofillers such as carbon nanotube, layered silicates, titanium oxide, 

etc. into the polymer matrix [28]. The addition of nanoparticles, characterized by high 

surface area, and the obtention of favorable interactions between the matrix and the 

nanofillers, result in the improvement of numerous properties including thermal stability, 

flame retardancy, mechanical properties, gas barrier properties, and so on as compared 

with neat polymers [29]. 

Moreover, in recent years, nanowhiskers and nanocrystals prepared from natural 

polymers, such as cellulose and starch, have been applied to reinforce biodegradable or 

non-biodegradable polymeric matrix [13, 30-33]. In particular, starch is an abundant  

biopolymer, which is totally biodegradable. Starch nanocrystals (SNCs) have been used 

as fillers in polymeric matrices such as natural rubber [34], poly-vinyl alcohol [35] and 

thermoplastic starch, TPS [36]. The physical properties of the resulting nanocomposites 

were improved by the incorporation of SNCs [37]. 
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Copolymers of ethylene-vinyl acetate (EVA) are a class of widely used polymers, 

with a variety of industrial applications such as flexible packaging, membranes, cable and 

wire, hose and tube, photovoltaic encapsulants, footwear and biomedical applications 

[38-40]. Recent developments in the field of shape memory polymers have drawn 

increasing attention to EVA copolymers for potential non-structural applications 

(microfluidic devices, soft actuators, etc.). However, most of the studies reported in 

literature of the shape memory behavior of EVA are about crosslinked EVA [41-43]. 

Nevertheless, Wu et al. reported the study of the shape recovery of a commercial EVA by 

studying its creep and the thermo-responsive shape memory effect presenting two 

potential applications [44]. 

However, in many cases, EVA application is limited due to its low tensile strength, 

thermal stability, and high flammability [28, 45]. To overcome these deficiencies, 

commonly either the vinyl acetate (VA) content of EVA varies or suitable nanofillers are 

incorporated in the EVA matrix. Indeed, varying the VA content, many properties of 

EVA change while the polar groups of vinyl acetate could get involved with a strong 

interaction with nanofillers, making its dispersion homogeneous. At this regard, several 

investigations have been reported in literature, including the incorporation of graphite 

oxide [46], sepiolite [47], montmorillonite [39, 48], carbon nanotube [49], and so on. 

Commercial poly(ethylene-co-methacrylic acid) copolymer, named Nucrel® and its 

sodium neutralized counterpart with the tradename of Surlyn® are manufactured by 

DupontTm Company. The self-healing properties of ionomeric resin under high speed 

impact, i.e., ballistic damage [50, 51], and even under hyper-velocity impacts (1-4 km/s) 

simulating space debris impacts [52] have been studied. 

This ionomeric material presents ionic groups integrated by the carboxyl groups of 

the polymer that create strong interactions by coulombic potentials between the ionic 

charges, forming the ionic clusters. These clusters are able to form reversible ionic 

networks [53] and the inter-chain interactions designed the permanent network. Due to 

the presence of two different phases in these polymers, it is possible to use them for 

designing shape memory polymers. 

In this chapter, different nanocomposites based on ethylene copolymers are presented 

with different mechanisms used to obtain the shape memory response.  

In particular three different systems are studied based on Nucrel® and Surlyn® 

reinforced with silica nanoparticles, blends of EVA/thermoplastic starch reinforced with 

natural bentonite and EVA reinforced with SNCs. 

 

 

THERMALLY-ACTIVATED SHAPE MEMORY CHARACTERIZATION 

 

Thermally-activated shape memory behavior of our nanocomposites was studied 

through thermo-mechanical cycle experiments using an Instron Universal Testing 
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Machine equipped with a temperature chamber. For each material, the right transitions, 

the switching temperature and the fixing temperature, were found based on the thermal 

and dynamo-mechanical characterization.  

Therefore, with the aim to get a quantitative estimation of the shape memory 

properties of the materials, the strain fixity ratio (Rf) and the strain recovery ratio (Rr) 

have been calculated [20]. In particular, Rr, the ability to recover the initial shape, was 

taken as the ratio of the recovered strain to the total strain, as given by the following 

equation: 

 

 𝑅𝑟(𝑁) =
(𝜀𝑚−𝜀𝑝(𝑁))

𝜀𝑚−𝜀𝑝(𝑁−1)
× 100% (1) 

 

Rf, the ability to fix the temporary shape, is the amplitude ratio of the fixed strain to 

the total strain, as presented by the Equation 2: 

 

 𝑅𝑓(𝑁) =
𝜀𝑢(𝑁)

𝜀𝑚
× 100% (2) 

 

where, Ɛm is the deformed strain, Ɛu the fixed strain, Ɛp the recovered strain and N is the 

number of cycles. 

 

 

POLY(ETHYLENE-CO-METHACRYLIC ACID)  

RANDOM COPOLYMER AND IONOMERS 

 

Commercial poly(ethylene-co-methacrylic acid) random copolymer (EMAA) named 

Nucrel® 960 (containing 15 wt% of methacrylic acid (MAA) comonomer) and its 

ionomer, Surlyn® 8940, with 30% of the MAA comonomer neutralized by sodium 

(EMAA-Na), were kindly provided by DupontTm Company. Silicon Dioxide Nanopowder 

(SiO2) with a particle average size of 7-14 nm and specific surface higher than 200 m2/g 

was supplied by EMFUTUR. 

Shape memory properties of a commercial poly(ethylene-co-methacrylic acid) 

random copolymer named Nucrel® 960 and its ionomeric resin, Surlyn® 8940, were 

studied. With the purpose of select the parameters for thermo-mechanical cycles, 

dynamic thermo-mechanical analysis was performed in order to study the main chain 

relaxation of the materials. Tanδ curves are reported in Figure 4 for Nucrel® as well as 

Surlyn®. Both materials have similar elastic properties. Nucrel® showed three main 

relaxations in the range of temperature between - 140 and 100°C.  

In particular, around - 70°C a relaxation was observed and it was ascribed to the local 

molecular motion of the amorphous segment of PE while at ~ 30°C the relaxation 
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corresponding to the melting of the secondary crystals of PE was detected. Moreover, 

after ~ 70°C the relaxation corresponding to the primary crystallites of PE was observed 

[54, 55]. For Surlyn®, the same relaxations were detected but the relaxation below 0°C 

were more evident and were ascribed not only to the molecular motion of the amorphous 

phase of PE but also to the ion-depleted in the amorphous region, although different 

explanation have been proposed in literature for this relaxation over the year [56]. The 

relaxation corresponding to the melting of the secondary crystals of PE was shifted to 

higher temperature for Surlyn® (~ 60°C) as well as that one of the primary crystals, 

starting from ~ 85°C. In this case, three types of physical crosslinks are present due to the 

ionic domains, primary and secondary polyethylene crystallites. Above 100°C, where all 

the polyethylene crystals have melted, the Surlyn® is a physically crosslinked rubber 

with a supramolecular network formed by ionic interactions [57].  

Polyethylene crystals provide the temporary network, therefore the switching 

temperature for shape memory is determined by their melting temperature. In order to 

compare the shape memory properties of both Nucrel® and Surlyn® and their 

nanocomposites reinforced with 1 wt% of silica nanoparticles, a common switching 

temperature was taken, that is, at 60°C. Thus, the crystallites that melt below 60°C 

(mainly the secondary crystallites) are used as the temporary network for generating 

shape memory effects. In particular, for Nucrel® the permanent shape is achieved 

through the largest and strongest primary polyethylene crystals that create a physical 

network with the amorphous chains of the material. While for Surlyn®, the presence of 

the Na+ ions allows to obtain a more stable permanent network due to the presence of the 

ionomeric aggregates in addition to the physical network formed by the PE primary 

crystals.  

Once the Tsw was selected, the mechanical response of our materials was studied at 

that temperature (60°C). A stress-strain test (Figure 5) was carried out to determine the 

maximum deformation that the material could withstand at the Tsw. 

In Figure 5, it is possible to note that Surlyn® showed different mechanical 

properties compared to Nucrel®. In fact, Surlyn® showed higher elastic modulus and 

higher maximum stress, while the elongation at break decreased for Surlyn® due to the 

Na+ neutralization of methacrylic acid groups. The presence of SiO2 improves the 

mechanical properties of both neat materials, Nucrel® and Surlyn®. Even if the 

elongation at break decreased due to the ionomer structure as well as to the presence of 

SiO2 in both matrices, the maximum deformation at 60°C for the shape memory test was 

higher than 500% for all the materials.  

Thermally-activated shape memory properties were studied using an Instron Machine 

equipped with a temperature chamber. Samples for the thermo-mechanical cycles were 

cut from compression-molded films into rectangular specimens of approximately 20 mm 

x 5 mm x 0.50 mm. The samples were heated at the Tsw of 60°C for 5 min, followed by a 

strain-controlled uniaxial stretching applied until a fixed percentage of deformation, i.e., 
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50% and 100%. They were then quenched at 0°C (Tfix) under the same constant stress, 

which after 10 minutes was released. A free-strain recovery was then performed at the 

selected Tsw. The 2D stress-strain and 3D thermo-mechanical stress-strain-temperature 

cycle diagrams for neat Nucrel® and its nanocomposite counterpart are shown in Figure 

6 and Figure 7 at 2 different deformation values, 50% and 100%, respectively. In order to 

evaluate the repeatability of the shape memory properties, four thermo-mechanical cycles 

were completed for each sample. 

 

 

Figure 4. Damping factor (Tanδ) as a function of temperature for both Nucrel® and Surlyn®. 

 

Figure 5. Stress-strain curves performed at 60°C for the neat materials and their respective 

nanocomposites. a) Nucrel® and b) Surlyn®. 
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Figure 6. Thermo-mechanical cycles for neat Nucrel®. 2D stress-strain cycles and 3D stress-strain-

temperature cycle diagrams at 50% (a-b) and 100% (c-d) of deformation. 

All the samples show a good ability to fix the deformed shape at the selected Tfix 

while the recovery process begun before reaching the selected Tsw, as it was expected by 

observing Figure 4, where the peak related to the melting of PE secondary crystals is at 

around 25°C. Moreover, it is possible to notice that increasing the number of cycles, the 

stress needed to reach the same value of elongation (50% or 100%) is higher than the 

stress applied during the first cycle. This is probably due to a reorganization of the 

polymeric structure after the first cycle. 

In Table 1, the results of thermo-mechanical cycles in terms of Rr and Rf are 

summarized for Nucrel® and its SiO2 reinforced nanocomposite. Between the samples 

based on Nucrel®, we can conclude that higher values of Rr were observed for a 

deformation of 50% and in particular for the sample reinforced with 1 wt% of SiO2. In 

fact, for 100% of deformation the Rr values were drastically dropped towards lower 

values compare with that obtained for 50% of deformation. Furthermore, Rr values 

improved increasing the number of cycles. This is probably due to a progressive 

rearrangement of the polymeric structure cycle by cycle, until reaching a constant value. 

Whereas the Rf values are higher for the sample reinforced with silica nanoparticle for 
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both applied deformations. The presence of silica nanoparticles increases the ability to fix 

the temporary shape, probably due to a decrease of the polymeric chain mobility. 

Thermo-mechanical cycles were performed also for the samples based on Surlyn® 

following the same procedure than Nucrel®. 

 

 

Figure 7. Thermo-mechanical cycles for Nucrel® nanocomposite reinforced with 1 wt% of SiO2. 2D 

stress-strain cycles and 3D stress-strain-temperature cycle diagrams at 50% (a-b) and 100% (c-d)  

of deformation. 

Table 1. Values of Rr and Rf obtained by thermo-mechanical cycles at 50% and 

100% of deformation for Nucrel® and its SiO2 nanocomposite 

 

Sample Ԑ (%) 
Rr (%) Rf (%) 

1 2 3 4 1 2 3 4 

NU0SiO2 50 81 74 96 97 97 97 95 97 

100 55 81 73 93 99 99 99 98 

NU1SiO2 50 59 94 96 98 99 97 95 97 

100 73 59 74 81 99 99 99 99 
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The 2D stress-strain and 3D thermo-mechanical stress-strain-temperature cycle 

diagrams for neat Surlyn® and its nanocomposite counterpart are shown in Figure 8 and 

Figure 9 at 2 different deformation values, 50% and 100%, respectively. 

As noted for Nucrel® based materials also the samples based on Surlyn® show a 

good ability to fix the deformed shape at the selected Tfix. Compared with Nucrel®, 

Surlyn® based materials are more stable during the recovery, maintaining the temporary 

shape longer but not until the selected Tsw, as was expected observing Figure 4, where the 

peak related to the melting of PE secondary crystals is at around 60°C. Moreover, it is 

possible to notice that increasing the number of cycles, the stress needed to reach the 

same value of elongation is higher than the stress applied during the first cycle when 

100% of elongation was applied. On the contrary, when 50% of elongation was applied, 

the value of applied stress was almost constant during the different cycles. This is 

probably due to the strongest physical network formed by ionomeric interaction in 

Surlyn®. 

 

 

Figure 8. Thermo-mechanical cycles for neat Surlyn®. 2D stress-strain cycles and 3D stress-strain-

temperature cycle diagrams at 50% (a-b) and 100% (c-d) of deformation. 
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Figure 9. Thermo-mechanical cycles for Surlyn® nanocomposite reinforced with 1 wt% of SiO2. 2D 

stress-strain cycles and 3D stress-strain-temperature cycle diagrams at 50% (a-b) and 100% (c-d)  

of deformation. 

Table 2. Values of Rr and Rf obtained by thermo-mechanical cycles at 50% and 

100% of deformation for Surlyn® and its respective nanocomposite 

 

Sample Ԑ (%) 
Rr (%) Rf (%) 

1 2 3 4 1 2 3 4 

SU0SiO2 50 81 85 96 95 97 96 97 96 

100 76 95 86 88 98 97 98 97 

SU1SiO2 50 86 93 93 94 96 96 98 96 

100 70 79 78 72 98 98 98 92 

 

In Table 2, the results of thermo-mechanical cycles in terms of Rr and Rf are 

summarized for Surlyn® and its SiO2 reinforced nanocomposite.  

As observed for Nucrel®, higher values of Rr were observed for 50% of deformation 

also for the samples based on Surlyn®, in particular for the sample reinforced with 1 wt% 

of SiO2. Compared with Nucrel®, the decrease of the Rr values when 100% of  

 

Complimentary Contributor Copy



Thermally-Activated Shape Memory Behavior of Different Nanocomposites … 47 

deformation is applied, was less evident due to the higher mechanical properties of 

Surlyn® thanks to the ionomeric network. However, Rr values improved after increasing 

the number of cycles. Moreover, the high Rf values are the same for neat sample as well 

as for the sample reinforced with silica nanoparticle, higher than 95%.  

 

 

POLY(ETHYLENE-CO- VINYL ACETATE) RANDOM 

COPOLYMER/THERMOPLASTIC STARCH BLENDS  

AND NANOCOMPOSITES 

 

Native pea starch was used as received to obtain thermoplastic starch (TPS). 

Commercial EVA copolymer with 19 wt% VA content was purchased from Exxon Mobil 

Chemical Company. Glycerol (purity 97%) was used as starch plasticizer and commercial 

natural bentonite, Cloisite-Na+ (CLNa+), with a typical dimension, ranging from 2 to 13 

μm, was used as nanofillers.  

In our previous work [40], the thermally-activated shape memory effect of neat 

ethylene-vinyl acetate copolymer and its blends with thermoplastic starch has been 

studied by using the stretch-induced crystallization mechanism to program the temporary 

shape. In particular, two different blends with different TPS content, i.e., 40 and 50 wt%, 

have been tested and compared with neat EVA, as well as EVA/TPS blends based 

nanocomposites reinforced with 1 wt% of natural bentonite, (CLNa+). Indeed was 

demonstrated that a new poorly organized crystalline structure (A phase), induced by 

stretching the sample until 250% of elongation, was used as switching phase of EVA. 

Therefore, the melting temperature of the crystalline phase A was considered the 

switching temperature of our system. The presence of the two different crystal phases in 

EVA was first confirmed by DSC analysis using the same programming condition used 

for the shape memory activation, i.e., after stretching 250% of elongation at 40°C. The 

DSC thermograms related to the first heating scan of non-stretched and stretched 

samples, blends and their nanocomposites are showed in Figure 10. 

It easy to note that, as for pure EVA [40], while both non-stretched blends and 

nanocomposites present only B-phase crystals, a new crystalline phase with a Tm of about 

50°C is presented after stretching the EVA-based samples. Thus, the desired two 

different crystal phases A and B were obtained in these EVA-based materials. Therefore, 

the new induced crystal phase A is the phase responsible for fixing the temporary shape 

of our system while amorphous EVA, thermoplastic starch and B crystal phase network 

was that responsible for memorize the original shape, as reported in our previous work 

[40]. When the heating is applied, the crystalline phase A melts and the system recovers 

its permanent shape.  
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Figure 10. First cycle DSC thermograms for non-stretched and stretched blends and their 

nanocomposites: a) B40TPS, b) B40TPS + 1% CLNa+, c) B50TPS and d) B50TPS + 1% CLNa+. 

The thermally-activated shape memory properties of neat EVA, the blends and their 

nanocomposites were characterized by Instron Machine. In brief, the parameter used 

were 40°C as stretching temperature (Ts), 250% of elongation, Tfix = 10°C and 60°C as 

Tsw. 3D thermo-mechanical stress-strain-temperature cycles and the 2D stress-strain 

diagram were determined for all the samples studied (Figure 11). In order to evaluate the 

repeatability of the shape memory properties, five different thermo-mechanical cycles 

were performed for each sample. 

The values obtained in every cycle for both the Rr and the Rf are summarized in 

Table 3. The results show that the presence of TPS did not affect the induced thermo-

responsive mechanism of EVA.  

The values reflect that the ability to recover the initial shape is excellent, showing Rr 

values higher than 90%. Moreover, the very high EVA ability to fix the temporary shape 

during the first cycle slightly decreases during the following thermo-mechanical cycles 

from 99% to 85%. When the TPS is added, the Rf values are maintained quite constant 

during all the thermo-mechanical cycles at about 88%. Moreover, the addition of the  
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nanoclays did not affect the optimum results for Rr and Rf values presented by the neat 

blends in the heating responsiveness of these blends. Besides, also the samples containing 

50% of TPS reached high values in the latest cycles demonstrating that also with the 

highest TPS content the shape memory properties of EVA are extraordinary. 

 

 

Figure 11. 3D thermo-mechanical stress-strain-temperature cycle and the 2D stress-strain diagram for 

(a) Neat EVA, (b) B40TPS, (c) B40TPS + 1% CLNa+, (d) B50TPS, (e) B50TPS + 1% CLNa+. 

Reprinted with permission from (Sessini V, Raquez J-M, Lo Re G, et al. Multiresponsive Shape 

Memory Blends and Nanocomposites Based on Starch. ACS applied materials & interfaces. 2016 

2016/08/03;8(30):19197-19201) [40]. Copyright 2016 American Chemical Society. 
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Table 3. Values of Rr and Rf for the thermally-activated shape memory test  

for all the samples studied 

 

Sample Rr (%) Rf (%) 

Cycle 1 2 3 4 1 2 3 4 

EVA 94 97 97 100 99 86 89 85 

B40TPS 100 100 99 100 89 87 89 87 

B40TPS + 1% CLNa+ 98 96 97 100 91 91 88 88 

B50TPS 82 99 98 100 92 89 87 90 

B50TPS + 1% CLNa+ 81 90 100 100 93 91 89 87 

Adapted with permission from (Sessini V, Raquez J-M, Lo Re G, et al. Multiresponsive Shape Memory 

Blends and Nanocomposites Based on Starch. ACS applied materials & interfaces. 2016 

2016/08/03;8(30):19197-19201) [40]. Copyright 2016 American Chemical Society. 

 

The analysis of the strain energy involved in the shape memory experiments was 

carried out for all the samples following the same procedure reported previously [58]. In 

fact, the strain energy of an ideal shape memory polymer was estimated taking into 

account that the Ɛu overlaps with Ɛm in the stress-strain curves, and that an ideal material 

is able to recover all the applied deformation. Thus, based on this hypothesis, we were 

able to calculate the ideal as well as the real strain energy of the samples. In Figure 12, 

the values of the strain energy and strain recovery ratio obtained during the different 

cycles are showed for all the samples. 

The un-filled symbols in Figure 12 correspond to the real values and the filled ones to 

the ideal values. It is possible to note as the different symbols (filled and un-filled) are 

overlapped, thus in Table 4 the energy efficiency values are reported, as the ratio between 

the real and the ideal strain energies. 

 

 

Figure 12. Strain energy for the different materials based on EVA/TPS blends. 
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Table 4. The values obtained for the energy efficiency for all the samples 
 

Sample 
Energy Efficiency 

1 2 3 4 

EVA 99.2 99.7 99.7 100.0 

B40TPS 100.0 100.0 99.9 100.0 

B40TPS + 1% CLNa+ 99.9 99.7 99.8 100.0 

B50TPS 92.4 99.9 99.9 100.0 

B50TPS + 1% CLNa+ 93.5 97.1 100.0 100.0 

 

For all the samples the energy efficiency is very high after obtaining the better results 

for the sample B40TPS, showing values of 100% also in the first cycle. Thus, the blends 

and their nanocomposites present behavior almost ideal being capable to recover nearly 

all the deformation applied.  

 

 

POLY(ETHYLENE-CO-VINYL ACETATE) RANDOM 

COPOLYMER/STARCH NANOCRYSTALS NANOCOMPOSITES 
 

Starch nanocrystals were synthesized by acid hydrolysis applying 100 rpm of 

mechanical stirring at 40°C, using a silicon oil bath, for 5 days. The final suspensions 

were washed by successive centrifugations in distilled until reaching neutral pH. Finally, 

it was freeze-dried to obtain SNCs powder. 

Following the same mechanism and the same procedure used for EVA-based 

materials previously described, thermally-activated shape memory properties were 

studied for EVA reinforced with 2 wt% and 5 wt% of SNCs.  

In order to study the effect of starch nanocrystals on the induced-crystallization 

mechanism of EVA, DSC analyses were performed at the same conditions of shape 

memory test. The DSC thermogram related to the first heating scan of non-stretched and 

stretched neat EVA and its nanocomposites are reported in Figure 13. Surprisingly, 

increasing the amount of SNCs on EVA matrix, the stretch-induced crystallization of the 

A crystal phase was inhibited. The thermograms showed as the melting enthalpy of the 

crystalline phase A peak decreased for stretched EVA-2SNC compared to that of 

stretched neat EVA and much more for stretched EVA-5SNC. Indeed, for EVA-5SNC 

the crystal phase A was almost absent although the sample was stretched at 250% of 

elongation. Moreover, an increase of the melting enthalpy of crystalline phase B was 

observed in the nanocomposites. 

This behavior and the induced-crystallization of the crystalline phase B rather than 

the crystalline phase A was reflected in the shape memory results. The 2D stress-strain 

and 3D thermo-mechanical stress-strain-temperature cycle diagram are shown in Figure 

14. In order to evaluate the repeatability of the shape memory properties, different 
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thermo-mechanical cycles were completed for each sample. It was not possible to do 

more than 3 cycles because the EVA/SNC nanocomposites were broken.  

 

 
Adapted with permission from (Sessini V, Raquez J-M, Lo Re G, et al. Multiresponsive Shape Memory 

Blends and Nanocomposites Based on Starch. ACS applied materials & interfaces. 2016 

2016/08/03;8(30):19197-19201) [40]. Copyright 2016 American Chemical Society. 

Figure 13. DSC thermogram of first scan of non-stretched and stretched neat EVA and its 

nanocomposites: a) Neat EVA, b) EVA-2SNC and c) EVA-5SNC. 
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Figure 14. 2D stress-strain and 3D thermo-mechanical stress-strain-temperature cycle diagram for:  

a) EVA-2SNC and b) EVA-5SNC. 

Observing Figure 14, it is easy to notice that after the cycle 0 (named 0 because is 

used to delete the thermal history of the materials and in general is not reported) the value 

of stress strongly increases. This is due to the progressive increase of the B crystal phase, 

which is able to fix more toughly the permanent network formed by amorphous EVA, 

SNCs and B crystal phase. The values obtained in every cycle for both the Rr and the Rf 

are summarized in Table 5. The results showed that the presence of SNCs affected the 

thermo-responsiveness of EVA based on induced-crystallization mechanism.  

 

Table 5. Values of Rr and Rf for the thermally-activated shape memory test of the 

samples studied 

 

Sample 
Rr (%) Rf (%) 

0 1 2 0 1 2 

EVA 96 94 97 90 99 96 

EVA-2SNC 73 77 77 92 94 96 

EVA-5SNC 64 70 - 94 95 - 
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The values reflected that the ability to recover the initial shape decrease when the 

amount of SNCs increase into the EVA matrix, showing Rr values of 20% less for EVA-

2SNC and almost 30% less for EVA-5SNC compared to neat EVA. Contrarily, the high 

EVA ability to fix the temporary shape did not undergo any significant change though the 

amount of SNCs increased into the EVA matrix.  

 

 

FINAL REMARKS 

 

In brief, shape memory polymers are a special class of smart materials capable to 

memorize and to recover, triggered by an external stimulus, their original shape from a 

temporary shape programmed by mechanical deformation. 

This chapter focuses the attention on polymeric nanocomposite systems with shape 

memory response due to their scientific and technological relevance.  

In particular, three different systems were studied based on ethylene copolymers such 

as Nucrel® and Surlyn® reinforced with silica nanoparticles, blends of 

EVA/thermoplastic starch reinforced with natural bentonite and EVA reinforced with 

starch nanocrystals. The three different studied systems present very good shape memory 

ability and the addition of well dispersed nanoparticles affects positively the shape 

memory response of the neat matrices. 
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ABSTRACT 

 

Shape-memory polymers (SMPs) are currently a subject of tremendous attention 

from both - the academic and industrial fields and are playing a major role in inspiring 

the design of a class of polymer materials. Their attractive properties related to multi-step 

shape-changing upon exposure to an appropriate stimulus, as well as high elastic 

deformation, low density, relatively low cost, ease of processing, chemical stability and 

biocompatibility make SMPs suitable for numerous real world applications. As if that’s 

not enough, fabricating nanocomposites via the incorporation of nanofillers offers the 

possible applications as innovative materials with designed functionalities and multi-

responsiveness even further. Nowadays, these polymer materials can be used as 

biomedical devices (implants, sutures, stents, drug delivery systems), actuator systems, 

sensors or deployable hinges for automotive, electronics and aerospace industries. In this 

chapter, a short description on SMPs chemical architecture, nanofillers incorporation and 

approaches for 3D printing are outlined. The content would also mention some potential 

application of the printed parts and final critical remarks. 
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INTRODUCTION 

 

1. General Overview 

 

1.1. Historical Prologue 

The study of the technological development of humanity has been a subject of 

passionate discussion, leading to the definition of different stages - from most primitive 

to present day. This vision was proposed by a Danish archaeologist named Christian 

Jürgensen Thomsen (1788-1865) who suggested that no one would have used stone tools 

once their bronze equivalent had been produced. Respectively, nobody would have used 

the bronze tools while iron tools were available. Today, there is little doubt that, the use 

and discovery of new materials has been a major factor in the development of human 

civilization. Traditional structural materials like wood, glass, steel, iron, and others, are 

still plentifully used. Slowly yet steadily, over the years new functional materials have 

appeared to replace them. As one of those newcomers, synthetic materials were 

developed by the relatively young plastic industry, but in 1989 the manufacturing of 

plastics managed to finally surpass even steel production [1] giving the birth of the 

current “Smart Materials” age [2] (Figure 1). 

 

  
A B 

Figure 1. Volumetric comparison between steel and plastics production between 1950 and 2015 

[Plastics Europe Market Research group] [1] (A) and caricature of the Human evolution relative to the 

materials growth [2] (B). 
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1.2. Shape-Memory Materials 

Shape-memory materials (SMMs) are a new class of smart materials including shape-

memory alloys (SMAs), polymers (SMPs), hybrids (SMHs), ceramics (SMCs) and gels 

(SMGs) (Figure 2). They carry a very interesting main characteristic - they can memorize 

a second (temporary) shape in addition of their original shape, while still being able to 

revert to the state of origin exposed to an appropriate stimulus. 

This behavior - called a shape-memory effect (SME) was mentioned for the first time 

in a patent from Vernon in 1941. The invention relied upon the “elastic memory” of a 

synthetic resin and the listed application was molding of dental objects [4]. Later in the 

1960s, cross-linked polyethylene with new shrinking properties was a subject of another 

patent by Rainier [5]. 

This work gave the possibility to produce at industrial level heat shrinkage tubing and 

films, later successfully commercialized without being actually recognized as SMPs. In 

the late 1980s, the CDF Chimie Company (France) developed the polynorbornene-based 

SMPs, followed by another significant scientific effort only 10 years after - the discovery 

of polyurethane-based SMPs by Mistubishi Heavy Industries Ltd. 

 

 

Figure 2. Classification of different SMMs [3]. 

1.3. Shape-Memory Polymers and Nanocomposites 

In this historical context, out of the different SMM classes, SMPs have enjoyed a 

remarkable interest from both scientific and industrial community, and are consistently 

studied in the literature as evidenced by an increasing number of publications over the 

last twenty-five years [6-10] (Figure 3). A very likely reason for this focused interest are  
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the multitude of interesting qualities those materials possess - a low density, relatively 

low cost, high potential of recyclability and processing, transparence, high recoverable 

strain within a wide range of stimuli, chemical stability and modification, 

biocompatibility and various degradation rate of biodegradability [3]. Remarkably, SMPs 

can even be programmed for (multi)stimuli-responsiveness and recover their initial shape 

upon direct or Joule heating, heating from radiation and laser source heating, microwaves 

[11, 12], pressure-responsive [13], moisture, solvent or solvent vapors [14], as well as 

change in the pH values [15]. With all those advantages, however, come several severe 

limitations - a low tensile strength and stiffness, stimuli-responsive actuation restricted 

mostly to heat-related treatment and an absence of proper function. We could also add to 

the list relatively low thermal conductivity, low stiffness and high SME inertness to 

external stimuli (light and electro-magnetic) during actuation procedures. 

One promising strategy to overcome these difficulties is the incorporation of one or 

more (in)organic nanofillers (nanotubes, nanofibers, nanospheres, nanorods, etc.) within 

the SMPs polymer matrix, thus giving origin to the shape-memory nanocomposites 

(SMNCs) [16, 17]. Due to their high specific surface area, high stiffness and inherent 

functionalities (electrical conductivities, water-responsive, etc.) the nanofillers play the 

role of reinforcement agents leading to an all around improvement of the physico-

mechanical, thermal, mechanical and electrical properties of the materials [18]. 

Subsequently, it is possible to confer to the materials the desired multi-stimuli-

responsiveness and functionalities enlarging the field of their potential application as 

smart textiles [19], medical [20] and flexible electronic devices [21], sensor and actuators 

[22], high performance water-vapor permeability membranes [23], self-deployable 

structures [24, 25], filaments for 3D printing [26] and many others. As of late, SMNCs 

have gained already attention in the production of innovative polymer materials as 

confirmed by the number of published scientific articles (Figure 3). 

 

 

Figure 3. Number of scientific publications per year on the SMPs (darkest bars) and SMNCs (brighter 

bars). The data research was made on Scopus®, Elsevier B.V. on February 2018. 
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In the frame of this chapter, a brief review of the SMPs chemical architecture and 

recent trends in the field is presented with particular focus on SMNCs their structure, 

shape-memory effects and working mechanism. 

 

 

2. SMPs for Multi-Responsive Materials 

 

2.1. Definitions and Generalities 

Accepted by the scientific community, SMPs are described as polymers capable to 

memorize a permanent shape, to acquire a temporary one upon deformation during the 

programming step and to revert back to their original shape when an appropriate stimulus 

is applied during the recovery step (Figure 4). The capacity of the polymer for recovery 

from a fixed shape to the initial one is defined as the SME [27]. This effect can be 

reversible upon subsequent programming process and quantified by the fixity ratio (Rf) or 

the capacity of the polymer to fix the temporary shape and the recovery ratio (Rr) related 

to its possibility to reach the original shape [28]. 

 

 

Figure 4. Schematic illustration of SME. 

 

The SME is not an intrinsic property of the polymers but rather results from the 

combination between a particular polymer morphology (switching and permanent 

domains) and a stimulus program. To elaborate, a key element is the predefined 

arrangement between the polymer structure/morphology and the applied programming 

process [29]. In general, the SMP chemical architecture results in the coexistence of a 

permanent and a switching domain: the former is made of chemical or physical cross-

links [interpenetrated network (IPN) [30-32] or interlocked cyclodextrin supramolecular 

complex [33-35]] and the latter of stimuli sensitive fragments (crystallization/melting 

transition, vitrification/glass transition or liquid crystal anisotropic/isotropic transition in 
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the case of heating-responsive SMPs) [36] (Figure 3). The fixation of the temporary 

shape and the shape recovery to the initial one results in so-called controlled reversible 

triggered switches (reversible molecule cross-linking and a supramolecular 

association/dissociation). In all types of actuations, the entropic elasticity of the polymer 

network is a driving force for the shape recovery process [37]. 

 

 

Figure 5. General presentation of SMP chemical architecture and permanent and switching domain 

building blocks concept. 

 

Most of the SMPs systems are characterized with “one-way” (1W-SME) heating-

triggered response in relation to their thermal transitions [glass transition temperature 

(Tg) and melting temperature (Tm)]. “Two- (2W-SME) and multi-way” polymers are the 

subject of several studies for their ability to change reversibly their shape with multi-

stimuli responsiveness, thus offering an even greater to design polymer actuators [38]. 

This could be of interest for artificial muscles fabrication as well as devices with multiple 

degree of freedom for endoscopic surgery application and obtained from: cross-linked 

semi-crystalline polymers [39-42], nematic liquid-crystalline elastomers [43, 44], and 

glass-forming polydomain nematic networks [45]. Usually, the actuation phenomenon 

occurs during the heating and cooling step by reversible chain conformations in presence 

or absence of external stress. Polymer devices with actuator behavior were described by 

Chung et al. for poly(cyclooctene) (PCO) films covalently cross-linked by dicumyl 

peroxide [42]. 
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2.2. Polymeric Actuators 

Previously, it was reported that the “2W-SME” of the semi-crystalline thermosets can 

be easily controlled by adjusting the degree of the polymer matrix cross-linking [46]. 

Using a working temperature close to the material Tm it was possible to increase the 

strain during the cooling step revealing the reversible shape effect. In addition, when the 

sample was heated upon constant stress, a tensile contraction of the PCO appeared 

responsible for the shape recovery similar to the one observed before crystallization. 

More complex systems based on crystallization induced elongation and melting induced 

contraction phenomena were described for multiphase polymer networks [star-precursors 

of polypentadecalactone (PPDL) and PCL] [47] (Figure 6). Potentially interesting, 

thermo-reversible cross-linked PCL-based PU networks with pronounced “2W-SME” 

were reported by Raquez et al. in 2011 using reactive extrusion as technology of choice 

[48]. The main advantage of the used Diels-Alder cycloaddition reactions (between furan 

and maleimide moieties), was the easy control of the microstructure and the cross-linking 

density by partially replacing PCL-diol with PCL-tetraol. This SME can be also obtained 

without applying a constant stress as in the case of a multiphasic copoly(ester-urethane) 

network made of, at least, two semi-crystalline polyester segments (PCL and PPDL) [49]. 

Another strategy is to form an internal skeleton based on crystallites huddled in nano-

clusters playing the role of physical network and adjusting the degree of actuation of the 

domains [50]. For this purpose, cross-linked poly[ethylene-co-(vinyl acetate)] (cPEVA), 

with a broad Tm (in the range from 25°C to 90°C), allowed the formation of two types of 

polyethylene (PE) crystallites. By taking advantage of the presence of two Tm it was 

possible to actuate step by step the device: lower Tm defined as the actuation domain 

(from Tm,onset to intermediate Tm) and the other thermal transition was activated by the 

upper range (from the intermediate Tm to Tm,offset). As a result, the main network was 

create after applying a certain stress directly after the cooling step (Tm,onset, 25°C). 

Another strategy is the design of IPN combining the crystalline component of PCL 

(switching domain) and the elastomer poly(tetramethylene ether)glycol (PTMEG) acting 

as a spring [51]. In this case Pre-IPN was first obtained by previously dissolving 

macromonomers and cross-linkers in dimethylformamide, leading to the production of 

photo-crosslinked of acrylate-PCL. Stretching the resulted gel-like structure and the 

subsequent curing/cooling step of the PTMEG at 80°C allowed the formation of the 

elastomeric network. 

The reheating of the sample allowed the PCL to melt by “opening of the switch.” 

Then the PTMEG underwent a compression movement and the polyester segment can 

crystallize upon cooling following the “spring direction.” With this example, the authors 

demonstrated the possibility to build tension-free 2W-SMP systems for artificial muscles 

or tendon application (Figure 7). 
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Figure 6. Reversible t-SME in PCL- and PPDL-based network [47]. 

For more clarity the SMP “1W-, 2W- and multi-way SME” mechanism are not 

discussed in detail in the present chapter. The readers are kindly invited to consult the 

available data on the topic. 
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Figure 7. “2W-SME switch spring” actuated system for artificial muscles or tendon application; a1 - 

cross-linked PCL, a2 - stretched fixed PCL, a3 - cross-linked PTMEG, b1 - compressed shape, b2 - 

elongated shape [51]. 

 

3. Multi-Responsive SMNCs 

 

In the previous section, one of the more common and convenient way to actuate the 

SMP materials was described - direct sample heating or increasing the environmental 

temperature. However, this is not really suitable for all applications. An elegant strategy 

to increase the sample temperature is to incorporate functional nanofillers into the SMP 

matrix. In this way it will be possible to convert various energy (electrical, magnetic, 

optical, acoustic or chemical) to heat and to act on the thermal transitions of polymer 

devices. In the following section, the possibility to produce temperature- or magnetic 

field-memory, as well as water-sensitive SMPs is outlined and some of the potential 

applications are pointed out. 

 

3.1. SMNCs Containing Carbon-Based Nanofillers 

Up to date, one of the most studied SMPs materials are the electrically conductive 

polymeric nanocomposites. They can be easily obtained by the incorporation of 

nanofillers capable to convert the electrical current into heat through Joule effect such as: 

single-walled carbon nanotubes (SWCNTs), multi-wall carbon nanotubes (MWCNTs), 

carbon nanofibers (CNFs), carbon nanopaper, aligned conductive carbon-based 

nanofillers, carbon black (CB) and graphene. 
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Carbon nanotubes is the most promising reinforcement materials, capable of carrying 

a current density as high as 1×109 amp/cm2 [52] while showing good flexibility compared 

to conventional fibers [53]. The good overall performance of electrically conductive 

SMNCs is directly related to the dispersion of the nanofillers in the polymer matrix, the 

interaction with the polymer chains and the establishing of the percolation network. In 

return, this affects the materials’ final mechanical and thermal properties and restricts 

their potential applications. In order to overcome said difficulties, several strategies have 

been developed: (i) direct blending of the (MW)CNTs with the polymer, (ii) (MW)CNTs 

surface-modification (improvement of the interfacial interactions with the polymer 

macromolecules), (iii) cross-linking the (MW)CNTs with the polymer matrix, (iv) 

alignment of the (MW)CNTs in the polymer material or (v) conversion of the 

(MW)CNTs into nanopaper or film and its incorporation within the polymer system [54]. 

In most cases, the direct (MW)CNTs blending approach with the polymer matrix 

cannot avoid entirely the formation of nanofiller aggregates (lack of functional sites on 

the conductive nanofillers surface capable to interact with the polymer matrix). A good 

workaround is to prepare films and yarns, as paper-like (MW)CNTs films (nanopapers). 

Those are self-supporting networks of entangled CNTs hold together by Van der Waals 

interactions at the tube-tube junctions. Lu et al. described such three-dimensional self-

assembled MWCNTs nanopaper developed using hydrophilic polycarbonate membrane 

synthesized by controlled pressure vacuum deposition [55]. The obtained highly 

conductive continuous and compact network was combined with styrene-based SMP, 

thus facilitating the electrically heating of the nanocomposite. It was of interest to remark 

that the electrical stimulation (35 V) allowed to drive up a 5 g mass object from 0 to 30 

mm in height (Figure 8A) and the material acted as a sensor that responded to the 

changes in degree of humidity (the electrical resistivity of materials increased with the 

water content in the sample after immersion). Macromolecular self-assembled MWCNTs 

structures offer an opportunity to produce percolating conductive network for sensors, 

controllable devices and deployable structures application [56]. However, an even better 

dispersion of the nanofillers can be achieved by their surface chemical modifications as 

reported by Raja et al. [57]. In the PU-based nanocomposites the morphological 

characterization of the materials revealed good dispersion level for the due to the 

improved interfacial interaction between the polymer macromolecules and the MWCNTs. 

Moreover, the PU/PVDF films got improved tensile strength and dynamic storage 

modulus, as well as good electrical and thermal conductivity. The shape-memory 

behavior of “U” shaped structures showed Rr of 95% upon constant voltage (40 V). 

Another set of SMNCs with good performance indicators were obtained using 

triethanolamine-functionalized MWCNTs (TEA-f-MWCNTs, MWCNTs up to 2 wt%) by 

using hyperbranched polyurethanes (HPUs) as polymer matrix [58]. Taking advantage of 

the strong interfacial interaction of TEA-f-MWCNTs with the PU chains (hydrogen 

bonding and polar-polar interactions), it was possible to reach significant thermal stability 
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accompanied with increased degree of crystallinity, enhanced tensile strength (28.5 MPa) 

and scratch resistance (7 kg). Combining two or more electrically sensitive nanofillers, 

such as carboxylic acid-functionalized CNTs grafted onto the CNFs and then self-

assembled, was an elegant way to generate Joule heating shape recovery [59].  

Recently, the effect of epoxy-graft-polyoxyethylene octyl phenyl ether (EP-g-

TX100) on the processing and t-SME of the novel CNT/water-borne epoxy (WEP) 

nanocomposites was investigated [60]. The introduction of EP-g-TX100 in homogenous 

way in the CNT-epoxy system renders possible the design of the SMP materials with 

good mechanical properties and two- and triple-shape-memory properties (Figure 8B). 

Surface (MW)CNTs decoration with metals (Cu, Fe, Ag and Pt) was yet another 

promising and simple method to nanoreinforce and electrically actuate the SMNCs (Cu-

CNT were incorporated in polylactic acid (PLA)/epoxidized soybean oil [61], Fe-

MWCNTs and Ag-MWCNTs in PUs [62], combining them with boron nitride [63] or 

coating of the electrical nanofillers with conductive polymer (polypyrrole-coated 

MWCNTs) [64]. 

An effective way to enlarge the practical applications of nanotubes is to assemble 

them into highly aligned structures for electroactive polymer (EAP) actuator systems 

[65]. One of the most important classes of EAPs are the electrothermal actuators (ETAs), 

due to having low driving voltage and being electrolyte-free. Large-area CNT 

buckypaper (BP, layers of aligned CNT array) as flexible electrode for CNTs loaded 

double-layer ETA (BP and polydimethylsiloxane layers) has already been studied [66]. It 

was established that directional control ETAs bending is possible: bending to the BP 

sides along the length direction of the U-shaped electrodes, and larger deformation of the 

horizontally cut actuator (CNTs alignment perpendicular to the U-shaped BP band; 

Figure 9A). This concept gave the idea for potential bionic actuation similar in behavior 

acting to a human-hand with long service life (Figure 9B). 

 

  
A B 

Figure 8. Electrically actuated SMNCs containing (MW)CNTs [55, 60]. 

 

Complimentary Contributor Copy



Antoniya Toncheva, Florence Pilate, Philippe Dubois et al. 70 

  

A 

  
B 

Figure 9. SMNCs bilayer structure containing A nanopaper and actuated under electrical current and B 

[66]. 

CNFs are also remarkable with their excellent thermal and electrical conductivity, but 

better interfacial bonding can be obtained after their surface oxidation [67]. Good 

dispersion of these nanofillers can be achieved by high-power sonication or by in situ 

polymerization and lamination onto styrene-based SMPs [22, 68]. Incorporating them in 

continuous way resulted in epoxy-based SMNCs with high-speed electrical actuation 

[69]. Here, of importance was the fiber morphology, as well as the nanoscale 

dimensioning providing the percolating conductive network. 
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The reinforcement of the polymer matrix and the maintenance of stable physical 

cross-linking polymer structure was achieved by using CB as nanofiller [70]. Often, 

loaded with another conductive nanofiller it is homogeneously dispersed and serves as 

interconnections between carbon fibres [71] or in direct interaction with MWCNT 

nanopaper and nickel nanostrand [72]. The resulting SMP materials showed great 

improvement in electrical and thermal conductivity. 

The last discussed nanofiller in this section is graphene with chemical properties 

similar than these of the nanotubes and structure similar with layered nanoclay. It was 

incorporated by direct mixing with the polymer matrix for PVA water-induced SMP [73], 

preparation of polymer blends with embedded functionalized graphene (self-healing 

materials) [74] or PCL-click coupling with graphene sheet (enhanced mechanical and 

recovery properties) [75]. The synergistic effect of these nanofillers enhanced the 

bonding between carbon fiber and SMP matrix via Van der Waals and covalent cross-

links. 

 

3.2. SMNCs with Incorporated Noble Metals 

Due to their large specific surface area and strong surface plasmonic resonance (SPR) 

properties, nanosized noble metals structures such as silver (Ag) and gold (Au) 

nanoparticles (NPs), nanorods (NRs), nanowiskers (NWs) and nanowires (NWrs) are of 

great interest for the production of a new generation multi-responsive SMNCs. These 

structures offer the advantage of absorbing specific wavelength in the range from deep 

UV to near IR light and to convert remotely the light energy to heat energy (photo-

thermal effect) in a non-invasive way. Inspired by these particular properties, a new trend 

started in the design of SMP materials with a focus on proper wavelength activation and 

local shape actuation. 

 

3.2.1. SMNCs with Incorporated Gold Nanofillers 

During the last decade, Au NPs demonstrated their great potential as not only 

systems for optically controllable SME but also as agents conferring self-healing 

properties (SHP) to the polymer materials [76]. Based on their high efficiency, the 

authors showed that the incorporation of small amount of poly(ethylene glycol)methyl 

ether functionalized Au NPs (0.003 wt%) to a cross-linked poly(ethylene oxide) (PEO) 

films was sufficient to grant photo-thermally induced healable and SME properties to the 

films. Digital images of the self-healing and the light-induced shape recovery process are 

presented in Figure 10A. Light-sensitive nanocomposites based on poly(β-amino esters) 

containing Au NRs have been recently developed and presented SME upon local 

irradiation with IR light and subsequent heating above the polymer Tg and remained 

cytocompatibility with cells while having mild inflammatory response [77] [78]. Based 

on published data, it is likely that the near-IR light-sensitive SMP materials can find 
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biomedical application since the applied irradiation is capable of penetrating body tissue 

without damaging it. 

Au NRs can also be used with great success in the design of light-guided smart 

windows, light-tracking solar panels, actuators and others. Zheng et al. produce light-

responsive SMP micropillar arrays containing PEGylated Au NRs (up to 0.2 mol%) by 

applying poly(dimethylsiloxane) molding procedure [79]. By simply modifying and 

playing with the surface topology (bent-temporary shape or unbent micropillar arrays-

permanent shape), it is possible to govern the film optical properties: from opaque (bent 

pillars) to transparent (straight pillars) upon local laser irradiation (5 sec, wavelength of 

532 nm; power of 0.3 W, respectively). Material unidirectional wetting was achieved by 

covering SMP pillars with thin film of Au or Au-palladium [80]. Using small amount of 

Au NPs (0.5 wt%) enables also the controlled SPR absorption by cross-linked PEO 

matrix. Multi-step shape recovery was done by the formation of a temperature gradient in 

the temporary shape inducing anisotropic polymer chain relaxation and strain energy 

release [81], Figure 10B. By taking advantage of the anisotropic structure of the NRs it 

was possible to play on the light polarization angle for effective photo-thermal shape 

control as in the case of PVA/Au NRs (nanofillers of 0.02 wt%) films [82]. 

 

3.2.2. SMNCs with Incorporated Silver Nanofillers 

As a metal-ligand coordination system, silver can be successfully used for the 

production of physical cross-linking SMPs structures. In this direction Wang et al. 

described SMNCs containing Ag ions (3 wt%)-coordination polymer network 

(isonicotinate-functionalized polyester (PIE) and the pyrazinamide groups) [83]. The 

degree of cross-linking, rigidity and shape recovery were modulated by simply 

controlling the amount of the absorbed ions. Moreover, SMP were considered as suitable 

for smart wound dressings or implants with antibacterial properties against Escherichia 

coli and cytocompatibility with osteoblast cells (Figure 11A). 

With their high thermal and electrical conductivity Ag NWrs offer a possibility to 

produce metallic nanotubes, stretchable and transparent conducting electrodes and 

semiconductors, organic light-emitting diodes, organic solar cells, touch screens, 

electrochemical devices, etc. [84]. A major issue in this system is the achievement of 

homogeneous nanofiller dispersion for conductive percolating network formation. A 

novel approach in the design of SMNCs are multilayer structures such as bilayer from Ag 

NWrs and SMPUs [85, 86]. Of great interest was the fact that the bilayer was flexible and 

highly conductive (DC voltage of 1.5 V) sufficient to turn on the LED upon strain 

stretching (elongation less than 12% and resistance of 200 Ω/sq), while the fast electro-

responsive shape recovery is based on the Joule effect heating. In this context, 

deformable electronic devices are of interest for wearable displays, solar panels and  
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non-invasive biomedical devices fabrication subjects of large deformation to cope with 

body movements. Recently, Ag NWrs were used for highly flexible and transparent SMP 

bilayer electrodes (diameter of 60 nm and length of 6 μm) made of cross-linked 

polyacrylate-based light-emitting diodes [87]. The programming of the materials was a 

result of the shape-memory properties of the cross-linked network upon either 

compressive strain (bent up to 16% without significant resistance changes) or upon 

tensile strain (accompanied by a slight resistance increase). In comparison to the classical 

used indium-doped tin oxide (ITO) anode, the Ag NWrs/polyacrylate electrodes 

demonstrated slightly higher efficacy of 14 cd/A. 

 

  
A B 

Figure 10. SMNCs materials containig Au nanofillers. 

SMNCs embedded with Ag can be of interest for the flexible solar modules (polymer 

solar cells of semi- transparent solar cells in windows) concept [88]. The nanofiller 

morphology was a key element for the devices performances (Ag NWrs length) [89]. In 

their study, Yu et al. showed that (length of 4-10 µm) led to the production of devices 

with high filling factor (FF or nanowires high surface coverage) but was accompanied 

with low photo-current (loss of transmittance). In contrast, long Ag NWrs (length above 

20 µm) were responsible for high photo-current but lower FF. 

Several studies have dealt with the concept of combining multiple nanofillers in one 

multilayer SMNC for final synergetic effect [90, 91]. Indeed, epoxy-based thermoset 

SMP resin possessed enhanced electro-thermal properties and electro-activated shape 

recovery performance, where Ag NPs were decorated graphene oxide (GO) assembly 

grafted onto carbon fibers. The guiding force for the material shape recovery, resulted in 

Joule-heating induced process: the self-assembled GO grafted onto the carbon fibers 

acted as a Joule-heat-carrying layer and the Ag-NPs-decorated GO decreased the thermal 

dissimilarity and facilitate heat-transfer from the carbon fiber to the polymer matrix. As 

presented in Figure 11B(2), the SME was faster for nanofiller containing films (36 sec, 

DC of 8.6 V with temperature range above the polymer Tg). 
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Figure 11. SMNCs materials contaning Ag nanofillers. 

 

3.3. SMNCs with Incorporated Metal Oxide Nanofillers 

Magnetically addressable SMPs are another interesting system, where magnetic NPs 

play the role of inductive heaters offering the possibility to remotely trigger the shape 

[92]. This kind of stimuli is of particular importance for the design of biomedical devices 

where it becomes possible to achieve a noncontact harmless activation of the polymer 

parts without heating the surround tissue [93]. Good candidates in this section are the iron 

oxides (Fe3O4) NPs, characterized with good biocompatibility and high magnetism. A 

whole set of possible applications opens up - the fabrication of drug targeting systems, 

magnetic resonance imaging for clinical diagnosis, recording materials catalysts, 

magnetically controlled smart implants, etc. 
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To overcome the general problem of NPs homogeneous dispersion in the material, 

their surface can be somewhat (non)covalently modified in order to enhance their 

miscibility within the material and create nanoscale net-points in the polymer matrix. 

Fe3O4 NPs produced from co-precipitation (divalent and trivalent iron salts) using PEG-

10000 as dispersing surfactant were uniformly loaded in the biocompatible poly(D,L-

lactide) (PDLLA/Fe3O4 weight ratios of 1:1, 2:1, 3:1). The key element in this step was 

the hydrogen bonding between Fe-OH group of Fe3O4 and C=O of the polyester resulting 

in enhanced tensile properties and SME activated upon alternating magnetic field 

(frequency of 20 kHz and strength of 6.8 kA/m) [94]. Fe3O4 NPs (up to 20 wt%) can be 

synthesized by co-precipitation method by modifying their surface with oleic acid. A 

clear improvement of the PLLA mechanical properties in terms of elastic modulus, 

tensile strength and elongation at break was noticed. The authors demonstrated that the 

shape recovery ratio in PLLA/Fe3O4 (nanofilller content 10 wt%) and the recovery speed 

in an alternating magnetic field were lower than the one in water at 70°C (Figure 13A) 

[95]. In the literature, PCL as biocompatible polymer was used for the production of 

cross-linked thermo- and magnetic-sensitive materials [96, 97]. The addition of Fe3O4 

was done with the aim to accelerate the materials degree of degradation taking advantage 

from the hydrophilic nature of the NPs promoting the hydrolysis of the polymer ester 

bonds. Consequently, SMP permanent domain was altered affecting directly the SME 

performance. The perspective of implants fabrication with desired life time and shape-

memory properties was then demonstrated.  

In this aspect, non-toxic, biocompatible and highly hydrophilic polymers such as 

poly(ethylene glycol) (PEG) or poly(vinyl alcohol) (PVA) can be used as second 

switching segment to create thermo- and water-triggered SMPs appropriate for 

biomedical applications. What is more, it was possible to confer magnetically-responsive 

properties to these systems by adding Fe3O4 PEG-modified NPs (5 and 10 wt%) within 

the polymer matrix with excellent Rf and Rr ratio suitable for biomedical applications 

where the direct hearting of the material is avoided (electrical current between 400 and 

450 A, frequency of 166 kHz; Figure 12). 

The idea of NPs chemical modification was explored also by Bai et al. by developing 

a one-pot synthesis of norbornene-capped super-paramagnetic iron oxide NPs. 

Successfully, the nanofillers were then integrated (up to 20 wt%) into polynorbornene by 

ring-opening metathesis polymerization of norbornene [98]. As described by the authors, 

the aim of the NPs functionalization acted as cross-links and magnetic-induction heaters 

in the macromolecular network architecture. The nanocomposites had a super-

paramagnetic response, with saturation magnetization of around 2 and 5 emu/g for the 

nanocomposites with 10 and 20 wt% Fe3O4, respectively. 
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Figure 12. PCL/UPy-based PU materials containing Fe3O4-PEG modified NPs with magnetic (A), 

shape-memory (B) properties activated upon magnetic field (C). 

As an effective cross-linking agent Fe3O4 NPs was also used for the preparation of 

the polyPMMA-PEG SMP this time prevented their displacement and reaggregation in 

the matrix [99]. This setup granted enhanced mechanical properties to the materials 

accompanied with uniform heat-generation and heat-transfer upon exposure to an 

alternating magnetic field, when compared to the dispersed NPs. Another approach for 

better NPs dispersion is to directly graft oligomers on the NPs surface. Good example is 

the study of Schmidt et al. where oligo(ε-caprolactone)-grafted Fe3O4 superparamagnetic 

NPs were incorporated into thermosets of oligo(ε-caprolactone)dimethacrylate/butyl 

acrylate: the material recovered its original straight shape in 20 sec (magnetic field 

frequency of 300 kHz and power of 5.0 kW) [100]. 

The idea to combine two or more nanofillers in the material was explored also in the 

case of magnetically triggered devices. In 2014 Li et co-workers obtained SMNCs using 

biodegradable and biocompatible chemically cross-linked PCL with allyl alcohol as 

polymer matrix and Fe3O4 in order to decorate conductive MWCNTs (Fe3O4@M) as a 

magnetism and electricity responsive source [101]. Covering the outside of the MWCNTs 
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with magnetic layer enhanced the magnetic properties while the non-coated MWCNTs 

were responsible for the electric properties of the multi-stimuli responsive material [hot 

water, magnetic field (frequency of 20 kHz and strength of 6.8 kA/m) and electric field 

(60 V); Figure 13A]. In addition, the use of semi-crystalline polyester allowed the 2W-

reversible shape-memory capabilities when temperature above and below the Tm are 

applied. 

One more group of interesting NPs are the TiO2 for their semiconductor and photo-

catalytic properties, as well as photo-stability in solution, redox selectivity and strong 

oxidizing power. Up to date, only a few studies focus on the incorporation of TiO2 NPs 

for SMNCs fabrication. In the study of Iijima et al. surface-modification of the 

nanofillers with anionic surfactant is proposed (anionic head group and organic chains are 

branched into a hydrophobic alkyl and a hydrophilic PEG chain ended by a 

polymerizable vinyl group) [102]. TiO2 NPs with the conferred surfactant complex 

properties gave then stable suspensions in various organic solvents (alcohols, nitriles, 

ketones and acetates) and polymers [epoxy resin and poly-(methylmethacrylate) resin]. 

Afterwards, the obtained TiO2/epoxy nanocomposites were activated via direct heating. 

Surface-modification of the metal oxide NPs were also done by ring-opening 

polymerization of ε-caprolactone (g-TiO2) in order to ensure a good dispersion in the 

polyester matrix of poly(L-lactide-co-ε-caprolactone) (PLCL). Further physical cross-

linking, between the polymer chains of g-TiO2 and PLCL (TiO2 of 5 wt%), gave 

enhanced mechanical properties [103]. 

Great challenge in the SMNCs chemical architecture is the production of multi-

functional materials with shape-memory, SHP and self-cleaning properties (SCP) upon 

sunlight exposure. Recently it was reported that the combination of TiO2 NPs and 

reduced graphene oxide (RGO; up to 1 wt%) can tune easily the materials properties 

[104]. The high light absorbing capacity of RGO and its energy transfer allowed the 

heating of the HPU system (close to its Tm) under sunlight exposure and rapid shape 

recovery (Rr of 91-95%) was recorded (Figure 13B). Here, the nanoreinforced 

phenomena significantly improved tensile strength, tensile modulus, toughness and 

elongation at break of the nanocomposites. Of importance in this case was the good 

dispersion of the nanofiller, its miscibility and interfacial interactions with the polymer 

chains (presence of hydroxyl groups and polar Ti-O groups). 

In the field of metal oxide particles, zinc oxide (ZnO) are attracting also attention for 

their physical and chemical properties, such as high chemical and photo-stability, good 

electrochemical coupling coefficient and broad range of radiation absorption. This filler 

is frequently used for sensor, energy generator and photocatalyst in hydrogen production 

based on its piezo- and pyroelectric properties. In the literature few articles discuss the 

ZnO SMNCs dealing with imidazole-zinc ion coordinated shape-memory hydrogel [105], 

triple-shape-memory poly (acrylonitrile 2-methacryloyloxyethyl phosphorylcholine) 

based on the dipole–dipole-zinc ion coordination [106] or epoxy-based SMP containing 
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metallosupramolecular unit formed by coordinating 2,6-bis(N-methyl-benzimidazolyl)-

pyridine ligands to zinc di[bis(trifluoromethylsulfonyl)-imide] [107], ZnO NRs in PU 

matrix [108, 109]. 

 

 
A 

 

B 

Figure 13. SMNCs materials contaning Fe3O4 and TiO2 NPs as nanofillers. Cross-linked PCL SMPs 

containing Fe3O4 decorated with conductive MWCNTs actuated under thermal, magnetic and electrical 

stimulus (A) [101] and HPU SMNCs materials loaded with TiO2 NPs with self-healing and shape 

recovery properties (B) [104]. 

3.4. SMNCs Containing Cellulose Nanocrystals 

Interesting biocompatible nanoreinforcing nanofillers are the cellulose nanocrystals 

(CNCs, known also as cellulose nanowiskers). This is mainly due to their anisotropic 

structure (high aspect ratio), renewable resources and stiffness [110]. They are also 

characterized with relatively low cost, low density, wide bioavailability, renewability and 

unique physico-chemical properties [111] [112]. The presence of hydroxyl groups in the 

chemical structure offers a possibility to form supramolecular interactions based on 
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hydrogen bonding (e.g., SMP higher-modulus as a result of the interconnected CNCs in 

the polymer matrix) responsible for the water-induced SME. The potential application of 

such SMNC is reserved for the biomedical field as self-tightening sutures and self-

retractable and removable vascular stents fabrication. However, the preparation of 

nanocomposites by direct incorporation of CNCs into the polymeric matrix remains 

difficult due to the poor affinity between the hydrophilic nanofiller and the polymer 

chains. Often the result ends up being an insignificant increase or in some cases a failure 

to improve the materials physico-mechanical properties. 

Interesting approach for the production of thermo-responsive and water- responsive 

SMNCs by using CNCs as a cross-linking agent is described by Liu et al. [113]. The 

nanocrystals were chemically bonded via their hydroxyl groups to low molecular 4,4-

diphenylmethane diisocyanate end-functionalized PCL and PEG. The biocompatible 

nanocomposite from PEG[60]-PCL[40]-CNC[10] demonstrated excellent thermo- and 

water-induced SME (Rr of 85%) as presented in Figure 14A. Here, the shape recovery 

properties depended on the polymer degree of crystallinity and the materials degree of 

cross-linking. 

It is of importance to notice that the CNCs gave the unique possibility to produce 

water-sensitive SME mechanism which is totally athermal in comparison to traditional 

systems where water (or other solvent) is used as plasticizers in the idea to lower the 

polymer Tg. Water-activated mechanically adaptive PU SMNCs with incorporated CNCs 

have been described in the literature with enhanced mechanical properties (nanofiller 

content above the percolation limit) [115]. In this flow of ideas, in 2012 Zhu et al. 

reported an effective strategy to design elastomeric thermoplastic PU/CNCs-based 

materials with rapid SME response as a result of the successful combination between the 

nanofiller percolation network (chemo-mechanical adaptability) and the entropic 

elasticity of the elastomer [116]. The obtained materials were suitable for design of 

breathable clothing and medical devices triggered by human body liquids. PU-based 

materials with enhanced tensile strength and the Young’s modulus (up to 1040% and 

4400%, respectively), were produced from biodegradable poly(glycerol sebacate 

urethane) (PGSU) were also reported in the literature. This time the nanocrystals were 

grafted along the polymer macromolecule: CNCs got competed with the -OH groups 

from PGS prepolymer and reacted with the isocyanate groups of hexamethylene 

diisocyanate [117]. Blending poly(ethylene glycol)-poly(ε-caprolactone)-based 

polyurethane (PECU) with functionalized CNCs (pyridine moieties CNC-C6H4NO2) can 

lead to the production of pH-responsive films [114]. The switching units of the materials 

had attractive interactions from the hydrogen bonding between pyridine groups and 

hydroxyl moieties: at low pH value the interactions were reduced or disappeared as a 

result of the pyridine groups protonation (Figure 14B). The final results showed a 

possibility to produce new smart polymer material (biomaterials, smart actuators, and 

sensors). CNCs were also incorporated as a hard segment in thermoplastic PU 
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bionanocomposites [118]. Resulting in thermodynamic incompatibility, between both PU 

soft/hard segments, microphase separation was obtained and two main Tm transitions 

were designed. The incorporation of the CNCs led to an increase in the hard phase-degree 

of crystallinity and improvement of the storage modulus and the shape recovery 

performances. In other reported data, only 5 wt% CNCs were sufficient to six-fold 

increase in Young’s modulus and five-fold improvement in toughness of poly(mannitol 

sebacate) making them suitable for biomedical applications as soft tissue engineering 

scaffolds [119]. In addition, the ureido-pyrimidinone [UPy(OH)2] have the ability to 

highly dimerize and therefore elaborate a dynamic supramolecular network based on 

hydrogen bonding in PCL-based PU matrix materials. Introducing CNCs into the PU 

matrix will allow us the complementary hydrogen bonds with UPy in order to elaborate 

efficient SMNP-based materials. 

 

 A 

 B 

Figure 14. SMNCs materials contaning CNCs: (A) Thermo-responsive shape recovery behavior of the 

PEG-PCL-CNC nanocomposites when heated in oven at 60°C and (B) digital photos of the shape 

memory process of PECU/CNC-C6H4NO2 film with different CNC-C6H4NO2 loading immersed in HCl 

(pH 4) and NaOH (pH 8) solution at room temperature [113] and [114]. 

In this chapter the authors presented the nanofillers most often used to trigger the 

polymer materials SME. In the literature SMPs can be reinforced by the incorporation of 

microfibers, fabrics and Kevlar mats, carbon or glass fibers. Their high elastic modulus, 

strength and characteristic structural morphology are remarkable and lead to enhanced 

mechanical load while maintaining the transvers direction [120]. The potential 
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application of such SMNCs can be suitable for spacecraft self-deployable and vibration 

control structures [121-123]. Exfoliated nanoclays as part of the hard phase have also 

positive impact on the materials mechanical properties [124-126]. This is also the case of 

SiC and SiO2 and of cross-linking agent with PCL [127] or coupling with SMPU chains 

[128]. 

 

3.5. SMP as Smart 3D Printed Materials 

During the last decade the scientific and technological progress has inspired the 

emergency of exciting 3D printing prototype technologies. As part of the additive 

manufacturing, stereolithography (SLA) and fused deposition modeling (FDM) 

techniques, have offered the possibility to expand the polymer materials application at 

industrial level. Combining the variety of chemical approaches to incorporate functional 

nanofillers within the polymer matrix and the SMPs “1W-, 2W-” and multi-shape 

properties, a new trend in the world of material design. SMP quickly found a key place 

for design of complex deployable structures. Of particular interest is the 4D printing 

technology where the fourth dimension was added in order to describe the material’s 

transformation (change shape, functionality or properties over time once triggered by an 

external stimulus) over time [129, 130]. SLA was successfully used as method to use 

SMP as start material for highly elastic, transparent and electroconductive hydrogels for 

soft robotics application. [131], composite hydrogels with magnetic responsiveness [132], 

materials for biocompatible 3D scaffolds as tissue engineering for mesenchymal stem 

cells culturing [133] or medical devices such as vascular or tracheal stents [134] or 

methacrylated polycaprolactone precursor, respectively [135]. Materials with tunable 

SME can be also designed by another method - FDM. Filaments appropriate for 3D 

printing application from non-commercially available polymers with good processability 

are now a fact. Rapid prototyping, specific topological structuration and nanodomains 

formation with long relaxation times of the supramolecular crosslinks [136], as well as 

devices for object catching and transportation [26] or biomimetic solar tracking sensors 

or smart solar cell systems [137] can be obtained. The SMP 3D printing approach at 

structural and material design level is discussed in detail in Chapter 15 of the present 

book and the readers are kindly invited to consult its contents. 

 

 

FUTURE DIRECTIONS AND CHALLENGES 

 

SMPs open the door to the production and design of new generation of polymer 

materials with multi-responsiveness. The possibility to introduce functional nanofillers in 

the structures offer the unique advantage to enlarge the polymer’s application in the yet 

unexplored field of the practical daily use. Based on current insights, several future 

directions and related challenges may be considered: 
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1. The incorporation of different nanostructured fillers in the SMP-matrix allows 

the enhancement of the materials mechanical properties (unfortunately, staying 

close to the relatively poor properties of origin). Additional efforts are needed to 

optimize the nanofillers dispersion and the materials characteristics (structural 

fatigue, relaxation, creep and duration); 

2. Fabrication of biocompatible and biodegradable SMPs medical devices is of 

great interest for human health. Even if a great range of devices can be produced 

(scaffolds for tissue engineering, implants for minimally invasive surgery 

procedures, self-tightening sutures, self-retractable and removable stents, drug 

delivery systems), the main challenges remain the materials rate of degradation 

(enzymatic or hydrolytic) their degree of toxicity, mechanical solicitation etc.; 

3. Smart materials and structures obtained by three-dimensional manufacturing (3D 

printing) allow the production of SMNCs as actuators for soft robotics, self-

evolving structures, anti-counterfeiting system, active origami and controlled 

sequential folding. Today, some technological and design limitations are still 

unsolved, mainly relating to the limited choice of polymers to use, multi-material 

components fabrication, presence of microstructural defects and materials real 

time adapting. In this aspect promising efforts are done applying SLA and FDM; 

4. Inspired by nature, scientists have designed diverse self-cleaning, self-healing 

and self-adapting SMPs materials suitable for the elaboration of load-bearing 

aircraft components, self-cleaning and light-guided windows, flexible solar 

modules (polymer solar cells), smart textiles, bionic robot etc. However none of 

those polymer systems is commercially available at present and development of 

new polymers and polymer blends is still needed; 

5. At industrial level, SMP materials can find potential application in automobile 

engineering (seat and adaptive lens assemblies, reconfigurable storage bins, 

airflow control devices etc.), polymer solar cells, food packaging for thermal and 

light sensitive products, deployable structures (reflectors, ground based 

deployable mirrors), smart textile (life jacket, floating wheels) and others. Yet, 

the direct transfer from the laboratory to industrial scale remain difficult related 

to the final SME complexity nature (programming step and the triggering process 

parameters) in addition to the required quick and versatile manufacturing 

process, while focusing on use of low-cost additives and ensured profit gain etc. 
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ABSTRACT 

 

The introduction of healing characteristics into synthetic polymers has represented a 

step forward in the development of safer, more durable and more reliable materials. 

Ideally, a healable material should be able to restore its performance after being 

damaged, even for multiple damage/healing events. In this sense, the current knowledge 

about material science, polymer physicochemistry and polymer synthesis has led to the 

development of new types of healable polymers capable of fullfilling these prerequisities: 

Intrinsically healable polymers. These materials contain active elements, which are 

covalently incorporated into the polymer structure and impart repairing characteristics to 

the final material. Herein, we summarize the most relevant parameters in the 

development of intrinsically healable polymers as well as the most recent synthetic 

approaches reported in the literature.  
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1. INTRODUCTION 

 

Self-repairing or self-healing can be defined as the ability of certain materials to 

autonomically repair (heal or recover) damage without loss of their physical properties 

[1]. The best known examples of these types of materials can be found in nature, 

considering that one of the most intriguing characteristics of natural tissues, displaying 

the ability to self-repair damaged structures. In biological systems, the phenomenon of 

self-repair is triggered by unique chemical signals released only at the specific site where 

damage has occurred. As a consequence of these signals, a series of chemical and 

physical processes lead to the transport, deposition and assembly of healing agents [2–4]. 

Inspired by this ability of living organisms and natural materials, researchers are trying to 

incorporate this concept in order to develop man-made materials capable of restoring 

their structural integrity in case of deterioration or failure. Research has centered in the 

development of healable materials such as metals, ceramics and/or polymers. Among 

these, polymers seem to be one of the most suitable candidates, owing to their intrinsic 

physical properties and the ease by which they can be functionalized [1, 5, 6]. However, 

mimicking the mechanisms occurring in nature is an extremely challenging issue and 

most of the developed healable materials need an external stimulus to trigger and produce 

the reparation.  

Generally, healable polymers incorporate active moieties, which can act as sensing 

and/or reactive components. Ideally, these components would be able to sense as well as 

repair macroscopically invisible damages, such as pinholes or microcracks, over the 

lifetime of material with little to no external intervention.  

 

 

Scheme 1. General classification of self-repairing polymers.  
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Obviously, when developing healable materials, the potential damage of the material 

that can suffer during its service life have to be taken into consideration. Factors such as 

excessive loads, fatigue or environmental conditions which affect the material in the 

application can alter the material performance [7–9]. As there is a wide variety of 

harmful conditions which are application specific, the material for a given application 

must be designed with careful regard to polymer synthesis, polymer physicochemistry, 

fracture dynamics and material science.  

From a synthetic point of view, multiple strategies and approaches have been 

introduced to deal with the different healing requirements of particular applications. This 

has resulted in the development of a variety of healable polymers with very diverse 

characteristics in terms of physical properties, healing mechanisms and their activation. 

The existing healing strategies can be classified according to their intrinsic or extrinsic 

nature as shown in Scheme 1. Extrinsically healable materials have active fillers, so 

called healing agents, embedded in the polymer. Recently, the modification of 

nanoparticles with reversible chemistries has been described [10, 11], but most of the 

literature reported on these extrinsic strategies, employs the addition of liquid healing 

agents, such as monomers and catalysts, within brittle vessels or hollow fibers into the 

polymeric matrix [1, 9, 12, 13]. These healing agents are released into the matrix upon 

rupture; as such they act as fillers which are in charge of repairing the damaged area. 

Unfortunately, this process is only effective when healing agents are available on the 

crack’s surface, moreover, the process is considered to be irreversible. Therefore, 

researchers have focused on the development of intrinsic healable polymers, which are 

polymeric materials capable of undergoing repeated healing and hence more interesting 

towards long term applications. In this book chapter, we will focus on intrinsically 

healable polymers, of which the most relevant synthetic alternatives that have produced 

significant repair of the polymeric material will be discussed.  

 

 

2. INTRINSICALLY HEALABLE POLYMERS 
 

Intrinsically healable materials incorporate active moieties which are directly built 

into the polymer chain and the repair of the material is achieved through the inherent 

reversibility of the interconnection of these moieties in the polymer matrix. This concept 

requires the presence of “weak links” in the polymer network capable of breaking in 

response to stress or the appearance of defects, and able to recombine afterwards. 

Chemical reactions involved in the healing process permit an increase of the chain 

mobility after the damage and/or to immobilize and restore the structural integrity of the 

polymer network. By selecting the appropriate chemistry, these “weak links” can 

recombine to reform the polymer structure so that intrinsic healing is achieved [1, 14, 

15]. 
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Ideal healable materials should work autonomously without external intervention, 

that is, the damage generation itself should be responsible for the activation of the healing 

mechanism. Accordingly, this type of materials are called self-healing materials. 

However, most of the current healing alternatives do not work autonomically, but operate 

upon external stimulation. In these cases, the healing process starts and progresses as a 

consequence of physicochemical reactions promoted in the active dynamic structure by 

the application of a certain stimulus. Therefore, the nature of the introduced dynamic 

structure determines the type of stimuli needed to trigger the process.  

Different kinds of stimuli have been used in the field of healable materials such as 

heat, light, redox-reaction, mechanical stimulation or pH with the heat being the most 

commonly employed one [16–20]. The application of heat can promote multiple types of 

reactions providing energy to overcome the energy barrier for bond cleavage, and can be 

utilized to crosslink the polymer network as well as to break it. Indeed, heat has the 

capacity to influence multiple reactions; therefore the temperature must be selected 

accurately to avoid thermal degradation of the material.  

Apart from heat, the application of light has been also widely explored to induce 

healing in stimuli responsive healable materials. The main advantage in comparison to 

heat is that the damaged area can be selectively activated by application of light, which 

enables to heal polymers under load [20, 21]. However, the inherent characteristics of the 

interaction restrict this stimulation to transparent polymers and/or polymeric surfaces. 

Apart from heat and light stimulation, in some circumstances other stimuli such as redox-

reaction, pH or electric current are more appropriate to selectively trigger healing 

mechanisms in specific applications, such as hydrogels or medical applications [16, 19].  

Although the field of healable materials has only been developing since the 1990s, its 

literature is already extensive and various concepts and chemical reactions have been 

applied for this purpose. In the following sections, the most established strategies to 

develop healable polymers are represented. As depicted in Scheme 1, the different 

chemistries are classified depending on the molecular principle that is used to affect the 

polymer matrix, dividing them into systems based on dynamic covalent reactions and 

those based on supramolecular interactions. Additionally, information about the required 

stimulation to activate the healing process in each case is included. 

 

 

2.1. Dynamic Covalent Reactions 

 

Dynamic covalent moieties are covalently linked structures or functional groups that 

can easily be broken or reformed as a consequence of damage or exposure to a small 

energy source. The main characteristic of this process is its reversibility which leads to 

the exchange of the dynamic moiety along the polymer network. The dynamic 

equilibrium established among the different moieties permits the rebuilding of the 

damaged polymer network by means of newly formed covalent bonds, generating the 

healed material. 
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Figure 1. Schematic representations of dissociative, associative and chain-transfer mechanism for 

dynamic covalent reactions (Inspired by [26]). 

Interest in this field has grown due to its versatility and easy implementation in 

different polymeric networks. In addition, the incorporation of dynamic covalent bonds 

permits to incorporate new features to thermosets apart from healing, such as 

reprocessability, solubility and/or recycling ability [22–26].  

According to the dynamic mechanism involved in the process three main groups of 

dynamic covalent reactions have been applied in the field of healable polymers: 

Dissociative, associative and chain-transfer reactions. 

Although the different alternatives give rise to the exchange of functional groups, the 

main difference relies on the reaction mechanism to produce the exchange. During a 

dissociative reaction (Figure 1 A), the active motif is cleaved into two components, 

which are able to recombine afterwards with surrounding groups. In contrast, the 

exchange in associative reactions (Figure 1 B) occurs because a free functional group 

present in the polymer chain reacts with the active motif in its vicinity. As a consequence 

of this reaction a new active motif is formed in the polymer structure. However, the 

original active structure only breaks when the new bond is formed with a free functional 

group (Figure 1 B). These contrasting behaviors influence the physical properties of the 

materials during the healing process. The cross-linking degree of the material changes 

when dissociative reactions take place, while it remains constant when associative 

processes are occurring in the material [26].  
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The third alternative, the chain-transfer reactions, can be considered a mixture of the 

previously mentioned mechanisms and resembles the degenerative chain- transfer 

reactions occurring in radical polymerizations. According to this mechanism (Figure 1C), 

the dynamic bond is activated in a first step, usually upon external stimulation, to produce 

two active species. These active species are able to react with the dynamic bonds in the 

vicinity, producing analogous dynamic bonds in the polymer backbone and new active 

species. As a consequence of this reaction, which occurs via an associative mechanism, 

the side groups of the polymer containing these dynamic bonds are exchanging. The 

process finishes when the active species lose their activity, whether by the recombination 

of active species or by side reactions. This third alternative usually involves radical 

reactions, although neutral or ionic species can also be involved this mechanism. 

 

Dissociative Reactions 

As already mentioned above, the underlying concept in this kind of materials is the 

formation of cross-linked polymer structures by incorporating functional moieties that are 

able to undergo reversible reactions, by breaking and forming covalent bonds in between 

two segments of the active moiety. The reversible reaction is governed by a dynamic 

equilibrium which can be altered by changing the experimental conditions. As a 

consequence, the majority of these reactions needs an external stimulus, such as heat or 

light, to shift the dynamic equilibrium and to activate the process. 

Dissociative reactions can be divided into two categories depending on the groups 

resulting from the bond cleavage. The rupture of some dynamic functional groups gives 

rise to neutral species, while other dissociative exchanges go through radical 

intermediates.  

Following this classification, Table 1 summarizes the most relevant dissociative 

reactions, involving neutral and radical components, as well as their stimuli used to 

trigger and maintain the healing mechanism. 

Among the different dissociative reactions, the Diels-Alder reaction is one of those 

reversible systems that is often applied to obtain healable polymers and has been utilized 

to reversibly cross-link materials of very diverse physical properties [28–33, 51]. The 

main limitation of this reaction is that an external stimulus (heat) is necessary to activate 

the healing process. The reaction occurs between a diene and a dienophile, with the 

reaction between furans and maleimides as the most known and widely used reversible 

Diels-Alder reaction to obtain healable materials. However, a variety of commercially 

available monomers capable to undergo Diels-Alder reactions offers the possibility to 

tailor the reaction parameters (reaction kinetics, reaction temperature and product 

formation) by modifying the chemical structure of both the diene and the dienophile. 

Thus, different alternatives, based on cyclopentadiene, anthracene and dithioesthers have 

also been reported [52–54].  
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Dissociative reversible reactions can also be used to develop optically healable 

polymers. The most common strategy is based on the introduction of chromophores that 

react via cycloaddition reactions upon UV light exposure. Well-established photoinduced 

reactions are the [2+2] cycloaddition of cinnamic acid derivatives such as coumarins, as 

well as the [4+4] cycloaddition reaction of anthracene [34–38, 55]. Both types of 

chromophores have been applied in healable coatings and elastomers, where the 

cycloaddition reaction allows the system to reversibly cross-link and break the material 

on demand. 

Apart from heat- and light-stimulated materials, systems which respond to pH to 

obtain healing properties have also been described. Typically, these systems employ the 

reversible reaction between aldehydes groups and amines in which the equilibrium can be 

switched by changing the pH of the medium. For healable materials, the reaction of 

aldehydes with allylic and aromatic amines, acylhydrazine or oxime moieties have been 

utilized to introduce the corresponding dynamic imine, acylhydrazone and oxime-

carbamate units into the polymer chain [39–42].  

Hydrolysis/condensation reactions are also useful for developing healable materials, 

mainly hydrogels. The incorporation of boronic esters, for instance, allows reversible 

cross-linking and breaking of polymer networks by hydrolysis or condensation processes 

[43, 44].  

Another alternative that has demonstrated to produce significant repairs is the 

incorporation of substituted ureas into the polymer backbone [45]. The dynamic nature of 

the substituted urea bonds permits to break the existing urea bonds into isocyanate and 

amines, which can later recombine. This chemistry is reminiscent of the widely used 

“blocked isocyanates” which are commonly applied to mask the isocyanate moiety in 

coating applications. However, the dissociative reactions do not produce the total 

disconnection of the polymer network and the concept resembles more the one proposed 

for associative reactions. 

The essential characteristic of radical mediated dissociative reactions is the stability 

of the formed radicals, which avoids side reactions and produces the same dynamic bonds 

upon recombination. Alkoxyamine chemistry is a good example of the use of this kind of 

reaction to incorporate healing characteristics into polymer networks, since it forms 

stable radicals when breaking the C-O bond which are subsequently able to recombine 

along the network, typically using heat or light as activating stimulus [46–49]. Following 

the same concept, the dibenzofuranone structure also provides radical stabilization and its 

incorporation has similarly demonstrated healing in polymer materials upon activation by 

heat [50].  
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Table 1. Summary of the most relevant dissociative dynamic reactions  

undergoing neutral species 

 

Reaction Stimuli Ref 

Diels-Alder Reaction 

 

Heat [27–33] 

Cinnamic acid derivatives 

 

UV Light [34–36] 

Anthracene derivatives 

 

UV Light 
 

[37, 38] 

Imine derivatives 

 

pH [39–42] 

Boronic acid derivatives 

 

Water [43, 44] 

Dynamic substituted ureas 

 

Heat/SH [45] 

Alkoxyamine based systems 

 

Heat/ 

Light 

 

[46-49] 

Diarylbibenzofuranone derivatives 

 

Heat [50] 
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Table 2. Significant reactions employed in associative healable materials 

 

Reaction Ref 

Transesterification  

 
 

  

[23] 

 

 

 

[57] 

Transimination 

 

[58] 

Vinylogous urethanes 

 

[59, 60] 

Transalkylation of C-N bonds 

 

[61] 

Transcarbamoylation of polyhydroxyurethanes 

 

[62] 

 

 

Associative Reactions 

Associative reactions take advantage of interchange reactions of certain functional 

groups with other unreacted and free functional groups within the polymer matrix, for 

example by means of transesterification or metathesis reactions. According to this 

mechanism, the interchange of the functional groups occurs via an associative 

intermediate, that is, the functional group only breaks when a new group is formed. Thus, 

in contrast to dissociative processes, in associative reactions the cross-linking degree of 

the material remains constant along the process. This strategy has also been employed in 

the development of a new generation of materials so called vitrimers. These materials 

behave as crosslinked materials at low temperatures but present a glass-like fluidity at  
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high temperatures due to the interchange of functional groups along the polymer 

network [23, 26]. 

Although healing results for associative reactions are less frequently reported, this 

concept can potentially also be implemented to obtain healable materials. As occurred in 

the case of the reprocessing of these vitrimers, the interchange of the functional groups 

permits to generate covalent links between both faces of a rupture, by applying the 

appropriate temperature and/or pressure conditions [22, 26, 56].  

The pioneering work in the field was the transesterification process in polyesters 

containing unreacted hydroxyl groups proposed by Leibler and coworkers, which can be 

seen, for example, the upper reaction in Table 2 [23]. Thus, the free hydroxyl groups are 

able to react with the ester groups in the main chain, producing an exchange. Taking 

advantage of transesterification reactions, Hillmyer et al. already produced polylactide 

vitrimers with healing characteristics [57].  

Other alternatives to develop this kind of materials are based on transimination [58]. 

This reaction is thermally activated, in contrast to the dissociative reactions of imines 

which were produced by changes in the pH of the medium. More recently, the capability 

of vinylogous urethanes to produce and tailor dynamic structures has attracted attention 

due to its ability to be reprocessed and recycled at high temperatures [59, 60].  

Similarly, the incorporation of dynamic moieties based on transalkylation reactions 

of C-N bonds proposed by Drockenmuler et al. has demonstrated the possibility to 

produce reprocessable crosslinked polymer networks [61]. These characteristics have also 

been reported by Hillmyer et al. for polyhydroxyurethanes [62]. These polymer networks, 

containing both urethane and hydroxyl groups, are able to undergo dynamic 

transcarbamoylation reactions at high temperatures. 

 

Chain-Transfer Reactions 

As mentioned above, the chain-transfer reactions present features both from 

dissociative and associative mechanisms. Generally, this strategy involves radical 

mediated reactions but neutral and ionic reactions have also been used. Sulfur (and 

selenium) chemistry is employed in most of the examples based on chain-transfer 

reactions (Table 3). The simplest sulfur chemistry used in healable polymers is the 

dynamic exchange of disulfides through radical-mediated reactions [63, 64]. This 

exchange has been applied both for aliphatic and aromatic disulfides [65–68]. However, 

interesting to notice here it is that the exchange of aromatic disulfides can occur at room 

temperature without any catalyst, in contrast to aliphatic ones which need external 

stimulation either by heat or light to exchange satisfactorily. Thus, the incorporation of 

aromatic disulfides has been incorporated in very diverse polymer matrixes such 

polyurethanes and epoxies to provide healing characteristics at room temperature [68– 

71]. Even so, research is moving to selenium derivatives, enhancing the healing 

characteristics of sulfur counterparts, not only in terms of healing efficiency but also in 
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healing rates [72, 73]. Aromatic diselenides are able to exchange even more rapidly at 

room temperature than aromatic disulfides, which permits to develop materials with a 

stronger healing potential at room conditions than disulfide-based polymers.  

Other alternatives based on sulfur chemistry take advantage of the redox properties of 

disulfide linkages to produce active species. In this case, under redox stimulation, 

disulfide bonds can produce thiol groups or interact with metal ions, which are 

responsible for the exchange of the functional groups and the recovery of the material 

[74, 75].  

 

Table 3. Reactions capable to undergo chain-transfer  

reactions in healable polymers 

 

Reaction Stimuli Ref 

Disulfide radical exchange 

 

Heat 

/Nothing 

[65–

68] 

Diselenide radical exchange 

 

Heat/ 

Nothing 

[72, 

73]  

Disulfide redox reaction 

 

 

Redox 

 

[74, 

75] 

Trithiocarbonate exchange 

 

UV 

Light 
[76] 

Thiuram exchange 

 

Vis 

Light 

 

[77] 

Dithiocarbamate exchange 

 

UV 

Light 
[78] 
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Another group of chemistries is inspired by reversible addition-fragmentation chain-

transfer (RAFT) polymerization initiators. Their capacity to produce pseudo-stable 

radicals can be applied in the development of healable polymers by incorporating such 

moieties into cross-linked polymer networks. The interest has been focusing on light 

triggered reactions and concerns mainly thiocarbonates and thiocarbamates. Amamoto 

and coworkers were pioneers in the introduction of trithiocarbonate units in polymer 

networks to produce optically healable polymers by means of radical-mediated 

dissociative reactions upon UV light stimulation [76]. Afterwards, they synthesized 

polyurethanes containing thiuram moieties which were able to successfully recover from 

damage by irradiating the sample with visible light [77]. Similarly, Kloxin et al. reported 

UV light stimulated healable materials based on dithiocarbamate units [78].  

 

 

2.2. Supramolecular Interactions 

 

The implementation of supramolecular chemistry in the development of healable 

materials has known a remarkable growth in recent years. In contrast to dynamic covalent 

reactions, this concept is based on non-covalent interactions among polymer chains and, 

thanks to the reversible nature and high directionality of these interactions, these 

materials have presented self-assembly and self-healing characteristics in multiple 

polymer families, most of which act without the necessity of external intervention or 

stimulation [79–81]. As summarized in Table 4, different polymer systems will be 

described according to the supramolecular interaction responsible for the repair of 

undergone damage to the material. 

 

Hydrogen Bonding 

Despite not being one of the strongest non-covalent interactions, hydrogen bonds 

between neutral organic molecules appear frequently in self-assembled and self-healing 

moieties in nature. Correspondingly, they have been studied to incorporate healing 

abilities into different polymer matrixes [98]. In order to increase the strength of the 

introduced hydrogen bonds, specific species containing multiple H-bond donor and 

acceptors have been designed and used as active moieties for self-healing.  

Several studies carried out by Meijer and coworkers [82, 99] have shown that the 

multiple H-bonding interaction of ureidopyrimidone (Upy) units provides self-healing 

and self-assembly properties to low Tg polymer thermoplastics and elastomers. Using the 

same concept, different donor/acceptor couples based on nucleobase derivatives have 

been introduced as healing motifs in polymeric elastomers and gels [80, 83, 84, 100–

102]. 
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Table 4. Supramolecular chemistries used in healable polymers 

 

Type Reaction Ref 

H
y

d
ro

g
en

 b
o
n

d
in

g
 

Ureidopyrimidinone based polymers 

 

[82] 

Nuclobase derivative systems 

[83] 

[84] 

Io
n
o

m
er

s 

Ionic interaction 

 

[85] 

Ionic cluster formation 

 

[86] 

Ion-dipole interaction 

 

[87] 
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Table 4. (Continued) 

 

Type Reaction Ref 

Π
-π

 s
ta

ck
in

g
 

Pyrene –naphtalene diimide based polymers 

 

[88] 

 

 

 

 

 

 

[89] 

C
o

o
rd

in
at

io
n

 B
o

n
d

s 

2,6-bis(1'-methylbenzimidazolyl)pyridine (Mebip) ligands 

 

[90] 

Terpyridine ligand 

 

[91] 

Bipyridine based polymers 

 

[92] 

Imidazol containing polymers 

 

[93] 
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Type Reaction Ref 
H

o
st

-g
u

es
t 

in
te

ra
ct

io
n

s 
Host gel Guest gel 

[94] 

Crown ether 

 

 

 and  cyclodextrines 

 

 
 

Alkyl chains 

 

[95] 

Ferrocene 

 

[96, 

97] 

 

Ionomers 

The incorporation of ionic moieties in polymer structures is widely used in polymer 

chemistry for imparting multiple features, such as water dispersibility and biological 

activity [103]. In addition to these characteristics, materials containing electric charges in 

their structures have demonstrated significant self-healing abilities, as the electrostatic 

interactions between different polymer chains act as a driving force for the repairing 

process [1, 104].  

The pioneering work of Oyetunji et al. demonstrated the potential of this concept to 

produce healable materials. Partially or fully neutralized poly(ethylene-co-methacrylic 

acid) samples exhibited remarkable healing abilities not only in small cracks, but also in 

several millimeter holes when the material was able to restore its integrity after ballistic 

damage [85]. Since that work, various alternatives have been presented which take 

advantage of Coulomb interactions, using both the ionic cluster formation and the ion-

dipole interaction among ionic liquids and polymer chains [86, 87].  

 

π-π Stacking 

Similar to hydrogen bonding based systems, monomers with specific π-π stacking 

interactions have been used to develop healable polymers. In this case, the healing occurs 

as a consequence of a self-assembly process of multiple polymer chains with different 

aromatic moieties [88, 89]. Even so, the application of this supramolecular interaction is  
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not very common and few examples are reported in literature due to the high insolubility 

of the polymer and the difficulty in finding systems capable of self-assembly by means of 

π-π stacking interactions. 

 

Coordination Bonds 

Metal-ligand interactions are another well-known type of supramolecular interactions 

that can be used to design supramolecular self-healing polymers, incorporating ligand 

substitutes into the polymer chain [105]. In this case, the formation of cracks involves the 

rupture of the coordination bonds, which can be reformed to restore the initial structure 

[90, 106–108]. The peculiarity of these materials is that metal ions are introduced and 

distributed within the polymer matrix in order to initiate the exchange process and 

generate the repair of the material.  

Among the most relevant results comprising this category, Weder and coworkers 

described the use of 2,6-bis(1'-methylbenzimidazolyl)pyridine (MeBip) macromonomers 

to produce light-responsive healable materials [90]. These moieties were able to produce 

self-assembly and self-healing upon UV light stimulation and the strength of the 

interaction was tailored by changing the metals used in the complexation. Other 

alternatives take advantage of different ligands, such as terpyridine, bipyridine and 

imidazole motifs, incorporated as chain ends and chain extenders to produce 

supramolecular healable materials [91–93]. 

 

Host-Guest Interactions  

The application of host-guest interactions is the most recent approach for intrinsically 

healable materials. The main advantage is the high selectivity of the interaction, which 

prevents the passivation of the healing process [109]. However, this development is at an 

early stage and the healing process is mainly focused in gels of low moduli. In these 

cases, the healing mechanism is based on the reversible interaction between macrocycles, 

such as cyclodextrines or crown ethers, and specific guest groups, such as ferrocene or 

alkyl chains [94–97, 110]. 

 

 

OUTLOOK AND PERSPECTIVES 

 

Intrinsically healable polymers have led to a breakthrough in the development of 

synthetic materials capable of undergoing autonomous repair. In order to incorporate the 

dynamic chemical bonds that lead to self-healing, a wide range of synthetic approaches 

have already been reported. Nevertheless, the capacity to synthesize materials which 

match the combination of strength and healing ability of natural tissues remains a 

challenge. Thus, there are still significant steps to be made in order to produce polymers 

which display highly efficient and rapid autonomous healing. To date, most synthetic 
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self-healing materials depend upon external sources of energy to activate the dynamic 

bonds and start the healing process, which is often infeasible depending on the 

application. Furthermore, whether such dynamic bonds, which by their very nature are 

typically weaker than is common in synthetic polymers, are stable over significant 

periods of time is questionable.  

Currently, the synthetic strategies described permit the restoration of the structural 

integrity of materials once both sides of the fractured surface are in contact. In this 

respect many materials have shown the ability to “self-heal” and to repair minor surface 

damage. However, healable materials should be able to repair different types of damages, 

such as scratches and cuts, where the fracture surfaces are not in intimate contact. This 

requires knowledge not just of the chemical factors that allow for reorganization of the 

polymer network but of the physical factors that determine the ability of a material to 

recover shape. With this in mind, in order to fulfill the main goal of obtaining a truly self-

healing material, it is necessary to have a deeper understanding of the key factors 

involved in the healing processes, while designing new chemistries able to produce 

autonomous repairs, possibly combining self-healing and shape memory characteristics. 
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ABSTRACT  

 

Self-healing materials have intensively been investigated over the past 15 years. 

Several approaches have been developed, resulting in materials capable of dealing with 

damage events in a more or less independent way, thereby extending their service life, 

and thus reducing waste. Large interest has been drawn to self-healing elastomeric 

materials, following either extrinsic or intrinsic approaches. In this chapter we discuss 

Diels-Alder chemistry and disulfide exchange reactions as the most prominent examples 

currently used in the development of intrinsic self-healing elastomers based on reversible 

covalent bonds. 
 

Keywords: self-healing, elastomer, covalent bonding, Diels-Alder chemistry, disulfide 

exchange reaction 

 

 

1. INTRODUCTION 
 

Self-healing materials represent the forefront of recent developments in materials 

chemistry and engineering. Due to their built-in ability to repair physical damage, they 

can effectively prevent catastrophic failure and extend the material life-time. There are 
                                                           
* Corresponding Author Email:marherna@ictp.csic.es. 
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basically two well-established ways to develop self-healing polymers [Blaiszik 2010, 

Murphy 2010, Van Der Zwaag 2008, Wu 2008]. The first one, the so-called extrinsic 

concept, is based on the integration of discrete containers (capsules, fibers, or vascular 

networks) loaded with active components into the matrix material. When damage occurs, 

the containers break and release the healing agent within, which further reacts in the 

presence of other components embedded as other extrinsic phases in the matrix, repairing 

the damage. The system has a great potential for healing internally developed 

microcracks, but fails to repair a macroscopic cut in the material. Furthermore, the 

irreversible nature of the healing mechanism is a limitation. The second approach relates 

to the development of the so-called intrinsically self-healing materials, that is, materials 

containing dynamic bonds that can restore their chemical or physical connections after 

damage, under the influence of a non-disruptive external stimulus. A number of dynamic 

bonds have been demonstrated to permit healing: Diels-Alder (DA) and retro-Diels-Alder 

(retro-DA) based bonds; hydrogen bonding in supramolecular networks, coordination 

complexes, disulfides based chemistries, ionic clusters in ionomers, among others. All of 

these are simpler than the aforementioned extrinsic self-healing systems and due to the 

reversible character of the chemical/physical bonds involved in the healing (and 

breaking) process, they can theoretically lead to an infinite amount of healing cycles as 

no external healing agents are required. However, in these materials there is typically an 

inevitable trade-off between repairability and mechanical properties, with a high degree 

of self-healing being achieved mainly with materials having low mechanical strength and 

stiffness. Besides, the restoration of large damage areas remains a challenge because the 

contact between the failed surfaces is often lost. 

 

 

1.1. Dynamic Covalent Bonding 

 

The dynamic bond can be defined as any class of bond that can selectively undergo 

reversible breaking and reformation, usually under equilibrium conditions. The term 

“dynamic bond” usually encompasses two broad categories, supramolecular interactions 

and dynamic covalent bonds. A comparison naturally rises between both. The 

thermodynamic equilibration process of dynamic covalent networks is often much slower 

than typical supramolecular self-assemblies. However, such slow kinetics requires a less 

demanding stimulus and allows for a much more stable thermodynamic equilibrium 

compared to the relatively fragile assembly provided by non-covalent interactions. The 

pros and cons of these two types of systems (dynamic covalent vs. supramolecular bond) 

make them promising, even complementary, candidates for self-healing applications 

[Wojtecki 2011]. The reversibility of the dynamic bond allows repair to take place at the 

molecular level to fully restore the original material properties and enables the process to 

be repeated many times. 
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Figure 1. Schematic representation of thermally reversible Diels-Alder (DA) reaction. 

One of the most studied dynamic covalent bonds is obtained from the 

thermoreversible Diels-Alder (DA) reaction. The [4 + 2] cycloaddition reaction between 

an electron-rich diene and an electron poor dienophile produces a cyclohexene adduct 

that could be reverted back via retro-DA reaction at elevated temperatures (see Figure 1). 

The reversibility feature of this reaction may endow the crosslinked polymer containing 

DA bonds with remoldability and healing ability. 

The first self-healing polymer based on the thermoreversible DA reaction was 

reported by the group of Wudl [Chen 2002]. Their pioneer work proposed a crosslinked 

thermoset formed by DA cycloaddition of multi-furan and multi-maleimide monomers. 

The resulting covalent crosslinked network displayed reversibility upon heating to 150oC 

for 15min, leading to a cleavage of about 25% of the DA adduct. Upon cooling to 80oC 

and subsequent curing at this temperature, the broken bonds were allowed to fully 

reconnect. Self-healing experiments were performed by cutting the sample into two 

pieces. After damage, the two cut surfaces were brought closely into contact, healed at 

150oC to allow the retro-DA reaction and, finally, cooled to room temperature. The 

restoration of mechanical integrity across the healed fracture surface was studied by 

scanning electron microscopy (SEM), which indicated almost complete recovery. The 

average healing efficiency was found to be about 50% of the original fracture energy. A 

year later [Chen 2003], the same authors improved their work by the utilization of low-

melting point monomers, which feature a higher mobility in the resulting crosslinked 

network, thereby increasing the healing efficiency to about 80%. Though it was not the 

first time DA chemistry was applied to achieve reversible crosslinking, the impressive 

healing performance had made Wudl´s work a milestone, which since then has inspired 

surging interest in self-healing polymers [Liu 2013, Murphy 2010, Zou 2017]. 

 

 

Figure 2. Disulfide exchange reaction. 
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DA moieties allow the implementation of self-healing capabilities to existing 

polymeric networks without significantly compromising the original properties. 

However, the main drawback of these reactions is that the healing process usually takes 

place at high temperatures. Weaker covalent bonds, such as disulfide (S-S) groups can 

therefore be beneficial to introduce a healing functionality at lower temperatures, 

meanwhile keeping a reasonable level of bond strength. Klumperman et al. [Canadell 

2011] came up with a new self-healing concept based on the use of disulfide links 

incorporated in a rubber network, which was able to fully restore its mechanical 

properties. The exchange reaction of disulfides at moderate temperatures led to the 

renewal of crosslinks across damaged surfaces, as will be discussed later (see Figure 2). 

Disulfide bonds have been quite favored in designing self-healing and recyclable 

networks as their reversibility can be triggered by a variety of stimuli such as heat, light, 

shear forces, redox reactions, among others [Gyarmati 2013]. The healing process in such 

systems is mainly based on S-S bond re-shuffling. However, nucleophilic reagents such 

as thiol groups can also facilitate scission of S-S bonds via thiol-disulfide exchange 

reactions [Abdolah Zadeh 2014]. 

 

 

2. SELF-HEALING ELASTOMERS 

 

In the field of elastomers, Leibler et al.’s pioneering work provided decisive 

motivation for the development of new rubber materials with self-healing behavior 

[Cordier 2008]. The authors described a supramolecular rubber based on simple low 

molecular weight compounds such as fatty diacids and triacids. These compounds 

associate with one another to form both long chains and crosslinks mainly by hydrogen 

bonding, exhibiting pronounced self-healing behavior. Despite the promising results, this 

non-covalent network is relatively fragile and the final properties of are far from those 

needed in real life applications. Inspired by this research, several other authors have 

continued working with self-healing rubbers based on supramolecular assemblies, either 

by hydrogen bonding and/or ionic interactions. Examples of the developments achieved 

in this area of research during the last two decades are listed in Table 2.1. 

Many efforts have also been devoted to implement self-healing functionalities in 

natural or synthetic rubbers properly crosslinked by covalent bonding. Elastomers derive 

their excellent mechanical properties from the creation of a stable covalently bonded 

three-dimensional molecular network. In principle, this irreversible covalent crosslinked 

network does not allow for either self-healing or reprocessing. Healing requires chain 

mobility and, therefore, seems to be in direct contradiction with the fixation needed to 

form a permanent network. Therefore, the challenge of obtaining a crosslinked network 

with weaker covalent bonds that can infer healing capabilities to the rubber as well as  
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good mechanical properties still remains. Table 2.1 shows the latest results on this 

research line. In the next sections we will give a more detailed insight into self-healing 

elastomers based on DA chemistry and sulfur chemistry. 

 

Table 2.1. Examples of self-healing elastomers and rubbery materials 

 

Elastomer Healing mechanism Reference 

Butadiene Rubber (BR) Diels-Alder [Bai 2015a, Trovatti 2015] 

Reversible disulfide crosslinks [Xiang 2015] 

Hydrogen bonding [Gold 2016, Wang 2015] 

Natural Rubber (NR)/ 

Polyisoprene (IR) 

Reversible disulfide crosslinks [Hernández 2016a, Hernández 

2016b] 

Hydrogen bonding [Chino 2001, Liu 2016] 

Ionic functional groups [Xu 2016a] 

Epoxidized Natural 

Rubber (ENR) 

Reversible disulfide crosslinks [Imbernon 2015] 

Molecular interdiffusion/polar 

interaction 

[Rahman 2011, Rahman 2012, 

Rahman 2013] 

Bromobutyl Rubber 

(BIIR) 

Ionic imidazole/bromide [Das 2015, Le 2016, Le 2017] 

Chloroprene Rubber (CR) Reversible disulfide crosslinks [Xiang 2016] 

Nitrile Rubber (NBR) Ionic functional groups [Nellesen 2011, Schussele 2012] 

Styrene-Butadiene Rubber 

(SBR) 

Ionic functional groups [Xu 2016b] 

Diels-Alder [Kuang 2016] 

Thermoplastic Elastomer 

(TPE) 

Hydrogen bonding, brushes, two-

phase separation 

[Chen 2012] 

Diels-Alder [Bai 2015b] 

Supramolecular Rubber Hydrogen bonding, vitrimers [Cordier 2008]  

Poly(dimethyl siloxane) 

(PDMS) 

Diels-Alder [Zhao 2016] 

Encapsulation (extrinsic) [Cho 2012, Keller 2007, 2008, 

Mangun 2010] 

Thiol-silver interactions [Martin 2012] 

Disulfide metathesis, sunlight [Xiang 2017] 

Polyurethane (PU) Reversible alkoxyamine moieties [Yuan 2014] 

Hydrogen bonding [Kim 2015]  

Diels-Alder [Fu 2016]  

Disulfide metathesis [Aguirresarobe 2017, Amamoto 

2012, Xu 2016c]  

Heat transfer [Huang 2013, Kim 2013] 

Chain-end interaction [Yamaguchi 2007, Yamaguchi 2012] 

Poly(urea–urethane) Disulfide metathesis, H-bonds [Martin 2014, Martin 2016, Rekondo 

2014]  

Acrylic Elastomer (VHB 

4910) 

Hydrogen bonding, chain 

entaglement 

[Fan 2015]  

Ethylene-Propylene-Diene 

Monomer (EPDM) 

Diels-Alder [Polgar 2015]  

Organic-inorganic sol-gel 

hybrid 

Disulfide exchange in dual 

network 

[Abdolah Zadeh 2014, Abdolah 

Zadeh 2016]  

Poly(butyl acrylate-co-

acrylic acid) 

Metal ion-ionomer interaction [Bose 2015a, b, Hohlbein 2015]  
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2.1. Diels-Alder Chemistry 

 

The development of new mild and efficient crosslinking reactions for rubbers is of 

ongoing interest as the current curing approaches are not optimal for self-healing 

applications. Diels-Alder (DA) reactions can be considered as an alternative mechanism 

for crosslinking rubbers. Such a material should behave like permanently crosslinked 

rubbers under service conditions, while the reversibility of the crosslinks would allow 

healing under damage conditions. Such a concept can be applied to a broad range of 

rubbers. They represent a popular choice, especially because DA reactions allow for 

relatively fast kinetics and mild reaction conditions. One of the most iconic examples of 

the DA reaction is that between a furan and a maleimide [Gheneim 2002, Liu 2013, Zou 

2017]. Its low coupling and high decoupling temperatures make it an excellent candidate 

for reversible polymer crosslinking. Polgar et al. [Polgar 2015] demonstrated this 

principle in a commercial ethylene-propylene rubber grafted with maleic anhydride 

(EPM-g-MA) in a simple two-step approach. The maleated rubber was first modified 

with furfurylamine to graft furan groups onto the rubber backbone. These pending furans 

were further crosslinked with a bismaleimide, welding a thermoreversible bridge between 

two furan moieties. The reversibility of the crosslinks was proven by infrared 

spectroscopy, solubility tests and DMTA measurements. This behavior was also 

demonstrated by a simple and practical healing test, by cutting the crosslinked rubber into 

small pieces and remolding these into a new sample with similar properties. 

Trovatti et al. [Trovatti 2015] and Bai et al. [Bai 2015a] also implemented the 

furan/maleimide combination in polybutadiene rubber (BR) in search of recyclable tires; 

they added a furan heterocycle as pending group in BR (by means of a thiol-ene reaction 

of furfuryl thiol) and added maleimide as dienophile to crosslink the system. According 

to Trovatti, the forward reaction is dominant around 60°C which allows for a maximum 

use temperature of 60°C. The reverse reaction is dominant above 100°C, implying that 

there is increased mobility and theoretically the forward reaction should occur again 

when cooled below 60°C. Considering that the forward Diels-Alder reaction occurs at 

60°C, this may lead to self-healing without any intervention in some applications. 

Trovatti also studied the viability of applying this approach to natural rubber (NR) 

[Trovatti 2017]. As expected, the process was more complex that the corresponding BR 

process because the chemical structure of NR, exclusively composed of long chains with 

double bonds, is less reactive that the pending vinyl units in BR. NR was chemically 

modified with furan moieties, which in the presence of bismaleimides led to the 

elastomer crosslinking. The modification yielded about 2% of insertion of furan motifs 

per poly(isoprene) unit. The reversibility of the DA reaction was successfully proven by 
1H NMR measurements. Although this research was a proof-of-concept, the possibility of 

crosslinking NR in a reversible fashion opens the way to a straightforward mode of 

recycling and/or healing elastomeric articles, such as tires. Considering that the 
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maximum temperature reached by an on-use tire is about 80°C under the most straining 

circumstances and, moreover, that the retro-DA process is rather slow, the tires would 

withstand these conditions without losing their performance for long time. 

A similar healing reaction, but in poly(styrene-block-butadiene-block-styrene) (SBS) 

rubber was described by Bai et al. [Bai 2015b]. They grafted furfuryl groups to the SBS 

rubber which was crosslinked by introducing bismaleimide into the toluene solution. 

After stirring, the solution was casted and dried at 80°C for 12h. The resulting film was 

then cut and remolded under 10kPa of pressure at 160°C for 5min, presumably breaking 

the DA crosslinks. The remolded film was then cooled for 2 days, after which tensile 

tests showed only a slight decrease in modulus and tensile strength, indicating the 

reformation of the DA crosslinks. 

DA chemistry should also provide an opportunity to crosslink butyl rubber (IIR). 

However, the application of DA chemistry to IIR has encountered some limitations due to 

the incomplete reactions and mixtures of products obtained during the preparation of the 

diene, as well as unoptimized reaction conditions for polymer grafting [Mclean 2007]. 

Moustafa et al. [Abd Rabo Moustafa 2013] tried to overcome these limitations by 

grafting poly(ethylene oxide) (PEO) or polystyrene (PS) while at the same time 

introducing carboxylic acid moieties along the polymer backbone. They demonstrated 

how the preparation of butyl rubber graft copolymers using DA chemistry could be used 

to tune their tensile properties as well as their thermal reversibility. This versatility opens 

prospects for new self-healing approaches in rubbers. 

 

 
Figure reprinted and adapted with permission from [Zhao 2016]. Copyright 2015, Royal Society  

of Chemistry. 

Figure 3. Schematic illustration of the self-healing process in polysiloxane crosslinked by DA bonds.  
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Self-healing poly(dimethyl siloxane) (PDMS) elastomers based on DA reactions are 

another rubber family facing difficulties, possibly because of limitations in finding the 

appropriate precursors for their synthesis. To prepare an excellent self-healing PDMS, the 

compatibility of the two main precursors, the reactivity of DA bond moieties (maleimide 

or furan) in the precursor, as well as the crosslinking network parameters such as chain 

mobility and crosslinking degree must be considered. Zhao et al. [Zhao 2016] reported a 

facile route to prepare a thermally healable polysiloxane elastomer by directly 

crosslinking PDMS bearing maleimide pendants (PM) with a furan-end functionalized 

siloxane (FS) via the DA reaction. The self-healing properties were quantitatively 

evaluated by tensile tests obtaining a healing efficiency of 95% after 24h at 80°C. They 

proposed a healing mechanism composed of 3 steps: i) adjoining two fracture surfaces, ii) 

retro-DA reactions and molecular diffusion, and iii) DA bond regeneration (see Figure 3). 

Based on this mechanism, the authors concluded that the molecular weight of the 

precursors plays an important role. When the molecular weight of the precursor bearing 

maleimide pendants is too high, the mobility of molecular chains reduces the molecular 

diffusion and DA bond re-formation at the fracture interface, which will decrease the 

self-healing efficiency. However, if the molecular weight of the precursor is too low or 

the DA bond content is too high, the obtained crosslinked rubber will be very brittle and 

not useful. In conclusion, choosing an appropriate precursor with appropriate molecular 

weight and maleimide content is the key to obtain a self-healing PDMS elastomer with 

good mechanical properties. 

 

 

2.2. Disulfide Exchange Reactions 

 

Sulfur chemistry has historically played an essential role in rubber science and 

engineering, since sulfur vulcanization has been the traditional method for curing 

polydiene rubbers. Sulfur reacts with rubber chains creating sulfur crosslinks of different 

lengths (i.e., mono-, di- and poly-sulfides), pendant side groups, and cyclic sulfides 

[Alliger 1964, Hofmann 1967]. Naturally, the study concerning disulfide bonds is of 

great value for the design of self-healing rubbers because they can undergo different 

reversible reactions (metathesis reactions) such as disulfide exchange and thiol-disulfide 

exchange, to obtain self healing properties [Hager 2016]. The disulfide interchange also 

offers a significant advantage because sulfur-sulfur (S-S) bonds can be incorporated into 

low Tg networks (e.g., rubbers), thus facilitating mild temperature (close to room 

temperature) reversibility. 

Klumperman et al. [Canadell 2011] used disulfide chemistry to introduce a self-

healing ability in a covalently crosslinked rubbery material. An epoxy resin containing 

disulfide groups in its structure was crosslinked with a tetrafunctional thiol. When a 

sample of this network was damaged and the fracture surfaces were immediately put into 
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close contact and heated at 60oC, the mechanical properties were fully restored in just 1h. 

As expected, longer healing times led to better healing, but even when the contact time 

between the two broken parts was as short as 15min, healing was observed. The results 

indicated that the healed samples had elastic properties similar to the original material, 

even after multiple healing cycles. They first ascribed the healing mechanism to disulfide 

exchange reactions; however, in a later article they concluded that thiol-disulfide 

exchange reactions were more likely responsible for the healing process [Pepels 2013]. 

In the same line of research, Lafont et al. [Lafont 2012] demonstrated that thermoset 

rubbery materials (epoxy based) containing disulfide bonds showed cohesive and 

multiple adhesive healing ability once cured. Inspired by this work, Abdolah Zadeh et al. 

[Abdolah Zadeh 2014, Abdolah Zadeh 2016] synthesized and evaluated the first 

generation of intrinsically healable sol-gel based polymers with reversible tetra-sulfides. 

They found that the macroscopic flow properties of the developed polymers were 

strongly affected by the content of reversible groups, the density of permanent crosslinks 

and the healing temperature, achieving the highest healing efficiency at 70oC. 

A review by Gyarmati et al. reported that the S-S bonds in a hydrogel are able to self-

heal in basic environments [Gyarmati 2013]. Here, the disulfide crosslinks were cleaved 

by a reducing agent (dithiothreitol), forming S-H end groups in place of the crosslink 

positions. Reformation of the bonds occurred through an oxidation reaction with 

hydrogen peroxide. This behavior was demonstrated in an alkaline medium at a pH of 9. 

They reported restoration of over 50% for both strength and elongation compared to the 

virgin material, after 24h of healing, without intervention. They also reported that these 

properties remain after several healing cycles, indicating that the redox-reaction that 

makes this self-healing behavior possible is reversible. This behavior should be possible 

for any polymer network, where thiol-disulfide exchange reactions are used to synthesize 

the material [Gyarmati 2013]. 

Another approach was reported by An et al. [An 2015]. They use a thiol-ene click-

type radical addition of methacrylate copolymers having pendant vinyl groups with a 

polythiol, creating dynamic disulfide crosslinkages to yield dual sulfide–disulfide 

crosslinked materials. This reaction is triggered upon UV illumination and causes the 

formation of sulfide crosslinks, by using S-H groups of polythiol, which react with vinyl 

groups. They found that a material with an excess of S-H groups can be treated with 

iodine as an oxidizing agent, leading to disulfide linkages. These disulfide linkages were 

found to exhibit self-healing behavior at room temperature. The healing time appeared to 

be related to the size of the cuts introduced, but no external stimuli were present during 

healing. They also concluded that a sufficient concentration of disulfide crosslinks was 

required to exhibit self-healing properties. They also found that adding 6% iodine yielded 

full conversion of free S-H groups to disulfide linkages, which resulted in repair of cuts, 

as well as recovery of the storage modulus after 100% strain. However, when only 3%  
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iodine was used, no healing behavior was observed, hence indicating the importance of 

the disulfide crosslink concentration. It must be noted that healing was enabled through 

disulfide crosslinks, but the cuts healed were all under 0.1mm in depth. 

An inconvenience arises in case of application of this technology to natural and 

synthetic rubbers. Since vulcanization normally occurs under high-temperature, the 

thermal sensitivity of the additives necessary for the sulfur self-healing must be taken 

into account. This prohibits the use of thiols in this application, as thiols are prone to 

oxidation [Xiang 2015]. Above 70°C, the accelerated oxidation hinders the exchange 

reaction with disulfides [Lei 2014]. 

To overcome this limitation, Xiang et al. introduced CuCl2 as a new catalyst for the 

metathesis of sulfur bonds [Xiang 2015]. They experimented with this catalyst and found 

that metathesis of disulfides is possible in vulcanized BR, with an estimated content of 

62% and 31% disulfide and polysulfides crosslinks, respectively. They reported self-

healing behavior of its compound from temperatures above 110°C. The reaction as 

expected by theory is shown in Figure 4. Xiang et al. quantified the healing by comparing 

the tensile strength of the healed and the virgin material and found that after one healing 

cycle of 12h at 110°C, 75% of the tensile strength was recovered. In test specimens with 

the catalyst disabled, only 12% recovery of tensile strength was observed, which was 

attributed to molecular diffusion. By repeating the healing process, the remaining tensile 

strength dropped to approximately 40% after the third cycle. Xiang et al. also concluded 

that healing efficiency should be higher, if the non-contact zones after fracture are 

eliminated. They estimate that these non-contact zones in their experiments make up for 

6-10% of the total fracture area. Finally, they found that the tetrasulfide greatly improves 

the mobility of the catalyst, which ensures a better distribution in the rubber. However, it 

was observed that CuCl2 was not homogeneously distributed, which impairs the healing 

as less sulfide crosslinks will be able to recombine. 

 

 
Figure reprinted and adapted with permission from [Xiang 2015]. Copyright 2015, Royal Society  

of Chemistry. 

Figure 4. Reaction process of sulfide crosslink metathesis catalyzed by CuCl2.  
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Figure 5. Photographs of: a) pristine; b) cut and c) healed NR samples. 

It must be noted that further research would have to be conducted to see whether 

adding these catalysts after vulcanization is an option. The research by Xiang does not 

mention any healing at elevated temperatures without the use of the CuCl2 catalyst. 

Disulfide and polysulfide bonds are known to degrade at temperatures above 60°C 

already over time (they are considered stable up to 50°C). So in this case, CuCl2 would 

only act as a catalyst, but healing at elevated temperatures should be possible 

nonetheless. 

Later on, Xiang et al. considered to extend the above concept to chloroprene rubber 

(CR), another widely used elastomer commonly vulcanized with sulfur [Xiang 2016]. It 

turned out that CuCl2 could not directly be applied to CR because of its reduced catalytic 

effect in polar rubbers. Therefore, they considered as possible catalyst candidate copper 

methacrylate (MA-Cu). In presence of this catalyst the inherent sulfur crosslinks of 

vulcanized CR were allowed to be dynamically rearranged and reshuffled at 120°C, 

imparting the rubber with the functionality of repeated self-healing, reshaping and 

recycling. 

Without the need of additional catalysts and playing with the amount of sulfur and 

curing degree (50% and 90%), Hernández et al. [Hernández 2016a, Hernández 2016b] 

reported sulfur-cured natural rubber (NR) compounds with self-healing capability 

without modifying conventionally used rubber formulations. Tensile tests on pristine and 

healed samples were performed. Macroscopic damage was introduced to rectangular 

samples by manually making a straight cut along the width using a fresh scalpel blade. 

Within 5min after cutting, the rectangular damaged samples were carefully positioned 

inside a home-built healing cell such that the cut surfaces were in seemingly optimal 

initial contact. Based on earlier work [Abdolah Zadeh 2014, Canadell 2011, Hernández 

2016b, Pepels 2013], the cut samples were healed at 70°C and 1bar for 7h. Healing, here 

understood as the disappearance of the cut and restoration of the mechanical integrity 

(see Figure 5), was only observed for compounds with low sulfur content (0.7phr), 

resulting in a maximum recovery of tensile stress of ~ 80% [Hernández 2016a]. 

Interfacial damage on samples to be evaluated by Single Edge Notched Tensile 

(SENT) test was also created for quantification of the healing efficiency. A testing 

protocol based on fracture mechanics was used. It was recently demonstrated that such an 
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approach provides more realistic measure of the interfacial healing achieved compared to 

tensile experiments [Grande 2015]. The 50%-cured NR compound showed a recovery of 

the fracture energy of 63% (see Figure 6). 

Hernández et al. [Hernández 2016b] also studied a uniform molecular network 

damage (due to multiple straining cycles of the entire sample) imposed to 50% and 90% 

sulfur-cured NR compounds. Healing of the cyclic strained samples not showing 

macroscale damage was done by pressure-less relaxation for 3h at 70°C. For both rubbers 

the instantaneous elastic modulus appeared to be completely recovered in the first cycle. 

However, the global tensile behavior differed after the thermal healing treatment. For the 

50%-cured NR, the potentially higher availability of reversible bonds led to full recovery 

of the original properties thanks to the overall mobility. While for the 90%-cured rubber, 

the rupture of permanent bonds was irreversible, causing permanent damage and thus 

very low healing values (see Figure 6). Healing was quantified according to the 

difference in instantaneous tensile modulus between the 1st and 10th loading cycle. Such 

an approach was selected in order to only consider the effect of reversible bonds on the 

recovery of mechanical properties since the residual permanent bonds (related to the 

instantaneous modulus of the 10th cycle) do not contribute to the network healing. 

 

 

Figure 6. Healing efficiency calculated from cyclic, tensile and fracture as a function of curing degree 

for low sulfur content NR compounds. 

The dynamic character of the di- and poly-sulfide bonds naturally present in 

covalently crosslinked NR was also studied and found to be responsible for the healing 

ability and the full recovery of mechanical properties (tensile) at moderate temperatures, 

provided the material was employed in a non-fully cured starting state. Hernández et al. 

also demonstrated that the underlying disulfide metathesis healing mechanism is based on 

temperature-driven sulfur radical reactions. In addition, this study revealed that the ratio 
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between di- and poly-sulfide bridges is an important mechanistic parameter, although 

other limiting factors on healing seem to be sulfur content, crosslinking density, post-

curing storage time and contact time between damaged surfaces before healing treatment 

(see Figure 7). 

 

 
Reprinted with permission from [Hernández 2016a]. Copyright 2016, American Chemical Society. 

Figure 7. Mechanical healing efficiency as function of disulfide/polysulfide ratio for different NR 

compounds at different curing times. Sulfur content: CV1 < CV2 < CV3).  

Moving a step further, Hernández et al. [Hernández 2016b] explored the potential of 

broadband dielectric spectroscopy (BDS) as a new tool to assess macroscale and network 

polymer healing processes, thanks to its unique ability to describe mobility as a function 

of polymer architecture. For the proof of concept, the authors studied the partially cured 

NR compounds referred above. The dynamic relaxations analysis gave evidence on the 

formation of a heterogeneous network structure at the healed interface or in the bulk, 

after the partial recovery of the macroscale damaged interface and/or strained polymer 

network, demonstrating that the polymer architecture in the healed material differs from 

that in the original one. A good correlation was found between crosslinking density, Tg 

and healing efficiency, when monitoring the healing process at a scale close to the 

relevant molecular processes. These results highlight the potential use of dielectric 

spectroscopy as a powerful technique for the development and understanding of intrinsic 

healing polymers. However, further tests are necessary to confirm the broader 

applicability of this technique. 

Using alternative crosslinking systems, a study by Imbernon et al. showed disulfide 

healing in an epoxidized natural rubber (ENR) system crosslinked by dithiodibutyric acid 

(DTDB) [Imbernon 2015]. The crosslinking relies on these di-acids carboxylic groups to 

react with the epoxides within ENR, whereas healing is enabled through DTDB’s 
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disulfide bonds. The healing was performed by grinding the crosslinked rubber, after 

which it was remoulded. After the remoulding, the maximum stress decreased 

significantly though (approx. 45% drop), whereas the maximum strain maintained about 

85% of the maximum strain before remoulding. 

 

 
Figure reprinted and adopted with permission from [Rekondo 2014]. Copyright 2013, Royal Society of 

Chemistry. 

Figure 8. Proposed interactions involved in the self-healing process of a poly(urea-urethane)  

(PUU) elastomer.  

Polyurethanes (PU) are another representative rubber family of recent developments 

in the field of self-healing. Amamoto [Amamoto 2012] reports macroscopic self-healing 

on covalently crosslinked PU systems based on reshuffling of thiuram disulfide units, 

solely under the stimulation of visible light at room temperature and without any solvent. 

Aromatic disulfide structures have also been explored to ensure exchange reactions to 

take place at room temperature and without the need of any stimulus. The pioneering 

work of Rekondo et al. [Martin 2014, Rekondo 2014] is a clear example of this approach. 

They synthesized a poly(urea-urethane) (PUU) elastomeric system having aromatic 

disulfide bridges as crosslinks. The self-healing mechanism of this system was attributed 

to two structural features present in this crosslinking unit: i) the aromatic disulfide which 

is in constant exchange at room temperature, and ii) two urea groups, capable of forming 

a quadruple H-bond (see Figure 8). This unique combination endowed the elastomer with 

a healing efficiency of 80% after 2h of contact between the two broken parts of the 

sample, without the need for any external intervention or catalyst. 

Playing with aromatic disulfides, Aguirresarobe et al. [Aguirresarobe 2017] also 

incorporated them as chain extenders in waterborne organic-inorganic polyurethane 

hybrids. The metathesis reaction of disulfide bridges provided repetitive healing abilities, 

as determined by tensile measurements, with a maximum value of 80% for the first 

healing event. 
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In all these examples, the disulfide exchange reaction has been regarded as the main 

contributor to the restoration of mechanical strength. More recently, the shape memory 

concept [Ahmed 2015, Kirkby 2008, Luo 2013, Nji 2010, Rodriguez 2011] has been 

combined with self-healing mechanisms and is attracting great research efforts. Shape-

memory polymers are a class of stimuli-responsive polymers that have the capacity to 

reversibly change from a temporary fixed shape to a permanent pre-programmed shape 

on application of a stimulus [Lendlein 2002]. Xu and Chen [Xu 2016c] report for the first 

time a self-healing PU system based on the combination of disulfide bonds and shape 

memory effect. It is known that PU is a kind of polymer that has typical hard/soft 

segmental dual-component structure. If the soft segment is able to significantly alter its 

stiffness by the glass transition (Tg) or melting (Tm), while the hard segment is elastic in 

this range of temperature, then the PU can exhibit heating-responsive shape memory 

effect. Synthesized PU films were scratched with a razor blade to an approximately 50% 

of the thickness of the sample and then heated to 80°C. With the assistance of shape 

memory effect, the scratches on the material almost disappeared in just 5min. Healing 

was also quantified by tensile tests after a heating process of 4h, achieving 92% of 

recovery on tensile strength. Xu and Chen concluded that disulfide exchange reactions 

reestablish the chemical bonding across the crack surface during the healing process and 

thus lead to the almost full recovery of mechanical properties. Meanwhile, shape memory 

effect acts as an auxiliary recovery force. It contributes to the macroscopic scale scratch 

surface approaching and enables disulfide exchange reactions to be initiated rapidly, but 

it barely contributes to the recovery of the mechanical properties. 

Finally, silicone rubber (PDMS) has attracted vast interest among the self-healing 

field. After the ground-breaking results by White and Sotto [Keller 2007] with 

microcapsules containing a healing agent embedded in a PDMS matrix, many research 

groups have reported diverse results by applying different healing approaches. Recently, 

Xiang et al. [Xiang 2017] proposed a facile route to prepare reversibly cured silicone 

elastomer from -dihydroxyl polydimethylsiloxane through condensation reaction with 

disulfide bond-containing silane coupling agent as crosslinker. A key innovative part of 

this investigation was that both PDMS and silane curing agent are not tailor-made in 

laboratory, but market available, which is conducive to the industrialization of the 

outcomes. Moreover, a second innovative aspect of this research was the use of sunlight 

for triggering disulfide bonds metathesis. They employed two light sources: sun and a 

xenon lamp, varying the power intensity. Xiang found that the UV component in the 

sunlight is the key stimulus for the exchange reaction, originating radicals from disulfide 

scission due to UV radiation. The healing efficiency, calculated from the restoration of 

mechanical strength, reached its maximum when using a light intensity of 100mW/cm2 

after 48h. 
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2.3. Self-Healing Rubber Composites 

 

All the previous examples of rubbers based on reversible crosslinks by DA or 

disulfide exchange reactions can be considered successful since all of them display high 

healing efficiencies. However, in general terms, they suffer from poor mechanical 

properties. The addition of reinforcing fillers absolutely enhances their mechanical 

performance, but usually, this is accompanied by the disadvantage that the reinforcing 

agent retards the reconstruction of the network and thus its self-healing ability. A trade-

off between repairability and mechanical properties is thereby often seen in self-healing 

rubbers. The inclusion of nanofillers in small amounts appears as a good alternative to 

defeat this trade-off by improving the mechanical/structural performance and generating 

heat within the matrix so the healing process after damage can be accelerated. 

Nanofillers of different nature have been added to self-healing polyurethanes. Li et 

al. [Li 2014] prepared a covalently bonded graphene oxide/polyurethane (GO/PU) 

composite with significant reinforcement and thermally healable properties. In this work, 

the PU prepolymer was prepared in situ on the surface of GO to obtain GO/PU 

composites with furfuryl alcohol as the end group. The as-prepared GO/PU was then 

covalently crosslinked by bifunctionalmaleimide via the DA reaction. The results showed 

that with the incorporation of 0.1wt% of GO, the tensile strength of the composites 

increased by more than 360% with a healing efficiency of 71%. 

The use of attapulgite (AT) as nanofiller in PU systems has also caught attention. A 

series of PU/AT nanocomposites were prepared by solution blending by Xu and Chen 

[Xu 2017]. AT is a natural hydrated magnesium-aluminum silicate clay with abundant 

hydroxyl groups covering its surface. These groups may form hydrogen bonds with 

various kinds of proton acceptor groups, which generally result in significant 

enhancement of mechanical properties. Therefore, AT can be seen as a promising low 

cost replacement for carbon nanotubes (CNTs) and graphene, which are far more costly. 

Xu and Chen added 1 to 5% of AT to the self-healing PU based on disulfide bonds and 

shape memory effect detailed in the previous section. Tensile strength increased 

continuously until AT content was 3%. After a healing process of 4h at 80°C, all samples 

regained different levels of their original tensile strength. With 1% of AT, 41% of tensile 

strength was recovered, which was the highest among samples; further increase on AT 

content would weaken the healing effect gradually, until almost no healing was observed 

when AT content was 5%. In conclusion, by modifying the amount of AT, both self-

healing and mechanical properties can be tailored. 

Another example of enhancement of mechanical properties without detriment of 

healing capability was reported by Kuang et al. [Kuang 2016], adding MWCNTs to SBR 

on the basis of DA bonding. Furfuryl modified SBR and furfuryl functionalized 

MWCNTs were reacted with bismaleimide to form a covalently bonded and reversibly 
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cross-linked SBR/MWCNTs composite. The nanofiller played dual roles of reinforcing 

and healing agent. 

Using the DA strategy, Trovatti explored the possibility of binding furan-modified 

NR to nanocellulose customized with a maleimide function [Trovatti 2017]. Although 

they did not measure healing as such, they obtained an increase in modulus by a factor of 

100, with respect to the non-modified nanofiller, when the maleimide-modified 

nanocellulose was mixed with the furan-modified NR. The chemical coupling of the 

modified nanocellulose with the modified NR gave therefore rise to a composite in which 

the reinforcing nanofiller was covalently linked to the elastomeric matrix thanks to the 

DA coupling. 

The majority of studies covering the intrinsic healing of polymer composites report 

on the healing of structural properties and on the use of reinforcing agents (e.g., 

nanofillers) for improving the mechanical performance. However, nanofillers can also be 

used for restoring other functionalities, i.e., non-mechanical properties such as thermal 

conduction, electrical conduction and magnetic shielding, among others. Hernández et al. 

[Hernández 2017] aimed at restoring more than one functionality after healing a 

macroscopic damage in NR/graphene composites. They evaluated the restoration of 

electrical and thermal conductivity in a mechanically damaged sample. Different healing 

trends as function of the graphene content (0-2phr) were found for each of the 

functionalities: (i) thermal conductivity was fully restored independently of the graphene 

filler loading; (ii) electrical conductivity was only restored to a high degree above the 

percolation threshold; and (iii) tensile strength restoration increased more or less linearly 

with graphene content but was never complete (see Figure 9). A dedicated molecular 

dynamics analysis by dielectric spectroscopy of the pristine and healed samples 

highlighted the role of graphene-rubber interactions at the healed interphase on the 

overall restoration of the different functionalities. Based on the results, they suggested 

that the dependence of the various healing efficiencies with graphene content is due to a 

combination of the graphene induced lower cross-linking density, as well as the presence 

of strong polymer-graphene interactions at the healed interphase. Important to mention 

that even though the healing efficiency achieved in this study for all functionalities is 

significantly high, the mechanical performance of the rubber compounds was not as 

satisfactory as expected. 

Fu et al. [Fu 2016] worked with CNTs instead. They developed a new kind of 

thermally reversible self-healing PU that simultaneously had good processing properties, 

high thermal stability and improved electrostatic dissipation capacity. They synthesized a 

linear polymer with multi-furan rings and a hyperbranched multi-maleimide, so the DA 

reaction would take place and be responsible for the self-healing capability. With small 

loadings of CNTs (1-2wt%), they achieved a healing efficiency as high as 93% when the 

sample was maintained at 130°C for 5min. The samples also showed excellent 
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electrostatic dissipative properties and outstanding thermal stability with a decomposition 

temperature 20-40°C higher than those reported for self-healing PU. 

 

 
Figure reprinted with permission from [Hernández 2017]. Copyright 2017, IOP Publishing. 

Figure 9. Overall healing of multi-functionalities of NR/graphene nanocomposites healed at T = 70°C, 

as function of graphene content.  

 

3. OUTLOOK 

 

This chapter aimed to give an overview of the reversible covalent bonding 

chemistries used for crosslinking and conferring healing properties to rubbers. Special 

emphasis has been drawn to two reversible chemistries: Diels-Alder and disulfide 

exchange reactions. 

The furam/maleimide combination is the leading example of Diels-Alder chemistry. 

In this reaction, a reversible linker moiety is cleaved, resulting in two reactive groups that 

subsequently react. The wide accessibility to this Diels-Alder combination offers efficient 

reversibility and hence healing. However, the extended reaction time and required 

elevated temperatures (80-130oC) compromise the application potentiality. A further 

opportunity to obtain self-healing based on reversible covalent bonds is the introduction 

of dynamic disulfide groups into the rubber. Disulfides (and higher homologs) are present 

in all sulfur-vulcanized rubbers, consequently the use of this approach seems more than 

reasonable despite certain limitations; mechanical performance is still low if we want to 

scale-up this concept to real life applications. Thus, depending on the application the 

selection of one or other chemistry might be preferable. In any case, the crucial points 
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will be the required healing temperature and the external trigger. Ideally, the damage 

itself would be the trigger. 

In conclusion, we have highlighted a growing trend in self-healing elastomers that 

exploits the use of dynamic covalent bonds. The interest in architecture design of new 

dynamic rubber networks is also rising. The various examples herein discussed only 

constitute a small showcase of the tremendous possibilities offered by dynamic bonds for 

the development of self-healing rubbers and elastomers, covering a wide range of 

properties and applications. They represent a good prospect in aerospace, electronics and 

other relevant fields. It can be expected that in the future a greater range of dynamic 

bonds will be used to produce intrinsic self-healing polymers or maybe even of greater 

interest will be the possibilities of combining different dynamic bonds into the same 

material to allow access to a new range of properties. However, we are still a long way 

from commercial applications. So, research must continue as to achieve higher 

mechanical properties at working conditions and milder healing conditions. 
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ABSTRACT 

 

The self-healing ability of poly(ethylene-co-metacrylic acid) (EMAA) copolymer 

neutralized with sodium salt forming the ionomer known as Surlyn® has been 

investigated using various types of low-velocity damage: indentation, puncture and 

scratch with razor blade, and puncture with different sharp metallic pointers. These types 

of macroscopic damages create low-energy heat transfer to the tested material and 

therefore, thermal energy must be externally added to the material to trigger its healing 

properties. Different thermal treatments have been carried out using a range of 

temperatures (40, 55, 70 and 105ºC) and heating times, to determine the healing abilities 

of the material and to optimize the healing procedure for each type of damage. The use of 

70ºC for 40 min is an effective healing route for the most of the damages, but only 

complete healing values were obtained when using 105ºC. 

 

Keywords: ionomer healing, scratch tests, puncture tests, thermally activated process, 

low-energy transfer damage 
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1. INTRODUCTION 

 

Plastic films and plates used in packaging and storage containers are subjected to 

different damages during the filling process and life of service; such as impact, tearing or 

punctures; and the product packed may become tainted or lost by leakage. Therefore, 

self-healing polymers are being developed and studied to extend the life of service of 

these packaging materials and to expand their possible applications. 

Poly(ethylene-co-methacrylic acid) (EMAA) copolymer neutralized with sodium salt 

forming the ionomer known as Surlyn® has been extensively studied in literature due to 

its self-healing properties under ballistic damage [1, 2] and even under hyper-velocity 

impacts (1-4 km/s) simulating space debris impacts [3]. 

Under this high velocity deformation damages, the material suffers a first elastic 

recovery after the bullet penetration (elastic rebound or shape memory) and due to the 

friction between the bullet and the material there is a transmission of energy revealed as 

an increase of temperature, i.e., about 105ºC are created in the tested polymer in the 

surrounding zone of the impact zone as reported by Fall [4]. Due to this heating process, 

the polymeric material suffers a viscous response creating a flow of polymer across the 

impact fracture sites. When this flow is high enough it involves enough number of chain 

entanglements, which can heal the damage as reported by some authors [1-3]. 

Most studies about self-healing ability of this ionomer have been focused on its 

ability to recover after high-heat transfer energy damages. Meanwhile, the healing ability 

under low-heat transfer energy damages has received much less attention although this 

kind of damages is probably the key ones in packaging applications. Some studies have 

reported the healing ability of ionomers after cone damages created by a hardness 

indenter [5] and some authors studied the response after nanoscratch damages created by 

nanoindentation using a sphere-conical diamond indenter tip [6]. In all the cases, after the 

low-energy heat transfer damage; the material needed some external heating to promote 

healing mechanisms. 

It is well known in literature [7] that three factors are responsible for self-healing 

ability of Surlyn® material: (i) order-disorder transitions of multiplets [8] activated at 

about 50ºC; (ii) ion hopping; and (iii) reversible hydrogen bonding.  

Multiplets in ionomeric polymers are aggregates formed by several ion pairs [9, 10] 

which form regions with restricted molecular mobility or “physical cross-linking” sites. 

However, there are other similar polymers, such as Nucrel® copolymer, with the 

same chemical composition that Surlyn® but with the absence of ions in its composition, 

which do not show these three self-healing mechanism, being reversible hydrogen 

bonding the only self-healing factor. 

In this research, the ability of the commercial ionomer Surlyn® 8940 to heal have 

been evaluated after applying different types of macroscopic low energy-transfer 

damages: (i) indentations, (ii) scratch and pressing with razor blade and (iii) puncture 
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tests with metallic pointers. Different thermal stimulation treatments have been used 

changing: (i) temperature, (ii) heating time and (iii) continuous or discontinuous heating. 

Damages caused in the material and the residual damages after the healing process have 

been characterized using an optical 3D profiler and scanning electron microscopy (SEM). 

The optimal healing thermal treatment has been established for each type of damage and 

the effectiveness of the healing mechanisms that intervene in the difference heating 

treatments has been established. Moreover, mechanical properties before and after the 

healing treatments were evaluated to determine their possible influence in the mechanical 

behavior of the polymer. Additionally, Nucrel® thermoplastic polymer has been 

damaged as a comparative material, in order to evaluate the influence of the multiplets 

formed by the ionomeric parts of the polymer chains in the healing beavior of Surlyn®.  

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1. Materials 
 

The self-healing polymer used in this work was commercially available from 

DuPontTM (Spain) with the name and code Surlyn® 8940. It has a melting temperature 

of 93ºC and is a partially neutralized poly(ethylene-co-methacrylic acid) random ionomer 

co-polymer (EMAA). It contains a 5.4 mol.% proportion of methacrylic acid groups and 

of these, a 30% have been neutralized with sodium hydroxide forming the ionic chemical 

groups called multiplets, which are characteristics of this type of ionomers. 

The polymer was received as pellets and dried in a vacuum oven at 75ºC for 2 days. 

Coupons of approximately 2 mm and 4 mm thick were prepared using a platen press set 

to 160ºC and applying a pressure of 5 bar (Collin P300M press) for several minutes. 

After that, a cooling ramp of 15ºC/min was applied. 

From these plates, mechanical tested specimens were prepared using metallic dies 

with different sizes and geometries. Plates of EMMA copolymer without metallic salt 

neutralization, commercially available in the form of pellets with the name of Nucrel® 

from DupontTM, were prepared from pellets, using the same procedure as in the case of 

Surlyn®. 

 

 

2.2. Damages and Healing Treatment Strategies 

 

2.2.1. Indentation Damages 

Mechanical indentations using different indenter geometries were developed in both 

polymers. Conical indentations were performed in the surface of the ionomer using a total 

load of 10 kg applied during 10 s.  
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Shore D tests following the ASTM D2240-05 standard [11] were also conducted 

allowing to obtain the hardness of the specimen and to create a very sharp damage on the 

ionomer surface. 5 kg load was applied for 1 s with a carbon steel needle as indenter. 

 

2.2.2. Razor Blade Damages 

Sharp razor blades were used to conduct two different types of damages in the 

polymers: (i) pressing the surface with the blade using a manual-pressing machine 

(Figure 1a) with a controlled pressure of 2 Tons and (ii) manual scratches. Pattern 

damages of both types of macroscopic damages are shown in Figure 1b. 

 

 

Figure 1. (a) Pressing configuration of the polymers plates using controlled load and razor blades; 

(b) Pattern of pressing (vertical direction) and scratch (horizontal direction) damages made with razor 

blade on a plate of Surlyn® (c) Magnesium sample holder (bar scale in mm) used to cause damage by 

penetration of a nail at a controlled speed (d) configuration used with a universal testing machine 

working in compression mode and damage on the material after puncture test (insert). 
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2.2.3. Puncture Damages 

The puncture tests were conducted using a universal testing machine (Ibertest-Elib-

20/W). Two different sharp metallic styluses with different diameters, 2 mm and 9 mm, 

were used to create penetrating damages at low deformation speed. 2 mm plates of both 

Surlyn® ionomer and EMMA thermoplastic polymer Nucrel® were tested. The stylus 

was in the superior clamp of the testing machine, which was moved in compression 

mode. The samples were fixed in a special magnesium sample holder fabricated for this 

purpose (Figure 1c). The upper magnesium plate fixed the sample at a constant torque of 

0.1 (N·m) with the use of the screws, avoiding the displacement of the sample plate 

during the puncture test.  

The upper and the lower magnesium plates of the sample holder were drilled to have 

a central hole to allow the penetration of the stylus.  

The sampler holder was in the lower part of the testing machine (Figure 1d).  

A vertical displacement of the stylus of 12 mm and a controlled perforation speed of  

400 mm/min were used in the puncture tests. 

 

 

2.3. Healing Treatments of the Polymers 

 

To evaluate the healing properties of the polymers, different heating temperatures 

were used, i.e., 40ºC, 55ºC, 70ºC and 105ºC. Furthermore, two different heating 

procedures were used: 

 

1) Discontinuous process: the same coupon of damaged polymer was heated up and 

observed every 10 minutes from 10 to 60 minutes of treatment. After each 

heating time, the coupon was cooled down to room temperature and the healing 

ability was measured.  

2) Continuous process: only one heating step was used. Different coupons of 

damaged polymer were used to study the different recovery times: 20, 40, and 60 

minutes. 

 

Temperature of 40ºC was selected trying to elucidate the influence of the transitions 

in the healing abilities of the material. 

Temperatures of 55 and 70ºC were selected because they are above the multiple 

transition temperatures (35-55°C) of the ionomer material but below its melting 

temperature (93-97ºC). Finally, temperature of 105ºC was selected as an attempt to 

simulate the temperatures produced during ballistic tests. This temperature is above 

melting temperature for both, Surlyn® and Nucrel®, but we considered it would be 

interesting in terms of testing the material above its thermal limits. This has been also 

suggested by other researchers elsewhere [12]. 
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Mechanical indentations using different indenter geometries were developed in both 

polymers. Conical indentations were performed in the surface of the ionomer using a total 

load of 10 kg applied during 10 s.  

Shore D tests following the ASTM D2240-05 standard [11] were also conducted 

allowing to obtain the hardness. 

 

 

2.4. Characterization of the Healing Process 

 

2.4.1. Indentation and Razor Blade Damages 

Indentation and razor blade damages in the polymers were characterized by using 3D 

Optical Profiler (Zeta-20; from Zeta Instruments). This equipment allows the acquisition 

of 3D micrographs of the surface of the sample at different magnifications, due to the 

motorized movement of the objective. Therefore, 3D micrographs of the damages were 

obtained. 

Cross-section profiles of the damages were obtained with the Zeta 3D software. In 

this case, the healing ability of each material was determined by means of the percentage 

of recovery in depth (), using the following equation: 

 

φ (%) =  
hf−ho

ho
× 100 (1) 

 

where ho is the maximum depth caused by the damage event and hf is the residual 

maximum depth after the healing treatment applied, as determined by cross-profiles of 

the 3D micrographs through the damage. 

Besides, in some healing events, the materials did not only heal the damage 

decreasing its depth, but also laterally closing the volume of the damage, as previously 

observed by Vega et al. [6]. In these cases, Mountains software (Digital Surf Company) 

was also used to calculate from 3D micrographs the healing of the material in terms of 

volumetric percentage (V%), as defined in equation 2: 

 

V (%) =  
Vf−Vo

Vo
× 100 (2) 

 

where Vo is the volume caused by the damage event and Vf is the volume of the damage 

after the application of the healing treatment. 

Both, φ and V percentages are parameters of the viscoplastic healing ability of the 

material. 
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2.4.2. Puncture Damage  

In the case of the puncture tests, the area of the hole and the length of the created lips 

were measured using an Optical Microscopy and Image Proplus® software just after the 

damage conception and after the healing treatments.  

Recovery percentages (%) were established for each case.  

 

 

2.5. Mechanical Tests 

 

Mechanical characterization has been performed to characterize the possible 

deterioration of the mechanical properties of the ionomeric polymer due to the heating 

treatments used for healing. 

ISO 527-standard 2 [13] has been used to conduct tensile tests in a universal testing 

machine (MTS-Alliance RT5). Five samples of each specimen were tested to obtain 

average representative values. Testing specimens with 150 x 10 x 4 mm dimensions were 

used. Elastic limit, tensile strength and their associated deformations were determined 

from the test.  

Impact tests were also conducted under ISO 179-1 standard [14] in an impact tester 

machine (Instron/Ceast) with a pendulum energy of 7.5 J using ionomer specimens with 

dimensions of 80 x 10 x 4.2 mm. Notched specimens were used with a notch geometry of 

45º, with a radius of 0.2 - 0.26 mm and a ligament length in the specimen in the range of 

7.8 - 8.20 mm. 

Average impact resistance of the polymer specimens, in terms of the different 

thermal treatments applied, was determined testing 5 samples for each studied condition. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. Healing of Damages Caused by Conical Indenter 

 

Conical indenter geometry was used to create deformation damages with low energy-

transfer. Depth of the damage caused by the indenter and depth of the damage after the 

different healing processes were characterized using a 3D optical profiler. 

Figure 2 collects the 3D profile micrographs of the residual imprint after a cone 

indentation (Figure 2a) and the healing evolution of the damage after a general healing 

treatment conducted at 55ºC for 30 min (Figure 2b) and 60 min (Figure 2c). It is obvious 

that a healing phenomenon has taken place in the material, in terms of the recovery of the 

depth of the residual print. This is supported by the cross-section profile obtained from 

the 3D micrographs after 60 minutes of heating (Figure 2d). 
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Figure 2. 3D profiler characterization of cone indentation and its evolution (a) before and after 

discontinuous healing treatment using general heating process in oven at 55ºC during: (b) 30 min and 

(c) 60 min. (d) Cross-section profile of the residual imprint after damage and after 60 minutes at 55ºC. 

Three different residual imprints were characterized in terms of depth measurement 

for each tested specimen. Cross-sections data of the 3D micrographs were used to 

calculate the average depth recovery of each print. 

For this damage produced with a conical indenter with 120º angle usually used in 

Rockwell C hardness test, the damage in the surface of the polymer is very wide. 

Therefore, the most accurate and demanding measurement of the healing process of the 

material resulted to be the determination of the damage´s depth, rather than its volume. 

In Figure 3a, the results show the average depth recovery percentage for every 10 

minutes of recovery thermal treatment. The tested temperatures were 40ºC, 55ºC and 

70ºC and a discontinuous heating treatment was used. Based on this figure, 5% of depth 

recovery was obtained after 60 minutes of heating using a temperature of 40ºC. This 

temperature is lower than that at which the order-disorder transition takes place, i.e., 

about 50ºC, and it did not create an effective healing process based on the polymeric 

chains movement.  
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Figure 3. (a) Evolution of depth recovery after applying different temperature in the discontinuous 

healing process; 3D profilometer characterization of a cone indentation and its evolution in 

discontinuous treatment during before (b) and after healing treatment using general heating process in 

oven at 70ºC for 30 min (c) and for 60 min (d). 

Increasing the applied temperature increases the depth recovery at each individual 

measured time from 10 to 60 minutes (Figure 3d), allowing a final depth recovery of 28% 

and 48% when using heating temperatures of 55ºC and 70ºC, respectively. These results 

are also a clear indication of a thermal activation taking place in the ionomer above the 

order-disorder temperature and that it is essential for the movement of the polymer chains 

and therefore, for the healing process of Surlyn® ionomer.  

In terms of heating time, in the first 10 minutes of the process is when the most of the 

recovery took place, a 76.4% and 70% of the total depth recovered when heating at 55ºC 

and 70ºC, respectively, regards to that obtained after 60 min of heating. After the first 10 

minutes, the increase of the heating time introduces slight differences in the healing event 

(Figure 3a). The progressive fading of the imprint also revealed this fact. Figure 3b shows 

the imprint without healing process. After 30 min of heating at 70ºC (Figure 3c) the 3D 

profile is smoother than the initial one (Figure 3b), revealing that a healing event has 

occurred. The 3D profile shown in Figure 3d after 60 min of heating shows little 

difference from the one obtained after 30 min. This confirms the fact that the healing 

process occurs, preferably, during the first minutes of the heating process when the 

discontinuous heating process was used. 
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The effect of the type of heating process, continuous or discontinuous, in the total 

healing of the polymer was also evaluated (Figure 4). When using 55ºC and 70ºC the 

continuous heating process produces higher healing of the damage than the discontinuous 

treatments (Figures 4a and 4b) at any single measured time (20, 40 and 60 minutes). 

These results reveal that the kinetic aspects of the healing process might be a key issue of 

the healing process. When a partial healing is achieved at an intermediate heating time in 

the discontinuous process, extending the heating time in a second batch is not so effective 

as continuous heating, because the driven force for the molecular movement, i.e., the 

difference in the internal energy between both ordered and disordered states, is not as 

higher as in the case of continuous process. 

Reversible hydrogen bonding and order-disorder transition are the healing 

mechanisms that take place at temperatures under the melting point of the ionomer. 

In addition, the higher the time and the temperature applied, the higher the promotion 

of the molecular movements of the polymer and therefore, the healing of the damage.  

 

 

Figure 4. Surlyn® healing ability to cone indentations with discontinuous and continuous heating 

treatments at different times using: (a) 55ºC and (b) 70ºC (c) Comparative of healing ability to heal 

damage using 60 min continuous treatment at different temperatures. 
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However, the time of the heating process has a limit. Depth recovery as high as 80% 

was obtained after 40 minutes using 70ºC (Figure 4b), but when extending the time up to 

60 minutes a decrease in the depth recovery was obtained, probably because of the 

viscous response of the polymer at the bottom part of the damage and a permanent 

drawing effect arose, resulting in a decrease in the depth recovery.  

In terms of time effectiveness for continuous treatments, heating times of 40 minutes 

resulted as the ideal one when using 55ºC and 70ºC, obtaining the higher recovery values. 

When the thermal treatment is applied to the end, the healing of the sample is higher 

when using higher temperatures (Figure 4c). This can be clearly seen in Figure 5, where 

3D optical micrographs are presented before and after the continuous heating treatment at 

different temperature for a fixed heating time (60 min).  

Figure 5. 3D profilometer characterization of cone indentation in Surlyn® and its evolution with 

continuous heating treatments up to 60 minutes: (a) before and (b) after heating at 40ºC;  

(c) before and (d) after heating at 55ºC; (e) before and (f) after heating at 70ºC. 
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After healing at 40ºC, the residual imprint was still present without a clear 

modification of the depth (Figure 5b), indicating that this temperature is not high enough 

to produce any of the healing mechanism of the ionomer. 

When using 55ºC for 60 min there is a recovery of the damage (Figure 5d) but the 

imprint can be still observed at the surface. However, 70ºC produces a great recovery of 

the residual print (Figure 5f), even though there is still some curvature in the polymer 

surface detected by the cross-line profile and a 62% of depth recovery was calculated in 

this case (Figure 4c). Therefore, it might be stated that the time of heating is also a key 

point when using the continuous heating process. 

To evaluate the influence of the ionomeric multiplets in the healing process at 70ºC, 

Nucrel® copolymer was tested under cone damage. This material has also the ability to 

heal the conical damage created with the conical indenter, recovering up to 70% of the 

depth after continuous heating during 60 min at 70ºC. Therefore, for this type of damage, 

reversible hydrogen bonding seems to be the main healing mechanism, although multiplet 

zones are needed when higher recoveries want to be obtained with this heating treatment.  

 

 

Figure 6. Conical indentation in Surlyn® characterized using 3D optical profiler. Evolution with time in 

continuous heating treatment at 105ºC: (a) residual imprint before heating and (b) the same tested zone 

after 10 min heating. (c) Average and standard deviation values of% cone depth recoveries versus time 

of heating at 105ºC. (d) Average healing for Surlyn® and Nucrel® polymers after cone damage using 

different healing thermal treatments. 
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To obtain a complete recovery of the conical damages, 105ºC was used with different 

continuous treatment times: 3, 10, 20, 30 and 60 minutes. This is the temperature that 

some authors have established as the friction temperature that a ballistic impact creates in 

the polymer [12]. It is important to highlight that this temperature is higher than the 

softening temperature of the ionomer. Therefore, the ion hopping mechanism could be 

involved under this healing treatment condition. 

Just after 3 minutes of treatment at 105ºC, the same recovery as after 60 minutes at 

70ºC was obtained (Figure 6c). This is a clear indication that an activation of the healing 

phenomenon takes places at this temperature. After only 10 minutes, a total recovery of 

the residual cone depths was obtained, as it is shown in the 3D micrographs (Figs. 6a and 

6b). Probably, viscous flow was activated due to high temperature and the ion hopping 

mechanism accelerates the healing process of the polymer. 

Nucrel® material was also tested at 105ºC after conical damages. A total recovery of 

the damage was obtained (Figure 6d), as in the case of Surlyn®. Therefore, for this type 

of damage and the use of a high temperature healing process, the recovery process of the 

polymer is not due to the ionomeric multiplets or to ion hopping, but more probably due 

to the viscous flow and hydrogen bonding healing mechanism. 

 

 

3.2. Healing of Damages Caused by Needle-Like Indenter 

(Shore Hardness Tests) 

 

Shore test creates a more destructive damage in the material due to the needle-like 

geometry of the indenter and the lower time (1 s) used to apply the load (5 kg), which 

causes a high deformation speed in the surface of the sample. 

Figure 7 shows the evolution of this type of damage under different healing 

treatments. The healing process of the ionomer is completely different respective to that 

under conical damage. Under shore damage, the material does not recover the damage in 

depth: Instead, the material can close the volume damage healing from the lateral zones 

of the damaged zone. For this reason, the measurement of the damage depth is not 

adequate to calculate the healing ability of the material, and in this case the recovery 

percentage in volume will be used. 

Low temperature (40ºC) treatment does not create any healing event in the material 

even after 60 minutes, regardless of the use of discontinuous or continuous heating 

treatment. 

The use of 55ºC just creates a maximum recovery of 15.3% and 20.2% after 60 min 

using discontinuous and continuous treatments, respectively. 

Increasing the healing temperature up to 70ºC increases the healing (44.7%) after 20 

min, but just after 40 min (48.4%) there is no a great variation of damage recovery when 

using continuous heating treatment. 
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Figure 7. Characterization of shore indentation in Surlyn® using 3D profile micrographs. Evolution 

with time in continuous heating treatments at 105ºC (a) residual imprint before heating treatment 

(using Zeta software); and after different heating times and using Mountain Software (b) 3 min.  

(c) 10 min and (d) 20 min. In figure 7c, the text in the figure must say Pile-up. 

Finally, the increase of the applied temperature up to 105ºC is, again, the best route to 

promote the healing process (Figure 7). Just after 3 minutes a 54.9% ± 13.8 recovery of 

the damage volume was obtained, (Figure 7b). After 10 minutes, the heal reaches  

85.6% ± 6.8%, creating even an extensive pile-up process in the lateral lateral zone of the 

deformed material (Figure 7c). This heating process was the ideal one to recover the 

damage. 

Extending the heating process for 20 min, slightly reduces the recovery of the 

damaged zone. The volume recovery was 79.12 ± 4.9% and 75.74 ± 9.0%, after 20 and 

30 min, respectively. The viscous flow of the polymer at this relatively high temperature 

and the ion hopping mechanism may create also a relaxation process after 10 minutes of 

treatment that causes the relaxation of the pile-up zones and therefore the slight increase 

of the residual damage volume. 

 

Información

Capa Capa topográfica

Capa Capa topográfica
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When Nucrel® polymer is damaged by a Shore needle indenter, there is no heal of 

the damage at any of the temperatures and times previously tested with Surlyn®. This is a 

clear evidence of the need for multiplets in the polymer chains to heal the Shore damage. 

Characterization of the damage created with the Shore needle indenter was also 

conducted using a scanning electron microscope (Figure 8) trying to find some 

similarities in the deformation processes to that observed by some researchers after bullet 

puncture tests [1]. Two basic deformation mechanisms have been observed in the 

material. In the outer zone surrounding the crater, striation marks were observed (arrow 

marked in Figure 8a) radiating from the center of the damage. The use of higher 

magnifications in this zone (Figure 8b) reveals a rough surface with small nodules. This 

suggests a ductile elastic deformation of the polymer network, responsible for the 

viscoelastic recovery of the material and the elastic rebound or shape memory effect. 

Meanwhile, when observing the borders of the crater at high magnifications polymer 

fibrilation is observed (Figure 8c), as in the case of ballistic puncture. These fibers were 

created by the severe deformation induced by the indenter and formed after the viscous 

flow of the polymer took place. 

 

 

Figure 8. SEM micrographs of the damage in Surlyn® due to Shore indentation: (a) low magnification 

micrograph showing striations in the outer region; (b) micrograph using high magnifications of the zone 

near crater showing ductile behavior; (c) micrograph using high magnifications of the crater zone 

showing polymer fibrils. 
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This deformation mechanism of the ionomer was also observed under ballistic tests 

[1]. This might explain the fact that no complete recovery has been achieved after Shore 

damage, independently of the healing procedure applied. The Shore indentation damage 

is so aggressive as a ballistic test can be, but the elastic rebound produced in the material 

after a Shore indentation test is not as high as can be after a ballistic test, although some 

striations were also seen in the material.  

This elastic rebound creates an approach between the parts of the material previously 

separated by the damage. The closer these parts are the higher the subsequent closure of 

the damage activated by temperature can be. 

 

 

3.3. Healing of Damages Caused by Razor Blade 

 

Scratch and pressing macroscopic damages created by razor blade were also 

performed in the surface of the ionomer. Temperatures of 55ºC, 70ºC and 105ºC were 

used combined with different heating times. Optimum times and temperatures were 

investigated for each case. Only continuous treatment was carried out due to the higher 

healing values were obtained previously for cone and shore damages. Volume of the 

grooves created with the razor blade, before and after the healing process, was measured 

from micrographs obtained with optical 3D profiler and using Mountain software to 

analyze the data. 

Figure 9a show the most-efficient thermal treatments applied after normal pressing 

damages to the surface with a razor blade using a manual-pressing machine with a 

pressure of 2 Tons and 9b shows the results after scratching the surface with a razor 

blade. 

The use of 55ºC and 70ºC as healing treatment deals with an optimum heating time of 

40 minutes to produce the highest average volume recovery values in terms of damage 

volume, 48.77% and 59.3%, respectively. Bar graph in Figure 9a also shows that the 

higher the temperature used in the treatment the higher the healing obtained. This fact 

corroborates the previous observations. Furthermore, it is obvious that this macroscopic 

damage caused by a razor blade needs more than order-disorder transitions to obtain high 

healing values.  

Therefore, treatments using 105ºC were also investigated. Volume recovery reached 

up to 79.6% when applying this temperature for 10 minutes; increasing up to 95.4% when 

increasing the application time to 20 min. 3D micrographs are very illustrative of the 

healing mechanism of the material. Surlyn®, when having enough energy to activate not 

only electrostatic forces inside multiplets (Figure 9d) but also ion hopping and viscous 

flow, the closure of the volume of the razor puncture damage from the more inner zone is 

almost complete, when enough time is applied (Figure 9f). 
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Figure 9. Average and standard deviations of volume recovery (%) of the damages created on the 

surface of Surlyn® by a (a) razor blade pressing (puncture) and (b) razor blade scratching after 

continuous thermal treatment at different temperatures and times of application: c) just after damage. 

Healing treatments at (d) 70ºC for 40 min; (e) 105ºC for 10 min and (f) 105ºC for 20 min. 

Scratch damage caused by razor blade is a more surface devastating event than 

perpendicular pressing one. In Figures 9a and 9b every single thermal treatment studied 

reveals that the volume percentage of the damage recovered is lower in the case of 

scratching than in the case of sinking the razor blade inside the material using 
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perpendicular pressure to the surface. A low 42% of volume recovery was obtained after 

40 min at 55ºC. Even after 20 min at 105ºC volume recovery was only 85% in the scratch 

damage, mainly due to the unrecovered zone of the material groove near the confluence 

zone with the razor pressing (arrow marked in Figure 9f). 

The use of 70ºC for 40 min decreases the healing properties of the scratched sample. 

This can only be related to a viscous flow of the material trying to relax the deformation 

zones created during the scratch. Vega et al. [6] used a heating procedure at 70ºC for 30 

minutes and the recovery obtained was 65% in volume. The main difference with our 

present work is that Vega et al. focused on nanoscratch damages made using a 

nanoindenter and in our case the scratches are made with a razor blade in the 

macroscopic scale.  

Meanwhile, the reference polymer, i.e., non-neutralized EMMA Nucrel® polymer, 

did not show any ability to heal the scratches for any of the thermal treatments applied. In 

all the studied cases the volume recovery was lower than 5%. This fact clearly reveals the 

importance of the ionomeric zones in the polymer chains of Surlyn®, that are the 

responsible agents, together with ion hopping at high temperatures, of healing scratches 

by means of heating. In absence of these carboxylic neutralized zones, the polymer is not 

able to activate the healing mechanism. 

In the case of the pressing damages, Nucrel® showed some healing after 10 min at 

105ºC, 37,6% of recovery in volume, but there was no healing at lower temperatures. 

With pressing damages, only at higher temperatures the weak attraction that takes place 

between carboxylic groups is promoted in the material and it may produce some healing 

in the polymer [7], as it was previously described in our study in the case of the conical 

indentations. 

 

 

3.4. Healing of Damages Caused by Puncture Tests 

 

Figure 10 collects plain and lateral views of Surlyn® material after damages caused 

with 2 mm and 9 mm stylus diameters, using a stylus speed of 400 mm/min. Micrographs 

after different heating treatments are also shown. 

The analysis of the results reveals that, as in previous exposed results, the higher the 

temperature applied, the higher the healing percentage obtained, not only in the case of 

the area of the hole but also in the case of the lips length formed due to the material 

perforation (Figure 10). 

In the case of the lower diameter stylus, i.e., 2 mm, the hole was completely closed 

and deformation in depth was recovered in about 60% after 40 min at 70ºC of healing 

treatment (Figure 10c). Hence, there is no need to promote viscous flow at 105ºC to 

completely close the damage. 
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When using the 9 mm stylus diameter, due to the great hole damage formed with the 

perforation tool in terms of area (Figure 10e) a complete healing of the hole was not 

obtained, although a hole area recovery of 98.8% and a healing of 91.8% in terms of lip 

length was obtained after 10 minutes at 105ºC of healing treatment. There was no enough 

molecular movement and viscous flow after 10 min to create the complete recovery of the 

damage and more time would be needed. 

In the case of Nucrel® polymer tested with the 9 mm stylus and afterwards heated 

using 105ºC-10 min (not shown), the recuperative abilities slightly decrease, 95.3% in the 

case of the hole area and a recovery of 88.9% was obtained for lip length. It seems that 

the hydrogen bonding recombination and mainly the viscous flow that takes place in the 

copolymer above the melting temperature are effective healing mechanisms for this 

puncture damage, even using the biggest pointer. At temperatures below melting, the 

recovery of this polymer is negligible. 

 

 

Figure 10. Optical micrographs in plain view of puncture tests at 400 mm/min speed in Surlyn® using 2 

mm (a-d) and 9 mm (e-h) diameter styluses after damage and after different heating treatments. Area 

recovery percentage indicated on the micrographs; optical micrographs in profile view of the damage 

with indication of the percentage of lips length recovery (i-h) before and after the heating treatments. 
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Figure 11. Average and standard deviation values of Surlyn® damage recovery: % of healed area (a, b) 

and % of lip length (c, d). The damage was created by puncture tests conducted at different speeds (50, 

200 and 400 mm/min) and using 2 mm (a and c) and 9 mm (b and d) metallic pointer diameters.  

To analyze the possible influence of the stylus speed during the perforation test on 

the healing ability of the ionomer plates, puncture tests at 50, 200 and 400 mm/min were 

also conducted and the average and standard deviation values obtained after 3 tests are 

collected in Figure 11. 

There is no much influence of the test velocity in terms of the ability of the material 

to close the hole (Figures 11a and 11b). These results suggest that the friction value 

between the stylus and the material, which probably increases when increasing the test 

speed, is not high enough to increase the temperature of the punctured polymer in a 

significant way as to create an effective self-healing mechanism and therefore,  
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a subsequent heating stage is required in all the cases. Otherwise, the healing obtained 

after applying low temperature heating (55ºC) would be clearly lower for samples tested 

at 200 and 400 mm/min respect to that at 50 mm/min, due to the initial closure of the 

damage by means of heating produce by friction (Figure 11), but this is not the case. 

Furthermore, when enough time and temperature were applied during the healing 

treatment, at least 70ºC during 40 min or 105ºC in 10 min, Surlyn® has the ability to heal 

the damage completely without influence of the puncture speed (Figures 10a and 10b and 

Figures 11a and 11b). 

In terms of in-depth deformation, i.e., lip´s length analyzed in the profile 

micrographs, the most influential parameter is the healing treatment and the second one is 

the diameter of the stylus. The larger the stylus diameter used the lower the recovery of 

damage (Figures 11c and 11d). Besides, when using 2 mm stylus diameter there is a great 

influence of the speed, obtaining the lower healing ability when using the higher speed 

(Figure 11c), while the material can heal the damage completely at 70ºC-40 min if it was 

created using 50 or 200 mm/min. 

In the case of using the biggest stylus, the influence of the speed is significant when 

low temperature (55ºC) was used and almost negligible when using 70ºC or 105ºC 

(Figure 10d). Surlyn® needs 105ºC-10 min to almost heal this type of damage. 

In any case, there is always a slight remnant in-depth deformation after puncture, 

which cannot be recovered unless 105ºC is applied for 10 min. 

 

 

3.5. Summary of Surlyn® Healing Ability 

 

Table 1 shows the healing ability of Surlyn® in terms of the different damages and 

the different heating strategies. 40 min at 70ºC is the most standard heating treatment to 

obtain the highest possible healing of the tested damages when using temperatures well 

below the melting temperature of the ionomer, except for scratch damage that only 

requires 40 min at 55ºC. Even puncture damages are almost healed by the activation of 

the order-disorder transitions and hydrogen bonding healing mechanisms. To obtain 

higher recoveries in the material, temperatures above the melting point are required for 

all the tested damages. To obtain a complete or near complete healing of the material, 

both viscous flow and ion hopping healing mechanisms are required. Scratch and Shore 

damages are the most harmful damages, with healing recoveries of 85% even after 

activating all the healing mechanisms using 105ºC for 10 or 20 minutes. 
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Table 1. Average and standard deviation values of the recovery obtained with the 

best healing treatment (with indication of the healing mechanisms taking place) 

applied to Surlyn® for the different tested damages 

 

 Under melting point 

(Order-disorder transition; 

hydrogen bonding) 

Above melting point 

(Ion hopping, viscous flow) 

Damage Best treatment Healing (%) Best treatment Healing (%) 

Conical indentation 70ºC-40 min 80 ± 3% 105ºC-10 min 100% 

Shore indentation 70ºC-40 min 48.4 ± 3.4% 105ºC-10 min 85.6 ± 6.8% 

Razor blade 

Pressing 

 

70ºC-40 min 

 

59.3 ± 9.5% 

 

105ºC-20 min 

 

95.4 ± 4% 

Scratching 55ºC-40 min 42 ± 5% 105ºC-20 min 85 ± 5.7% 

Puncture 

9 mm, 400 mm/min 

 

70ºC-40 min 

 

96 ± 4% 

 

105ºC-10 min 

 

99 ± 1% 

 

 

3.6. Mechanical Characterization After Healing Treatments 

 

Mechanical characterization of the ionomer was done in order to determine the 

influence of the heating treatment applied to heal the damages in the mechanical 

properties of the material. 

Shore average hardness values obtained for Surlyn® and Nucrel® specimens, both 

materials in the after-processing state, were 65 ± 1.2 and 54 ± 1.1, respectively. These 

values were not altered by the application of any of the heating treatments applied for 

healing the damages. 

Figure 12 presents the average mechanical values for Surlyn® in the after-processing 

state and after applying the different healing treatments. Tensile strength slightly 

decreases respect to that of the after-processing state with the application of any of the 

heating processes, from values around 18 MPa to values around 17 MPa (Figure 12a). 

Additionally, Yield strength is maintained around 21 MPa and even slightly increases to 

23 MPa when increasing the heating temperature. A slight decrease in the average 

elongation values was obtained when increasing the temperature of the healing treatment, 

i.e., 14.7% for 70ºC and 17.6% for 105ºC regarding the initial after-processing average 

value of 340%.  

The ionomer maintains its impact properties, as revealed by the Charpy impact tests 

(Figure 12b), with values around 140 (kJ/m2) regardless the heating treatment used for 

healing. 

The cooling of the material at room temperature, i.e., out of the oven, after finishing 

the heating time could be allowing the maintenance of the mechanical properties of the 

ionomer. 
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Based on the above, it might be determined that the optimum healing conditions do 

not substantially change the mechanical properties of Surlyn® ionomer and therefore the 

material maintains its mechanical integrity. 

 

 

Figure 12. Average and standard deviation values for Surlyn® before and after heating process of (a) 

yield and tensile strength obtained in tensile tests; (b) impact resistances obtained in Charpy tests.  

 

 

CONCLUSION 

 

In this research, the ability of the commercial ionomer Surlyn® 8940 to heal has been 

evaluated applying different types of macroscopic low energy-transfer damages and using 

Nucrel® thermoplastic polymer as a reference material.  

The main conclusions of this work are: 

 

1) Independently of the damage type, the healing event increases when increasing 

the healing temperature used.  

2) Continuous heating treatments for damage healing are more efficient than 

discontinuous  

3) Damages created using a conical indenter: Surlyn ® ionomer presented higher 

healing properties than Nucrel® copolymer when using 70ºC during 40 minutes. 

When temperature is increased to 105ºC for 10 minutes, both materials 

completely heal the damage. 

4) Damages created using a needle-like indenter (Shore tests): Nucrel® polymer did 

not show any healing response under this damage. Therefore, reversible 

hydrogen bonding is not a healing mechanism involved in the healing process of 

this type of damage. Meanwhile, Surlyn® healed 48.4% of the volumetric 
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damage after 40 minutes at 70ºC. This is considered the optimum healing 

treatment route. 

5) Pressing with razor blade: ionomer is prone to heal this damage, with a damaged 

volume recovery of 60% after 40 min to 70ºC. This value increases to 80% when 

using 105ºC during 10 min and almost complete heal of the damage (95.4%) was 

obtained when using 105ºC for 20 minutes. Nucrel® showed an absence of 

ability to heal under this type of damage, with only a 37% of damaged volume 

recovered after 10 minutes at 105ºC. 

6) Razor blade damages: Heating treatments with temperatures below melting point 

are not adequate to heal this macroscopic damage. The ionomer needs more than 

order-disorder transitions to obtain higher healing values. Therefore, heating at 

105ºC is needed to promote the ion hopping and viscous flow mechanism. 

 

Scratch damage is more severe than pressing with razor blade. Sulyn® healing ability 

is lower than in the case of pressing damages, independently of the healing procedure 

used. The highest recoveries were obtained when using 105ºC. Besides, Nucrel® did not 

show any volume recovery of the scratches after any heating processes applied. 

 

7) Puncture tests with metal stylus: the speed test is not a critical parameter of the 

healing event. Surlyn® has a great ability to completely close the damage when 

using 70ºC-40 min. Furthermore, Nucrel® could heal the damage almost 

completely, but the thermal activation required was higher (105ºC-10min). 

8) Surlyn® healing properties are based mainly on order-disorder transitions and 

hydrogen bonding healing mechanisms. When activating these two mechanism, 

using heating treatments below the melting point of the ionomer, a considerable 

heal is obtain in the material, with values between 42% and 96% depending on 

the type of damage.  

 

To obtain higher healing values in the material, temperatures above the melting point 

are required to activate viscous flow and ion hopping healing mechanisms. Scratch and 

Shore are the most harmful damages with healing percentage above 85% even after 

activating all the healing mechanism using 105ºC for 10 or 20 minutes, respectively. 

 

9) Mechanical properties were not depleted by the healing treatments applied. Yield 

strength, tensile strength and impact resistance were maintained. A slight 

decrease in elongation capabilities was detected as increasing the temperature of 

the treatment. 
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ABSTRACT 

 

In this chapter, photo-responsive polymers (PRP) with extraordinary consideration in 

the polyurethane field and in particular, coumarin-based polymers are reviewed. But it 

also summarizes other representatives photo-reactive compounds used in polymer science 

(i.e.,: azobenzene, spiropyran, cinnamic acid/ester, anthracene and coumarin derivatives). 

Firstly, this chapter offers an overview of the photo-responsive mechanism of these 

photo-reactive compounds. Since light is an ideal way to modify physical and chemical 

properties on material surfaces, smart properties such as self-healing and/or shape 

memory behavior can be performed with the correct useful of this source. For these 

reason, PRP can be used as films, hydrogels as well as supramolecular systems with 

interesting properties for several applications such as laser dyes, drug delivery systems 

and mainly as coatings. Well-dispersed nano-sized fillers are able to enhance several 

properties of PRF, including hydrophilic/hydrophobic, thermal and mechanical 

properties, as well as the release ability, etc. Thus, recent developments in PRP are 

summarizes here with a special emphasis on PU-coumarin based systems as well as on 

their nanocomposites. 

 

Keywords: photo-responsive, smart, light-triggered, polymer, crosslinking, dimerization, 

coumarin, polyurethane 
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1. INTRODUCTION 

 

In the last years, light-responsive polymers attract largely interest of scientists 

because of their capability of combining different stimuli to obtain functional materials. 

In this sense, light is a clean and highly efficient stimulation source because it can be 

remotely and accurately controlled, quickly switched and easily focused into specific 

areas. Certainly, photo-reaction processes do not need any additional substances. 

Moreover, the wavelength and intensity of light can be modified during the reaction 

process to switch the properties of polymers.  

When we speak about photo-responsive polymers (PRP) we refer to different classes 

of polymeric systems based on polyurethane, block copolymer micelles, hydrogels or 

supramolecular systems, among others.  

In recent years, several studies based on photo-responsive polymers with different 

applications have been reported. For example, the formation of polymeric micelles has 

gained in versatility with the merge of photo-responsive systems [1]. On this topic, Zhao 

et al. discuss about different approaches to design rational light-responsive block 

copolymer micelles, by using various photochromic moieties and photochemical 

reactions as well as the underlying mechanisms leading to photo-induce disruption of 

these micelles [2]. In Figure 1, examples of light-responsive block copolymer micelles 

mechanisms are shown.  

Several reviews of PRP have been published in recent years. Nicoletta et al. have 

investigated about light-driven polymer membranes, their mechanisms and their 

applications, with special attention on photo-responsive liquid-crystal devices [3]. On this 

topic, photo-responsive of different bio-materials and also surface modification with light 

stimulation was described by Ercole et al. [4]. 

 

 

Figure 1. Different aggregations of light-responsive block copolymer micelles. Reprinted (adapted) 

with permission from [2]. Copyright (2012) American Chemical Society. 
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Figure 2. Photo-switchable CD dimer 1 and porphyrin guest molecule 2. Reprinted (adapted) with 

permission from [8]. Copyright (2015) American Chemical Society. 

Moreover, photo-initiated crosslinking radical polymerization [5], thiol-based 

reactions or molecular crystals based on diarylethene chromophores [6] are examples of 

the important use of light in different physico-chemical processes. Browne et al. focused 

their review on the molecular switching of smart surfaces [7]. In addition, supramolecular 

chemistry has been updated with light-stimulated materials. Qu et al. reviewed host-guest 

functional systems with photo-responsive properties, such as cyclodextrin (CD) dimers as 

alterable receptor systems [8] (see Figure 2). 

In 2009, Zhao et al. [9] developed an azobenzene-branched copolymer (Figure 3), 

where the trans-form of azobenzene bonds with a β-cyclodextrin (β-CD) derivative 

drives to the formation of a hydrogel. In particular, the trans-azobenzene form is 

encapsulated by β-CD after the irradiation process, the cis-azobenzene drive out the β-CD 

and recovers the sol phase. This is an example of light-responsive sol-gel controlled by 

UV-light through a reversible transition. This system can be used in bioengineering as 

drug delivery device. 

In this chapter, special attention will be paid on polyurethanes (PUs) with photo-

responsive properties. In particular, PUs are generally formed by reaction between polyol 

and isocyanate and their microstructures are characterized by the presence of soft and 

hard segments. Chattopadhyay et al. [10] have extensively studied the thermal stability of 

PUs, as well as their applications as coatings [11]. Moreover, it is expected that advances 

in nanotechnology, polymer science and the development of novel bioinspired surfaces 

have a significant impact on the growth of a new generation of environmentally friendly 

PU based coatings [12]. 
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Figure 3. Photo-responsiveness azo-benzene based hydrogels with sol-gel phase transition. The trans-

azobenzene form is encapsulated by the β-CD and after irradiation, the cis-azobenzene drive out the β-

CD to recover the sol phase. Reprinted (adapted) with permission from [9]. Copyright (2009) American 

Chemical Society. 

Therefore, in this chapter a brief introduction on PUs as well as on photo-switching 

compounds is reported. Then, the attention will be focused on coumarin-based polymers 

with special attention on coumarin-based polyurethanes as well as on coumarin-based 

nano-reinforced polymers. The chapter will conclude with some applications of PRP. 

 

 

1.1. Polyurethanes 

 

PUs are polymeric materials with a wide applicability and versatility, which are 

strongly related with the election of their monomers: macrodiols, diisocyanates and chain 

extenders (CE).  

Isocyanates are very reactive systems and can react with several products such as 

alcohols, amines, water or acids. The basic reactions of isocyanate with different reagents 

are shown in Figure 4 [13]. 

The diisocyanate derivatives used to synthesize PUs can be aromatic or aliphatic. The 

most used diisocyanates are toluene diisocyanate (TDI), methylene diphenyl diisocyanate 

(MDI) and hexamethylene diisocyanate (HDI).  

The polyol component of the PUs can be a functional polyether such as polyethylene 

glycol (PEG), polypropylene glycol (PPG), or polytetramethylene glycol (PTMG). 

Polyesters like poly(ε-caprolactone) diol (PCL), polylactic acid (PLA) or polycarbonate 

(PC) are also used. In general, the use of high molecular weight polyols as the main 

reactants produces polymer chains with less urethane groups and more flexible alkyl 

chains. Therefore, long-chain polyols with low functionality (1.8–3.0) give soft and more 

elastomeric PUs, while short-chain polyols with high functionality (greater than 3) give 

more rigid and crosslinked products [11]. 

Thermoplastic PUs are characterized by a linear block copolymer structure formed by 

hard segments (HS) and soft segments (SS). In these systems, due to the intrinsic 

incompatibility or thermodynamic immiscibility between HS and SS, phase separation 
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may be observed in the final material. Usually, the isocyanate and the chain extender 

form the HS, while the polyol contributes to the SS segregation. 

Most of biodegradable PUs are based on PCL, PLA, PEG and polyglycolic acid 

(PGA) polyols. Specifically, PCL-based PUs present low crystallinity and preserve good 

physical properties. In 2005, Ping et al. developed segmented PCL-based PUs with shape 

memory behavior [14]. In 2013, Peponi et al. synthesized PUs based on triblock PLA-

PCL-PLA copolymer structure with good mechanical properties and excellent shape 

memory behavior [15]. 

 

  

Figure 4. Different chemistry based on isocyanate group. Reproduced from Ref. [13] with permission 

from the Royal Society of Chemistry. 
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1.2. Photo-Switching Compounds 

 

Different classifications of photo-responsive systems could be described. Structure, 

photo-chemical process or finality of the systems are a few of the different ways used to 

classify them. Zhu et al. [16] classified PRP into several categories based on the photo-

sensitive functional groups used for macromolecular preparation: photo-labile protecting 

(caging) groups [17], reversible dimerization [18, 19], photo-isomerization [20, 21], and 

weak metal–metal bonds [22]. Therefore, the photo-switchable systems described by Zhu 

et al. can be stimulated with light at multiple wavelengths, from 200 nm to 750 nm, as 

indicated in Figure 5, where the wavelength absorption for different PRP are 

schematically reported. 

Blasco et al. [23] recently classified light-induced processes based on different class 

of photo-induced reaction: thiol-based chemistry [24], cycloaddition reactions (photo 

[2+2] cycloaddition among others) [25], and photo-dimerization reactions (which will be 

discussed later). 

The photo-chemistry of the photo-dimerizable systems are based on either a [4π+4π] 

(anthracene) or [2π+2π] (cinnamic acid and coumarin) cycloaddition processes. The 

dimer formation can be switched by another UV irradiation. The general mechanism of a 

[2π+2π]-cycloaddition is displayed in Scheme 1, when an alkene is irradiated with UV-

light, then an electron promotes from a ground state of the highest occupied molecular 

orbital (HOMO) to an excited state. This orbital interacts with the lowest unoccupied 

molecular orbital (LUMO) of the second alkene in a suprafacial contact. This correct 

symmetry allows the photo-chemical cycloaddition process.  

 

 

Figure 5. Absorption wavelengths for diverse photo-responsive systems. Reprinted (adapted) with 

permission from [16]. Copyright (2014) American Chemical Society.  
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Scheme 1. Suprafacial [2π+2π]-cycloaddition of two alkenes. Reproduced from Ref. [27] with 

permission from the Royal Society of Chemistry. 

 

Figure 6. Photo-responsive guests in polymers and their photo-isomers. 

There are many groups that can be used as photo-reactive systems in polymers. 

Examples of photo-isomerization molecules are: azobenzene, dithienylethene, spiropyran, 
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diarylethene or fulgides. Except azobenzene, these systems are susceptible to undergo 

changes from an open to a closed form and are also reversible through first order thermal 

reversion. At this regard, 2-diazo-1-naphthoquinones are a photo-reactive component in 

photo-resists as well as a good example of photo-induced Wolff rearrangement [26]. 

Anthracene, cinnamic acid, coumarin, thymine or stilbenes are moieties susceptible 

to experiment photo-reversible dimerization. The photo-dimerization process can be 

developed with the formation of one or different cyclobutane isomers, depending on the 

irradiation conditions. Another option is the formation of different isomers apart from the 

cyclobutane ring. This is, for instance, the situation of the cinnamic acid or stilbene 

derivatives, which are subjected to E-Z photo-dimerization, or the minor isomer obtained 

from the irradiation of thymine, 6,4-photo-adduct. 

In this chapter, the most representative photo-reactive compounds used in polymer 

science are also reviewed: azobenzene, spiropyran, cinnamic acid/ester, anthracene and 

coumarin derivatives (Figure 6). 

 

Azobenzene-Based Systems 

Azobenzene derivatives perform an easy trans-cis isomerization upon UV irradiation, 

being the trans form the most stable conformation. The reaction is reversible by heat or 

irradiation with visible light, as shown in Figure 7. Azobenzenes change their geometry 

from a planar one to non-planar configuration upon irradiation with a drastic decrease in 

the distance between the para carbon atoms from 9.9 Ǻ to 5.5 Ǻ and a corresponding 

increase in the dipole moment from 0.5 D to 3.1 D. Due to their dissimilar geometries, 

different properties can be triggered by their photo-response: polarity, electrical 

properties, membrane dimensions, membrane potential, adsorption, solubility, 

wettability, swelling, enzyme activity, sol-gel transition of polymer, permeability, ion 

binding, photo-mechanical cycle, etc. [9, 21, 23]. 

 

 

Figure 7. Photo-isomerization reaction of azobenzene. 

Spiropyran-Based Systems 

Spiropyran, SP, is a photo-responsive system that undergoes a heterocyclic ring 

cleavage at the C–O spiro bond to form a conjugated chromophore with planar shape, 

that absorbs intensely in the visible region, this being the merocyanine isomer (Figure 8).  
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The open-ring form returns to the initial close-ring form either by thermal or photo-

chemical process. Spiropyran derivatives can be entrapped, cross-linked, and introduced 

as side chain or part of the main chain into the polymer matrices in order to gain a photo-

regulation of the membrane potentials [3]. The incorporation of spiropyran systems onto 

macromolecular supports or inorganic scaffolds allows for the design of robust dynamic 

materials [28]. Spiropyran was recently used to initiate the ring-opening multibranching 

polymerization induced by an external light source owing to a reversible photo-

isomerization of merocyanine [19]. 

 

 

Figure 8. Photo-cleavage reaction of spiropyran. 

Cinnamic Acid Systems 

Trans-cinnamic acid derivatives are the typical example of [2π + 2π] photo-

dimerization (Figure 9), giving also a model of solid-state reaction [29]. Schmidt et al. 

have classified the packing of trans-cinnamic acid and its derivatives in three different 

forms:  an α-form (where monomers are arranged in a head-to-tail manner), β-form (with 

the monomers arranged head-to-head), and a γ-form (where the monomers are 

unfavorably aligned) [30]. Cinnamic acid derivatives have found in nature [31] and 

exhibit different applications like shape memory [32], anti-tumor activity [33], or 

antibacterial properties [34]. 

 

 

Figure 9. Photo-dimerization reaction of cinnamic acid. 

Anthracene Based Systems 

Anthracene is a system with three bonded benzene rings. Anthracene derivatives 

have been extensively investigated specially as organic light-emitting issues. Moreover, 

anthracenes have been used in optical, electronic and magnetic devices. In medicine, the 
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anthracene derivatives act as good anti-tumoral drugs and they are carcinogenic to many 

living beings [35]. 

Anthracene derivatives have been selected as model systems for crystal-to-crystal 

photo-dimerizations because of the stack-like motifs which can be found in their crystal 

structures. This kind of packing leads to short intermolecular face-to-face contacts which 

facilitate the dimerization driven by light [36]. 

An interesting application of anthracene-based systems is their photo-dimerization–

cycloreversion reactions (Figure 10), which can be used as tools to access highly strained 

aromatic hydrocarbons. Huang et al. reported the chemical synthesis of oligo-para-

phenylene-derived nanohoops featuring a rigid dianthracene synthon (see Figure 11). 

These nanohoops have potential utility as organic optoelectronic materials and building 

blocks for bottom-up carbon nanotube synthesis [37]. 

 

 

Figure 10. Photo-dimerization reaction of anthracene. 

 

Figure 11. Anthracene-based nanohoops developed by Huang et al. Reprinted (adapted) with 

permission from [37]. Copyright (2016) American Chemical Society. 

Coumarin 

Coumarin is a natural constituent of many plants, for example the Tonka bean, whose 

name come from the French word “coumarou.” Since its discovery in 1820, more than 

1000 byproducts have been isolated and over 800 species of plants with naturally 

presence of coumarin derivatives have been studied. The simplest is the 7-

hydroxycoumarin (umbelliferone), which is often considered the precursor of the more 
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complex coumarins. 4-hydroxycoumarin and 7-hydroxy-4-methyl coumarin are another 

derivatives also frequently employed. These structures are showed in Figure 12. 

The uses for coumarins are as diverse as the structures of the 800 different 

derivatives of the coumarin family. Coumarins are applied in biochemistry [38-40], 

medicine [41-44], and polymer science [45-51]. These are also present or used in 

cosmetic [52, 53], and laser dyes [54, 55]. Very interesting works reported by Trenor et 

al. [56], Fylaktakidou et al. [57] or Borges et al. [58] have been already published based 

on coumarin and their properties. 

Coumarin derivatives were synthesized by different mechanisms from the 19th 

century. The first one was the Perkin reaction (1868). Then, in early 1900s, carboxylic 

acids were used in the Knoevenagel reaction. Moreover, the reaction between resorcinol 

and ethyl acetoacetate is one of the most used methods to obtain 7-hydroxy-4-

methylcoumarin (HMC). This reaction is shown in Figure 13. 

In 2003, Nguyen Van et al. developed a ring-closing metathesis by using a Grubb´s 

catalyst [59]. 

While the most coumarin derivatives are synthesized, there are an important volume 

of coumarins that have been extracted directly from plants. In 2009, Widelsky et al. 

isolated five constituents of coumarin from Angelica Lucida and evaluated them for 

antimicrobial activity against Gram positive and Gram negative bacteria as well as fungi 

[60]. The antimicrobial activity has been ascribed to the inhibition of bacterial nucleic 

acid synthesis [60]. In this year, Basile at al. extracted several coumarins from the roots 

of Ferulago campestris [61]. They observed that some coumarins (i.e., grandivittin, 

agasyllin and aegelinol) showed antioxidant activity and it has been ascribed to the fact 

that coumarins act as radical scavengers. They also found coumarins with antimicrobial 

performance (aegelinol and agasyllin) showing higher antibacterial activity against 

Gram-negative than against Gram-positive bacteria.  

 

 

Figure 12. Structures of coumarin and some of their derivatives. 
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Figure 13. Synthesis of 7-hydroxy-4-methyl coumarin (HMC). 

Particularly, on the following part of this chapter we focus the attention on the photo-

dimerization of coumarin and on coumarin-based polyurethanes. 

 

 

2. PHOTO-DIMERIZATION AND PHOTO-CLEAVAGE OF COUMARIN 

 

Coumarin photo-dimerization was discovered in 1902 by Ciamician et al. [62]. In 

1966, Krauch et al. [26] confirmed by 1H-NMR the formation of the four dimers of 

coumarin at different reaction conditions. Figure 14 shows the structure of these dimers 

obtained from the UV irradiation of coumarin. 

The photo-dimerization process of coumarin is consequence of the [2+2] 

cycloaddition of the ethylene groups. This is a light-triggered reaction, which is activated 

at around 300 nm. Photo-cleavage is the reversible process that needs more energy 

(around 250 nm) to be initiated. Usually, the yield of photo-dimerization/photo-cleavage 

process decreases with the number of cycles. Figure 15 shows the dimerization process of 

coumarin and its UV spectrum at various times of irradiation. By decreasing the 

absorbance band of coumarin monomer at 320 nm, it is possible to quantify the yield of 

the process [26, 47, 63-66]. 

 

 

Figure 14. Different structures of coumarin dimers. 
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Figure 15. UV-spectra of coumarin at different times of irradiation at 365 nm. The photo-dimerization 

process decreases the absorbance band of coumarin at 320 nm. Adapted from [67]. 

 

3. COUMARINS IN POLYMERS 

 

In recent years, coumarin has been used with polymeric structures in order to form 

cross-linked systems, supramolecular networks or nanoparticles. In 2016, Long et al. [51] 

synthesized crosslinked polyurethane micelles based on coumarin with both pH- and UV-

response, with the purpose to develop biocompatible drug delivery systems. These 

micelles were stable in extracellular conditions but can be activated into the cytoplasm by 

acid conditions, as shown in Figure 16. 

Coumarins are also studied by Froimowicz et al. [68] as natural resources to obtain 

benzoxazine resins for further development of thermosets. However, the main application 

in polymers is their use as photo-switching system to activate the formation of networks. 

In 2013, Zhang et al. [69] incorporated coumarin into a tri-star monomer to develop 

supramolecular structures based on self-assembly with γ-cyclodextrins (γ-CDs), leading 

to the formation of a non-covalently linked netlike polymer (NNP), which was further 

converted into its corresponding reticulate polycatenane-like structure (CNP) with a 

covalent polymer backbone upon UV light irradiation at 365 nm (see Figure 17). These 

networks can experiment sol-gel transitions under photo-chemical and/or thermal stimuli. 
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Figure 16. Diagram of polyurethane micelles based on hydrophobic coumarin anticancer drugs and 

activated by acidic microenvironment inside the tumor tissue. Reproduced from Ref. [51] with 

permission from the Royal Society of Chemistry. 

 

Figure 17. Supramolecular noncovalent linked polymer (NPP) based on coumarin by host–guest contact 

among tribranched monomers (4) and γ-CDs. Below, the photo-switching between NNP and CNP by 

UV-light irradiation are shown. Reproduced from Ref. [69] with permission from the Royal Society of 

Chemistry. 
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Figure 18. Schematic representation of the development of mesoporous silica/copolymer, for drug 

delivery and controlled release, by degradation upon NIR light exposure. Reproduced from Ref. [70] 

with permission from the Royal Society of Chemistry. 

Another significant application of coumarin derivatives in polymers involves their 

photo-responsiveness for optimizing drug delivery systems. In 2013, Ji et al. [70] 

developed functional and near infrared (NIR) light-triggered nanovehicles for tumor 

therapy and cell imaging. These nanovehicles were made-up with mesoporous silica 

modified with a light-responsive block copolymer of [7-(didodecylamino) coumarin-4-yl] 

methyl methacrylate. Under excitation by NIR light, the pre-loaded drugs could be 

unconfined from the nanocomposites due to the degradation of the light-responsive 

copolymers. A diagram of the vehicle loading and its degradation is showed in Figure 18. 

 

 

4. COUMARIN-BASED POLYURETHANES 

 

An important application of coumarin derivatives is their use as crosslinker group 

inside the polyurethane chains. PUs are interesting systems to combine with coumarin 

due to their good mechanical properties. Moreover, the high mobility of the PU chains 
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stimulates the association between coumarin moieties. Photo-responsive materials need a 

good UV-light penetration into the polymeric matrix to achieve high photo-dimerization 

degrees; therefore, the use of translucent or transparent PUs acquires considerable value 

to enhance their photo-responsive properties. These features provide to the materials an 

interesting behavior to be applied as self-healing or UV-remendability materials.  

In 1997 Chen et al. developed PUs by polyaddition with anti-head-to-head 7-

hydroxycoumarin and anti-head-to-tail 7-hydroxy-4-methylcoumarin dimers, which can 

be self-repaired under UV irradiation [46]. Ling el al. can be considered as one of the 

biggest developers of coumarin-based PUs during the last years. In 2011 they obtained 

PU networks based on coumarin dimers that can be self-repaired by UV irradiation [49] 

(Figure 19). Moreover, in 2012 they worked with mono- and dihydroxyl coumarin 

derivatives showing a microphase separation in which the rubbery domains are 

determinant in the photo-remanding [50]. In 2014 they obtained PUs based on PEG [71]. 

By studying these systems with pendant groups of coumarin they showed that the 

molecular weight of PEG is relevant to obtain high healing efficiency. 

Like PEG, PCL is a biodegradable polymer with good physical properties. Seoane at 

al. developed a photo-reactive PU based on the ring opening polymerization of ε-

caprolactone by a coumarin diol derivative [72]. The photo-crosslinking process reduced 

the crystallinity and the melting point of PCL segments. This behavior is an important 

factor to obtain photo-responsive systems with tailored properties, specifically for their 

use as coatings. In 2017, our group studied the effect of PCL molecular weight and the 

concentration of coumarin moieties into photo-responsive PUs [67]. The addition of 

coumarin increases the thermal stability and the photo-responsiveness with respect to 

neat polymers. Besides, the photo-dimerization process increases the mechanical 

properties in the crosslinked PUs, which makes these materials a good option for polymer 

coatings.  

 

 

Figure 19. Macro-repairing of fixed samples by UV-light. The fractured surfaces were irradiated at 254 

nm and were illuminated at 350 nm for 90 min to heal the crack. Reproduced from Ref. [49] with 

permission from the Royal Society of Chemistry. 

Complimentary Contributor Copy



Photo-Responsive Polymers Based on Coumarin 

 

191 

4.1. Nano-Reinforced Polyurethanes 

 

The combination of properties in organic polymers (flexibility, ductility, 

processability) and a nano scaled inorganic solids (rigidity, thermal stability) can provide 

to the material a wide range of properties. Different nano-sized fillers are generally used 

to reinforce PU matrices, such as SiO2, Fe2O3, TiO2 or clay particles. In this sense, 

polymer/silica composites are the most commonly reported in the literature [73]. Nano-

sized silica particles have a large interfacial area and when they are correctly dispersed, 

these improve the thermal stability of the polymers.  

Zhou et al. embedded silica nano-particles with acrylic-based polyurethanes to 

improve the thermal stability and mechanical properties [74]. Petrovic et al. prepared 

nanocomposites with higher strength and elongation at break but lower density, modulus, 

and hardness than the corresponding micron-size silica-filled polyurethanes [75]. Yang et 

al. dispersed colloidal silica in waterborne polyurethane solutions to obtain hybrids with 

good thermal stability [76]. 

In the latest years, nano-silica based polyurethanes have been used in a variety of 

applications: superhydrophobic coatings [77-79], membranes for gas separation [80, 81] 

and separators for lithium ion batteries [82]. Recently, our group dispersed fumed silica 

nanoparticles into polycaprolactone and coumarin-based polyurethanes with an 

enhancement on thermal stability as well as on photo-responsive properties [83] (see 

Figure 20). 

 

 

Figure 20. Representation of the UV-crosslinkable PU nanocomposites based on PCL and coumarin 

with silica nanoparticles. Adapted from [83]. 

 

4.2. Photo-Responsive and Self-Healable Materials 

 

Almost all the systems cited previously can be used for the development of self-

repaired materials. Cinnamates, disulfide groups or coumarins are reviewed by Fiore et 

al. as components of optically healable polymers [84]. The main features of self-healing 

are the macromolecular physical flow and the chemical re-bonding of cleaved moieties. 

Yang et al. reviewed these parameters as well as the covalent bonding and 

supramolecular behavior of different photo-responsive systems [85]. 

Non-crosslinked nanocomposites Crosslinked nanocomposites

= 365 nm

= 254 nm
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5. FINAL REMARKS 

 

Photo-responsive polymers are usually assembled from a non-responsive monomer or 

polymer and a light-stimulated system. These systems are usually organic compounds 

(azobenzenes, spiropyrans, cinnamic acid derivatives, anthracene, disulfides and 

coumarins). Coumarin is a natural compound that experiments reversible photo-

dimerization/ photo-cleavage by UV-light influence. The use of coumarin has several 

applications in biochemistry and medicine, meanwhile in polymer chemistry is employed 

as photo-crosslinking agent in PUs for coatings, conferring photo-induced self-healing 

properties to the polymeric matrix. Moreover, when coumarin is used in combination 

with inorganic nanofillers, the photo-responsive properties of the final nanocomposite are 

improved. Therefore, self-healing nanocomposites can be developed from coumarin 

based PUs. 
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ABSTRACT 

 

This Chapter deals with an extensive description related to polymer dispersed liquid 

crystals based on block copolymers. In addition, a short introduction related to liquid 

crystals with an emphasis on nematic liquid crystals and polymer dispersed liquid crystals 

(PDLC) will be given. The introductory part will be followed by a comprehensive 

discussion related to polymer dispersed liquid crystals and their reversible properties 

under external stimuli such as thermal gradients or electric and magnetic fields. Finally, 

different examples of PDLC blends based on block copolymers such as a polymeric 

matrix will be presented. Furthermore, special attention will be paid to the reversible 

switching of these smart materials using different characterization techniques such as 

differential scanning calorimetry (DSC), optical microscopy (OM), photoluminescence 

spectroscopy (PL), UV-visible spectroscopy (UV-vis), and others. 
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1. INTRODUCTION 

 

1.1. Liquid Crystals (LCs) 

 

Polymeric materials exist mostly in a solid or liquid state. The mobility of the 

individual atoms or molecules creates the difference between each state. Solid polymeric 

materials can switch to a liquid state during the melting transition. Nevertheless, there are 

materials with intermediate states, named mesophases. These mesophases are the phase 

transitions between solid and liquid states called the liquid crystal state [1-6]. 

Consequently, liquid crystals (LCs) are materials in a state, which displays the properties 

of both conventional liquid and solid crystals at the same time. 

In the liquid crystal state, the intermolecular forces, such as dipole-dipole interactions 

or dispersion forces, are weaker in some directions in comparison to the solid state, 

however they maintain their associations between molecules in a preferred orientation. 

The molecules in the liquid crystal state are large and elongated, which allows them to be 

placed in parallel and can simultaneously move freely with respect to others along their 

axes. An increase in the temperature (heating process) leads to a molecular movement of 

LCs that is able to overcome the weaker intermolecular forces, while the stronger ones 

keep the molecules bound. Consequently, an increase in the temperature provokes a 

molecular random placement in some directions and a regular one in others as shown in 

Figure 1. Taking the above into account, LCs are organic materials with different 

mesophases, which possess properties of both the solid and the liquid state with a long-

range orientational order [1-6]. Their capability to self-assemble make them anisotropic 

materials [7-9], since LCs display different properties depending on the orientation 

direction. 

Generally, LCs can be divided into two classes, thermotropic, and lyotropic LCs. In 

the case of thermotropic LCs, the molecular orientation depends only on temperature, 

while in the case of lyotropic LCs, as they are formed from an aqueous solution of 

amphiphilic molecules such as surfactants, the molecular orientation is directly related to 

the surfactant concentration [10-15]. 

In the solid state, thermotropic LC molecules present a regular arrangement, with the 

same pattern in all directions. Intermolecular forces keep LC molecules in fixed 

positions. An increase in temperature results in the movement of LC molecules that 

overcome the intermolecular forces responsible for keeping the order of LC molecules in 

the solid state, the initiation of random movement, and a change in the state to an 

isotropic phase or a liquid state [10-15]. 
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Figure 1. Arrangement of the molecules in a) solid state, b) liquid state, and c) liquid crystal state. 

The considered phase transitions in thermotropic LCs are the solid-liquid crystal and 

the liquid crystal-isotropic liquid transitions. A decrease in the temperature (cooling 

process) of the isotropic liquid provokes reversible phase transitions, which can be 

repeated during the heating/cooling cycles [1-5]. The orientation of the molecules in 

thermotropic LCs is characterized by the director axis pointing in the direction of the 

average molecular alignment. The director axis describes the long-range order of 

molecules and depends only on the temperature. 

Generally, LC molecules can pass through solid, smectic [16-20], cholesteric [16-18], 

nematic, and isotropic phase transitions as a function of temperature, which are 

responsible for the final properties of LCs [19-25] and strongly depend on external 

conditions such as temperature, chemical composition, external fields, and others [26-30]. 

In this Chapter we will focus on the nematic LCs. 

 

 

1.2. Nematic LCs 

 

Nematic liquid crystal (NLC) molecules, with the majority being elongated as rods, 

do not have a preferred positional order, however they reveal a long-range orientational 

order. Thus, NLC molecules are located in the same direction however some of them are 

not completely parallel, thereby, showing a certain deviation. This property is governed 

by the director axis pointing in the direction of the average molecular alignment, since 

long axes are approximately parallel [1-10, 31, 32]. 

The mobility of NLC molecules is similar to that of ordinary isotropic liquids, 

however, they can be easily aligned by an external field such as magnetic, electric, 

temperature gradients, and others [33, 34]. Aligned NLCs molecules display the optical 

properties of uniaxial crystals. Thus, NLCs possess the ability to switch the director axis 

and as a consequence, the alignment of their rod-like molecules takes place as a response 

to external stimuli. The NLCs switch from the state of high light dispersion, ON-state, 

when the director axes are aligned to a transparent state, to OFF-state, when they are not 

aligned. 
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Figure 2. Solid-nematic and nematic-liquid isotropic transitions. 

From the thermodynamic point of view, the nematic-isotropic liquid phase transition 

is a relatively weak first order transition if compared to the solid-nematic transition. 

Figure 2 shows the solid-nematic and nematic-liquid isotropic transitions of a NLC when 

a temperature gradient is applied. 

The most common approach to describe the nematic phase and nematic-isotropic (N-

I) phase transition, is based on the continuous decreasing of the order parameter with an 

increase in the temperature, dropping drastically to zero at the N-I transition temperature 

(TN-I). This transition can be described theoretically by using the Landau equation  

[1-7, 10, 11, 13, 15, 16, 35]. Several theories have been developed to describe the 

nematic phase and the N-I phase transition. The most widely used approach is the model 

proposed by de Gennes based on Laudau’s general description of the phase transition. 

The Laudau-de-Gennes (LDG) theory describes the state of a nematic liquid crystal by a 

macroscopic order parameter defined in terms of macroscopic quantities [1-7]. 

The reversible switching process makes NLCs interesting as they can be combined 

with other materials in order to create innovative applications. LC materials can be used 

in many different fields as digital thermometers, battery testers and other voltage 

measuring devices, temperature indicators for medical applications, medical 

thermography, radiation detection, esthetics, ingredients for cosmetic formulations, non-

destructive testing/thermal mapping, aerospace, engineering research, gas/liquid level 

indicators, and biomedical, among others [7, 16, 18, 41-50]. 

The alignment capacity of the the rod-like NLC molecules under an external stimulus 

combined with the processability and properties of the polymeric materials is an 

interesting pathway to develop polymer dispersed liquid crystal (PDLC) blends, which 

are used in a wide range of applications in the fields of thermal and electro-optical 

devices [36-40]. 

 

 

2. POLYMER DISPERSED LIQUID CRYSTAL (PDLC) BLENDS 

 

Polymer blend technology is one of the main areas of research in Polymer and 

Material Science. Polymer blends combine the properties of their components, leading to 
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polymeric materials with a wide range of applications [51-55]. Thus, a polymer blend is a 

physical mixture in which at least two polymers are mixed together to develop novel 

polymeric materials with synergistic properties. 

On the one hand, the main goal of polymer blending is the realization of materials 

with improved properties for commercial applications, and on the other hand, the 

preservation of these improved properties to reduce costs and enhance the processability 

of these materials. All these advantages can be reached through the proper selection of 

the polymer components and by overcoming limitations such as the difficulty of the 

dispersion of one polymer into another one due to the high interfacial tension, weak 

interfacial adhesion, and the instability of the polymer blends. 

Depending on both the Gibbs free energy (∆Gm) of mixing and the second derivative 

of the Gibbs free energy, polymer blends can be classified as miscible, immiscible, and 

partially miscible [55-62]. For a miscible polymer blend, ∆Gm < 0 and the second 

derivative positive, a homogeneous blend is obtained and a unique phase is observed. The 

miscibility between components depends strongly on the preparation conditions and the 

polymer blend formulation. The preparation of miscible polymer blends guarantees 

synergistic properties. For an immiscible or heterogeneous blend, ∆Gm > 0, the second 

derivative of the free energy function is negative, and in this case several phases 

corresponding to each component of the polymer blend are detected as a consequence of 

macrophase separation. When ∆Gm ≤ 0 and the second derivative of the free energy 

function are negative, the polymer blends are partially miscible. In this case, some part of 

one component of the polymer blend is miscible with the other component forming an 

interface, which is responsible for good interfacial adhesion. 

The miscibility of the polymer blends can be verified by the Fox equation [62-65]. 

This equation employs the glass transition temperature (Tg) of the polymer blend 

components to predict the theoretical Tg of a polymer blend. This equation is an easy way 

to discuss the miscibility of polymer blends. Miscible polymer blends show only one Tg 

located between the Tgs corresponding to the neat polymer blend components, while 

immiscible polymer blends possess two Tgs detected at the same temperature range as the 

Tg of each of the polymer blend components. When investigated polymer blends possess 

two Tgs located in between the Tgs of each of the polymer blend components and this 

polymer blend is partially miscible. 

Generally, partially miscible polymer blends offer a higher possibility of achieving 

synergistic properties while incompatible polymer blends are completely immiscible  

and as a consequence of macrophase separation, have poor mechanical properties  

[52, 58, 66-70]. 

The versatility of polymer blends makes them useful in numerous fields of 

applications such as medical, optical engineering for electronic devices, nanotechnology, 

and the cosmetic industry, as well as for coatings and adhesives, among others. The 
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advantages obtained from the mixture of polymeric materials can lead to the development 

of novel classes of polymer blends by combining polymers with other components. 

One of these polymer blends with outstanding synergistic properties, are polymer 

dispersed liquid crystal (PDLC) blends. The PDLC blends combine properties of 

thermoplastic polymers and properties of liquid crystals to create novel materials with 

tailored properties [36-40, 48-50]. 

As aforementioned, the orientation of the nematic liquid crystal rod-like molecules 

during the reversible switching process can be changed by applying an external stimulus. 

This property, jointly with the processability of thermoplastic polymers, make these 

PDLC blends innovative materials, which can be used in different fields of applications 

such as optical switches (light shutters), smart windows, and reflective displays, among 

others [36-40]. 

The enhancement of the PDLC blend properties in comparison to the properties of 

the polymer blends is related to the fact that the PDLC blends present, on the one hand, 

some degree of long-range order and, on the other hand, some degree of mobility. 

Consequently, properties such as chemical stability, lower flammability, and better 

processability can be achieved [71-73]. These properties are closely related to the 

molecular structure of the polymeric chain, which contains rigid liquid crystal phases or 

mesogens that can be placed in the main chain, in the side chains or in both, thereby 

allowing the polymer to be oriented in a similar way to neat liquid crystals [60, 74, 75]. 

The key factor in achieving PDLC blends with tailored properties is the control of the 

miscibility as a function of the temperature between selected thermoplastic polymers and 

nematic liquid crystals. The fast cooling rate has led to PDLC blends with smaller 

nematic domains with a narrow size distribution. On the contrary, the slow cooling rate 

has led to the coexistence of very large and small nematic domains [76-80]. The PDLC 

blends consist of NLC droplets with different configurations and orientations 

homogeneously dispersed in an optically transparent polymer matrix. These very small 

droplets, only a few microns in size, are responsible for the reversible switching of the 

PDLC blends by external stimuli [48-50]. The NLC molecules are able to change their 

orientation by applying an external electric field or a temperature gradient as shown in 

Figure 3. 

The arrangement of the NLC molecules as a function of external stimuli provokes a 

variation of the intensity of the transmitted light. When an external stimulus is applied, 

the NLC droplets are oriented and the PDLC blends switch from an opaque to a 

transparent state. Consequently, the optical properties of the PDLC blends are governed 

by the nematic liquid crystal phase and are able to maintain their properties in design 

materials [10, 16-18]. 

The optical anisotropy of the PDLC blends is closely related to the different values of 

the NLC and the polymer matrix refractive indices along the optical director axis. This 

means that they can be optically switched from an opaque state or highly scattering state 
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(OFF-state), if the director axis is nonaligned to the transparent state (ON-state), and if 

the director axis is aligned due to the mismatching and matching of the NLC and the 

polymer refractive index [8, 11, 16, 31, 33, 34, 81-85]. Thus, in the OFF-state, the 

mismatching between the effective refractive index of the liquid crystal (neff) and the 

refractive index of the polymer (np) leads to a non-uniform director field inside the liquid 

crystal droplets, and consequently the PDLC blend films scatter light. In the ON-state, the 

director field is aligned along the field direction (neff = no) and consequently the PDLC 

blend films become transparent since the ordinary refractive index no of the liquid crystal 

is equal to np. 

The switching time between the opaque and transparent states depends on the size, 

shape, and anchoring energy of the liquid crystal domains. PDLC blends with LC 

domains a size smaller than the wavelength of visible light do not scatter light efficiently, 

while LC domains larger than the wavelength of visible light lead to a poor contrast ratio. 

Consequently, it is desirable to fabricate PDLC blends consisting of LC domains with a 

uniform characteristic size in the wavelength range of visible light.  

Moreover, the switching process is also affected by the contrast ratio between the 

opaque and transparent states as well as the hysteresis between repeated switching cycles. 

In this research field, different optically transparent polymers were used as the matrix 

in PDLC blends [86-95]. Tercjak et al. [86] have fabricated and studied different PDLC 

blends based on poly(bisphenol A carbonate) (PC), poly(methylphenylsiloxane) 

(PMPLSi), poly(styrene-b-ethylene oxide) (PS-b-PEO) block copolymer and a low 

molecular weight 4’-(hexyloxy)-4-biphenyl-carbonitrile (HOBC). They have also studied 

the phase diagrams of PC/HOBC, PS-b-PEO/HOBC, and PMPLSi/HOBC blends taking 

into account the thermal transitions determined by using differential scanning calorimetry 

(DCS), an optical microscope (OM) and a dynamical mechanical analyzer (DMA). All 

the PDLC blends investigated by them showed a homogenous isotropic solution of the 

polymers and the LCs before reversible switching of the PDLC blends from a strong 

scatter light (OFF-state), thus opaque state, to a transparent state (ON-state).  

 

 

Figure 3. Arrangement of the nematic liquid crystal molecules in a PDLC material, a) light scattered 

OFF state and b) light transmitted ON state. 
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Additionally, as it was proved by OM all investigated PDLC blends do not exhibit a 

liquid-liquid demixing region. Instead of PDLC blends based on PC and PMPLSi, in the 

case of the PS-b-PEO/HOBC blends the strong influence of the addition of PS-b-PEO on 

the temperature in which systems switched from nematic to liquid isotropic state was 

observed as a consequence of the partial miscibility between PS-block and LC. 

Tercjak et al. [86] have also proved that the addition of PC, PS-b-PEO or PMPLSi 

into the PDLC blends hinder crystallization of HOBC if compared with crystallization of 

neat HOBC. Additionally, the thermooptical curves of PC/HOBC, PS-b-PEO/HOBC and 

PMPLSi/HOBC in the isotropization region revealed that the nematic-liquid isotropic 

transition maintained up to 30 wt % HOBC content. Taking in to consideration, both the 

hindering of crystallization in the PDLC blends and the range in which PDLC blends still 

show nematic-liquid isotropic transition, specifically designed PDLC blends can be used 

as smart materials in applications similar to LC applications. Authors have also showed 

that the addition of PC, PS-b-PEO or PMPLSi into the PDLC blends stabilizes them 

against crystallization as a means of preventing the coalescence of LC droplets.  

 

 

3. POLYMER DISPERSED LIQUID CRYSTALS (PDLC) BASED  

ON BLOCK COPOLYMERS 

 

The temperature dependence of the properties of the NLCs in the polymeric matrices 

makes PDLC blends excellent materials for potential LC applications. The main 

drawback is the weldline strength between different phases [53, 54, 58, 59]. As explained 

above, the employment of different methods for predicting the miscibility in blends, is an 

important area in polymer blend technology [72, 98-100]. A possible way to control and 

improve the miscibility of the PDLC blend components is the addition of the block 

copolymers as polymer matrices. 

Block copolymers are able to reduce the interfacial tension between components and 

allow the phase separation to be controlled and consequently, promote higher miscibility 

between components [101-104]. The ability of the block copolymers to self-assembly and 

as a consequence to control their morphologies at the nanoscale, offers new possibilities 

of applications, especially in the field of the miniaturization of opto-eletronic and 

magnetic devices. 

Block copolymers are macromolecules consisting of two or more groups of 

monomers covalently linked in the same polymer chain. The different ways to connect 

these blocks lead to diverse structures such as diblock AB, triblock ABC or star 

copolymers. The most interesting property of block copolymers is their ability to self-

assembly leading to different structures organized at the nanoscale [105, 106].  
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Figure 4. Theoretical phase diagram of an AB diblock copolymer. Reproduced with permission of 

(Matsen et al.), copyright 1996 ACS Publications. 

The different chemical compositions of the blocks and their covalent linkage, lead to 

well-defined structures with morphologies governed by the Flory-Huggins phase 

diagram. As can be seen in Figure 4, block copolymers can form different morphologies 

at the nanoscale such as the body-centered cubic (BCC), hexagonal (HEX), gyroid 

(GYD) and lamellar (LAM), and disordered structure (DIS) [107-110].  

The microphase separation in block copolymers can be controlled by the Flory-

Huggins interaction parameter (χ) between monomers, which forms different blocks and 

the number of polymer repeating units or the degree of polymerization (N). This χ is 

related to the chemical composition of the blocks and the length of the polymer.  

Block copolymers integrated by two monomers display different miscibility with 

respect to the NLC. Generally, one of the blocks is miscible or partially miscible with the 

NLC, consequently, NLC can be positioned in one block of the copolymer. Moreover, 

block copolymers can self-assemble offering nanostructured templates for dispersion of 

NLC droplets, leading to PDLC materials with electro-optic properties [81-83, 86, 111].  

Valenti et al. [111] have fabricated the PDLC blends based on styrene-diene block 

copolymers as a polymeric matrix and the nematic mixture E7 as a nematic liquid crystal 

by casting the solvent method in order to study the miscibility between components and 

the influence of several parameters on the morphology of the PDLC blends. To better 

understand the role of each block of styrene-diene triblock copolymers, authors also 

studied PDLC blends with polystyrene and polybutadiene. The results obtained by them 

revealed a different solubility of the NLC with each block of copolymer, leading to 

different micro-heterogeneous structures. Valenti et al. [111] have proved that the size, 

shape, and distribution of NLC droplets changed as a function of the NLC concentration 

in the PDLC blends. The final morphologies of the PDLC blends investigated by them 

depended, however, on various parameters especially the affinity between the casting 
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solvent and the matrix blocks and the critical surface tensions of the NLC and block of 

copolymer components that were discussed. 

Following the work reported by Valenti et al. [111], a PS-b-PEO block copolymer 

was used as a polymer matrix in PDLC blends with HOBC nematic liquid crystals  

[86, 93]. Authors proved that the addition of even 50 wt % of HOBC liquid crystals into 

the HOBC/PE-b-PEO blend allowed it to obtain a multifunctional nano/mesostructured 

system as showed in Figure 5.  

 

 

Figure 5. a) AFM height/phase images disordered state b) 3D AFM height image in disordered state c) 

3D AFM height image in ordered state of 10 wt % HOBC/PS-b-PEO blend. Reproduced with 

permission of (Tercjak et al.), copyright 2007 Elsevier. 

The results obtained evidenced that under the right conditions PDLC blends maintain 

the properties of a block copolymer since the PS-b-PEO block copolymer in these blends 

self-assembled into well-defined hexagonally closely packed cylinders. The self-
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assembly of the PS-b-PEO block copolymers in HOBC/PS-b-PEO blends contained 5, 

10, 30 and 50 wt % HOBC that led to the sub-micron phase segregation of the HOBC 

liquid crystals. Well-dispersed HOBC liquid crystal droplets with narrow distribution 

were clearly distinguished in a self-assembled matrix as shown in Figure 5c. The size of 

the HOBC liquid crystal droplets increased with the increase of the HOBCs in the PDLC 

blends that were 200-400 nm in diameter for the 50 wt % HOBC/PS-b-PEO blends. Thus, 

the PDLC blends maintained the properties of liquid crystals and consequently the 

relatively high molecular orientation of the separated mesophase droplets of the HOBC 

phase refracted plane-polarized light. These blends can switch from a highly light 

scattering state (OFF-state) to a transparent state (ON-state) when a temperature gradient 

is applied. Moreover, the self-assembly of the PS-b-PEO block copolymer phase 

hindered the coalescence process of the nematic droplets of the HOBC liquid crystal 

phase leading to the mesophase separation of the HOBC liquid crystal phase. 

In the field of PDLC blends based on block copolymers, Carrasco-Hernandez et al. 

[112, 113] have used poly(ethylene-b-ethylene oxide) (PE-b-PEO) block copolymers. 

They have fabricated PDLC blends employing two different low molecular weight 

nematic liquid crystals: 4’-(hexyloxy)-4-biphenylcarbonitrile (HOBC) and N-(4-

ethoxybenzylidene)-4-butylaniline (EBBA). 

The miscibility between each block of the PE-b-PEO block copolymer and the 

HOBC and EBBA nematic liquid crystals and the thermal stability of the PE-b-

PEO/HOBC and PE-b-PEO/EBBA blends were characterized by differential scanning 

calorimetry (DSC) and thermosgravimetric analysis (TGA). The morphology of the 

fabricated PE-b-PEO/HOBC and PE-b-PEO/EBBA blends can be visualized using 

optical microscopy (OM). The miscibility between the PE-b-PEO block copolymers and 

the HOBC and EBBA nematic liquid crystals were directly related to the decrease of the 

Tm in the HOBC and EBBA liquid crystal phases with an increase of the PE-b-PEO block 

copolymer content as well as the decrease of the degree of crystallization in the liquid 

crystal phase in the PDLC blends. These results were in good agreement with the 

theoretical prediction based on the solubility parameters calculated for each block of the 

PE-b-PEO block copolymers and the HOBC and EBBA nematic liquid crystals. 

Obtained by the authors, the DSC results confirmed that the PEO block of the PE-b-

PEO block copolymers showed higher miscibility with the HOBC nematic liquid crystals 

than with the EBBA nematic liquid crystals as further confirmed by miscibility between 

the PEO homopolymers and the HOBC and EBBA liquid crystals.  

Moreover, the addition of the PE-b-PEO block copolymers resulted in an increase in 

the thermal stability of the PE-b-PEO/HOBC and PE-b-PEO/HOBC blends which 

corroborated the partial miscibility between the PDLC blend components. Thermal 

treatment performed to visualize the liquid crystal character of the PE-b-PEO/HOBC and 

PE-b-PEO/EBBA blends indicated that the PDLC blends containing 25 and 50 wt % of 
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PE-b-PEO block copolymers exhibited a droplet-like morphology with uniform and 

narrow size distribution of the nematic HOBC or EBBA domains as showed in Figure 6. 

As have been reported by Carrasco-Hernandez et al. [112, 113], the introduction of 

25 wt % of PE-b-PEO block copolymers into the PE-b-PEO/HOBC blends resulted in 

coalesced droplets of the HOBC liquid crystal phase clearly observed in Figure 6b, while 

the addition of 50 wt % of PE-b-PEO block copolymers led to a droplet-like morphology 

with an average size of the nematic HOBC domains of around 2.5 ± 0.5 µm (Figure 6c). 

The incorporation of 75 wt % of PE-b-PEO block copolymers (Figure 6d) changed the 

morphology of the fabricated blends. In this case, only some small bright spherical 

crystals of PE-b-PEO block copolymers appeared during the black amorphous phase 

similar to the morphology exhibited by neat PE-b-PEO block copolymers (compare 

Figure 6d). 

 

 

Figure 6. Optical micrographs of (a) HOBC liquid crystals and their PDLC blends with (b) 25 wt %, (c) 

50 wt %, (d) 75 wt % PE-b-PEO block copolymer, and (e) EBBA liquid crystals and their PDLC blends 

with (f) 25 wt %, (g) 50 wt %, (h) 75 wt % PE-b-PEO block copolymers. All OM micrographs were 

taken between crossed polarizers. Reproduced with permission of (Carrasco-Hernandez et al.), 

copyright 2016 Elsevier. 
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The morphology of neat EBBA liquid crystals was similar to the morphology of neat 

HOBC liquid crystals (Figure 6a and 6e). The PE-b-PEO/EBBA blends containing 25 

and 50 wt % of PE-b-PEO block copolymers showed a droplet-like morphology with the 

uniform size of the nematic EBBA domains. The average size of these mesostable 

nematic EBBA liquid crystal phases grew with the increase of the PE-b-PEO block 

copolymer content being 1.5 ± 0.5 µm (Figure 6f) and 3 ± 0.5 µm (Figure 6g) for the PE-

b-PEO/EBBA blends modified with 25 and 50 wt % of PE-b-PEO block copolymer 

content, respectively. The addition of 75 wt % of PE-b-PEO block copolymers into the 

PE-b-PEO/EBBA blends allowed for envisaging that and for this reason the ratio between 

component designed materials did not show any liquid crystals droplets (Figure 6h). 

The thermooptical responsive behavior of the PDLC blends based on the PE-b-PEO 

block copolymers and the HOBC and EBBA nematic liquid crystals were also 

investigated by Carrasco-Hernandez et al. [113] for the systems with low PE-b-PEO 

block copolymer content (1, 5, 10 wt %). The presence of nematic-isotropic transitions in 

these PDLC blends were confirmed by the DSC. The TN-I of the HOBC or EBBA liquid 

crystal phase in the PE-b-PEO/LC blends were decreased to a few ºC with the addition of 

PE-b-PEO block copolymers if compared with the TN-I of the HOBC or EBBA nematic 

liquid crystals. Additionally, for all the investigated PDLC blends, the nematic-isotropic 

transition of the HOBC or EBBA liquid crystal phase occurred almost at the same 

temperature, regardless of the process, heating or cooling. This behavior indicates that the 

HOBC or EBBA nematic liquid crystals maintain their ability to switch from an opaque 

to a transparent state in the PE-b-PEO/LC blends. 

The presence of nematic-isotropic transitions in all the investigated PDLC blends, 

indicate their ability to demonstrate reversible switching during temperature changes. 

Thus, the liquid crystal phase maintained the nematic-isotropic transitions of the HOBC 

or EBBA nematic liquid crystals in all the investigated PDLC blends consequently, 

confirming their ability to switch from an opaque to a transparent state after a 

temperature gradient. The texture changes as a function of temperature for the 

investigated HOBC and EBBA nematic liquid crystals and their blends during switching 

from an opaque to a transparent state were visualized by Carrasco-Hernandez et al. [113] 

using OM. 

The reversible switching process of these PDLC blends were studied by 

photoluminescence spectroscopy (PL) and UV-visible spectroscopy (UV-vis). The effect 

of the addition of PE-b-PEO block copolymers to the photoluminescence properties of 

the HOBC and EBBA liquid crystal phases in the PDLC blends were investigated. 

Obtained by the authors, the 3D PL spectra of the PE-b-PEO/HOBC and PE-b-

PEO/EBBA blends are shown in Figure 7 and 8, respectively. 
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Figure 7. 3D photoluminescence emission spectra at 10 and 80ºC of the a) HOBC nematic liquid 

crystals and PE-b-PEO/HOBC blends with b) 1, c) 5 and d) 10 wt % of PE-b-PEO block copolymer 

content during four heating/cooling cycles. Reproduced with permission of (Carrasco-Hernandez et al.), 

copyright 2017 Elsevier. 

The reversible photoluminescence changes as a function of the temperature during 

four heating/cooling cycles, from 10 to 80°C, were monitored in order to deeply study the 

photoluminescence switching. As mentioned by the authors, the PE-b-PEO block 

copolymers did not show any emission peaks on the photoluminescence emission spectra 

taken for excitation wavelengths equal to 333 and 467 nm characteristic for the HOBC 

and EBBA nematic liquid crystals, respectively. 

The PL intensity of the HOBC liquid crystals is much higher than the EBBA liquid 

crystals. This behavior can be related to the fact that the EBBA liquid crystal phase can 

act as quencher due to the aniline group in its chemical structure. Consequently, the 

EBBA liquid crystals maintained thermooptical reversibility during four heating/cooling 

cycles while the HOBC liquid crystals lost their reversibility during the repeated 

heating/cooling cycles. The aniline group present in the EBBA liquid crystal chemical 

structure acted as a quencher and provoked a lower PL intensity than in the HOBC liquid 

crystals. However, this was also responsible for the durability of the thermooptical 

reversibility when repeated heating/cooling cycles were applied. The addition of the PE-

b-PEO block copolymers shifted the maximum emission peak to a higher wavelength and 
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a lower PL intensity for the PE-b-PEO/HOBC blends and shifted the maximum emission 

peak to a lower wavelength and a higher PL intensity for the PE-b-PEO/EBBA blends. 

This behavior was strongly related to the fact that the HOBC nematic liquid crystals are 

miscible with the PEO blocks while the EBBA nematic liquid crystals are miscible with 

the PE blocks in the PE-b-PEO block copolymers. 

In the case of PE-b-PEO/HOBC blends, the HOBC liquid crystal phase microphase 

separated from the PEO block domains while in the case of the PE-b-PEO/EBBA blends 

the EBBA liquid crystal phase microphase separated within the PE block domains. 

Accordingly, the orientation changes of the HOBC and EBBA nematic liquid crystal 

phases in the PDLC blends during the switching from an opaque to a transparent state are 

strongly affected by the partial miscibility of the HOBC liquid crystal phase with the 

PEO block and EBBA liquid crystal phase with the PEO block of PE-b-PEO block 

copolymers as shown in Scheme 1. 

 

 

Figure 8. 3D photoluminescence emission spectra at 10 and 80 ºC of the a) EBBA nematic liquid 

crystals and the PE-b-PEO/EBBA blends with b) 1, c) 5 and d) 10 wt % of PE-b-PEO block copolymer 

content during four heating/cooling cycles. Reproduced with permission of (Carrasco-Hernandez et al.), 

copyright 2017 Elsevier. 
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Scheme 1. Schematic illustration of the orientation changes of the HOBC and EBBA liquid crystal 

phases in the PDLC blends during the switching from an opaque to a transparent state. 

The miscibility of the liquid crystals with the different blocks of the PE-b-PEO block 

copolymers can be responsible for the different photoluminescence behaviors of the 

PDLC blends based on the HOBC and EBBA nematic liquid crystals.  

The transparency and the reversible switching process from opaque to transparent of 

the PDLC blends based on the HOBC and EBBA nematic liquid crystals as a function of 

temperature was also studied using UV-vis spectroscopy. The UV-vis transmittance 

spectra of these PDLC blends were measured at 10 ºC (highly scattering state-opaque) 

and at 80 ºC (transparent state). Moreover, the transmittance values were taken at 600 nm 

during four heating/cooling cycles to quantify the reversibility of this process. The 

obtained results proved that all the investigated PDLC blends maintained reversible 

switching from an opaque to a transparent state confirming that they can be employed as 

thermo-reversible recording materials, thermooptical devices, and temperature sensors.  

Carrasco-Hernandez et al. [114] have used the PE-b-PEO block copolymers as a 

matrix for the fabrication of the hybrid PE-b-PEO/EBBA electrospun fibers using the co-

electrospinning technique. Optimization of the electrospinning processing-window was 

carried out by varying the concentration of the PE-b-PEO block copolymer solution and 

playing with three different electrospinning parameters such as voltage, solvent, and the 

PE-b-PEO block copolymer solution flow rate. The hybrid PE-b-PEO/EBBA electrospun 

fibers were fabricated modifying the PE-b-PEO block copolymer fibers with low 

molecular weight EBBA nematic liquid crystals using the coaxial electrospinning 

technique.  

The addition of the EBBA nematic liquid crystals provoked changes in the fiber 

morphology resulting in a well-ordered lamellar structure. Regarding the hybrid PE-b-

PEO/EBBA electrospun fibers developed following the same electrospinning processing 

window, it was observed that the EBBA nematic liquid crystals improved the hybrid PE-

b-PEO/EBBA electrospun fibers formation in width and length due to the higher block 

copolymer flow rate that provoked changes in the fiber morphology resulting in a well-

ordered lamellar structure. 

This investigative work proved that the co-electrospinning technique can be 

successfully employed for the fabrication of hybrid materials based on the PE-b-PEO 

block copolymers and the EBBA nematic liquid crystals, maintaining the nematic liquid 

crystal characteristics in the acquired hybrid electrospun fibers. 
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4. FUTURE TRENDS AND PERSPECTIVE 

 

The PDLC blends based on block copolymers are an interesting class of smart 

materials, which can find potential application in the fields similar to LC applications. As 

described in this Chapter, they can switch from an opaque to a transparent state by the 

application of external stimuli such as thermal gradients, electric or magnetic fields. 

Moreover, they maintain self-assembly of block copolymers resulting in nanostructured 

materials, which can act as a template for inorganic nanoparticles. This can be a new 

trend in this field since inorganic particles can multiply the switching between the opaque 

and transparent states of these smart materials.  
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ABSTRACT 

 

A short review on current work in smart hydrogels field has been presented in this 

chapter, focusing the attention on the different stimuli to be used for activating hydrogels. 

Special attention was paid on frontal polymerization as suitable synthetic route for smart 

hydrogels and their nanocomposites. Therefore, after a brief review on frontal 

polymerization to design smart hydrogels, a case study has been presented based on the 

use of the frontal polymerization to obtain smart hydrogels nanocomposites of poly(N-

vinylcaprolactam) (PVCL) and its nanocomposites. In particular, hydrogels were 

reinforced with both silver and hydroxyapatite nanoparticles. Because of the unique 

properties of these nanoparticles, the nanocomposites presented herein can be considered 

as very interesting materials for biomedical and antibacterial applications. 

 

Keywords: hydrogels, PVCL, frontal polymerization, nanocomposites, silver 

nanoparticles, hydroxyapatite 
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ABBREVIATIONS 

 

Hydrogels (HG) 

poly(vinyl alcohol) (PVA) 

poly(N-vinyl-2-pyrrolidone) (PVP) 

poly(ethylene glycol) (PEG) 

Poly(2-hydroxyethyl methacrylate) (PHEMA) 

poly(ethylene oxide) (PEO) 

frontal polymerization (FP) 

spontaneous polymerization (SP) 

front velocity (Vf) 

methyl methacrylate (MMA) 

interpenetrating polymer networks (IPN) 

dicyclopentadiene (DCPD) 

Poly(N-vinylcaprolactam) (PVCL) 

poly(N-isopropylacrylamide) (PNIPPAm) 

shape change effect (SCE) 

shape memory effect (SME) 

critical solution temperature (CST) 

upper solution critical temperature (UCST) 

low solution critical temperature (LCST) 

N-isopropylacrylamide (NIPAAm) 

Poly(acrylic acid) (PAAc) 

Poly(acryl amide) (PAAm) 

acrylic acid (AAc) 

stearyl acrylate (SA) 

methyl acrylate (MA) 

Tetraethylene glycol diacrylate (TEGDA) 

Aliquat persulfate (APS) 

scanning electron microscopy (SEM) 

 

 

HOW SMART ARE THE HYDROGELS? 

 

Hydrogels (HG) are a special class of polymers able to retain high amounts of water, 

from 10-20% up to thousands of times their weight. Hydrogels are formed by a network 

of polymer chains crosslinked via chemical or physical bonds, remaining insoluble in 

aqueous solutions [1]. In general, the hydrogel polymer chains are formed by hydrophilic 

monomers, capable to absorb great amounts of water and retain it [2]. 
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A unique classification theory for HG does not exist and, depending on their method 

of preparation, ionic charge or physical structure, they can be differently classified. In 

particular, based on their preparation method, they may be classified as homopolymers, 

copolymers, multipolymers or interpenetrating polymeric hydrogels, thus depending on 

how monomeric unit has been used to form the final cross-linked network [2]. At the 

same time, hydrogels may be classified as neutral, anionic, cationic or, ampholytic thus 

taking into account their ionic charges. Moreover, based on their physical structural, they 

can be classified as amorphous, semicrystalline or formed by hydrogen-bonded or 

complexation structures. 

Furthermore, as we said before, the polymer chains forming the three-dimensional 

web of the HG can be chemically or physically crosslinked, obtaining two different types 

of gels: the “physical” and the “chemical” gels. In the first case, the network is formed by 

molecular entanglements, H-bonding or hydrophobic forces. Moreover, due to these 

kinds of interactions are reversible and can be disrupted by changes under physical 

conditions such as temperature, pH, ionic strength, application of stress, or addition of 

specific solutes, physical gels are also named reversible gels [3, 4]. On the contrary, 

hydrogels are called “permanent” or “chemical” gels when they are covalently-

crosslinked networks [5]. 

Another classification can derive on the nature of the polymer, natural or synthetic, 

used to obtain the HG [6]. The most used natural polymers for obtaining HG are chitosan, 

alginate, fibrin, collagen, gelatin, hyaluronic acid or dextran. In this case, the HG can be 

classified as biocompatible, biodegradable, and can biologically recognizable moieties to 

be used for the support of cellular activities. However, the main limitation for using 

natural polymers is the insufficient mechanical properties that they can provide.  

Generally, in order to properly study the hydrogels and their properties, special 

attention must to be paid to parameters such as the polymer volume fraction in the 

swollen state, the number average molecular weight between crosslinks and the network 

mesh size. In particular the first parameter indicates the amount of liquid, which can be 

imbibed in the HG; the second one indicates the degree of crosslinking and the third one 

is important to determine the physical properties of the hydrogels including mechanical 

strength, degradability, and diffusivity of the releasing molecule [7, 8]. In the case of HG 

for biomedical application its typically mesh size in the swollen state range from 5 to 100 

nm [9]. 

HG can be divided into highly swollen hydrogels, including poly(vinyl alcohol) 

(PVA), poly(N-vinyl-2-pyrrolidone) (PVP) [10], and poly(ethylene glycol) (PEG) [11], 

among others, but also in moderately and poorly swollen hydrogels which are based on 

poly(hydroxyethyl methacrylate) (PHEMA) and its derivatives. In 1954, Wichterle and 

Lim introduced cross-linked PHEMA as biological material [12]. Other hydrogels for 

biomedical applications include polyacrylamides [13], PVA [14] as well as those based 

on poly(ethylene oxide) (PEO) [15]. 
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The particular physical properties have made hydrogels very attractive for a large 

variety of biomedical [16] as well as of pharmaceutical applications [17]. Moreover, 

other applications include the use of HG as food additives [18], as contact lenses [19], for 

the reconstruction of artificial organs [20] when they show good mechanical response, 

and even they have been used as tissue engineering scaffolds, biosensor and in drug 

delivery systems [21]. 

The concept of “Shape Memory Hydrogels” was introduced for the first time in 1995 

by Osada [22]. These gels are those which their swelling properties change with different 

external stimuli such as temperature or pH changes among others [22-24]. The interest on 

the smart hydrogels has been strongly increased in the recent years. As shown in Figure 

1, the number of publications on “Smart HG” in the last two decades has notably 

increased. 

Hydrogels can show different smart behavior [25-28], defining as a particular 

response to certain external stimulus such as temperature, pH, ionic strength, etc. (Figure 

2). It is possible to make the difference between shape change effect (SCE) and shape 

memory effect (SME) in hydrogels [29]. In the first one, the material changes it shape 

when a stimulus is applied, and by removing the stimulus the shape can be recovered. For 

instance, swelling/deswelling hydrogels, which change its shape due to the variation of 

external stimulus, are a class of shape change polymers [29].  

On the other hand, shape memory materials can be programmed in a desired 

temporary shape and the recovery is activated by applying a stimulus. The frontier 

between both effects is so close allowing their combination in order to design materials 

with unique properties [30]. 

 

 

Figure 1. Number of scientific publications in the latest years for the records “Smart hydrogels” (source 

ISI web of knowledge till 2016). 
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Figure 2. Effects of the external stimuli application on the swelling properties for SCE hydrogels.  

Regarding the SCE, the swelling properties are influenced by several factors: 

 

 The degree of crosslinking: the higher is the degree of crosslinking, the lower is 

the swelling. 

 The chemical structure of materials: hydrophilic groups in the molecular chains 

allow reaching higher swelling level respect to hydrophobic groups. 

 

Temperature is the most widely used stimulus in environmentally responsive polymer 

systems. The change of temperature is not only relatively easy to control, but also easily 

applicable both in vitro and in vivo. For example, temperature-responsive dishes can be 

utilized as cell sheet manipulation techniques in vitro [31-33] and temperature-responsive 

hydrogels or micelles containing drug can be applied in vivo [34-36]. In particular, 

temperature-sensitive gels have a critical solution temperature (CST). There is a 

distinction in hydrogels according to their CST: upper solution critical temperature 

(UCST) and low solution critical temperature (LCST). UCST hydrogels are swollen by 

the solvent when the temperature is above of USCT and they release the solvent when 

temperature is below UCST. Whilst LCST hydrogels have an opposite behavior: they are 

swollen when the temperature is below LCST and they shrink if temperature exceeds 

LCST. 

In particular in this chapter we focus the attention on one of the more innovative 

technique used to obtain smart hydrogels, that is the frontal polymerization. Moreover, 

example of different hydrogels obtained by frontal polymerization and also reinforced 

with different types of nanoparticles has been reported at the end of the chapter. 

 

 

FRONTAL POLYMERIZATION 

 

In general, chemical reactions can be classified in three main groups depending on 

the mutual reactivity of their components. Firstly, there are reactions able to happen by 
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the simple reactant mixing at room temperature or below. Secondly, there are other 

reactions which happening with a continuous energy providing in heated reactors. 

Finally, it is possible to find systems that are inert at room temperature but which react 

fast, and without further energy providing, if ignited (e.g., combustion, explosions). 

When we work with polymer synthesis the third one it is not so common. A valid 

alternative solution which is based in this kind of reactions is the photo-polymerization, 

but this technique is not applicable to all chemical systems and it has several limitations. 

On the other hand, frontal polymerization (FP) can represent a possible valid alternative 

technique having practical and economic advantages.  

This technique allows the conversion of the monomer into a polymer thanks to the 

exothermicity of the reaction itself. In this way a reaction front is formed, capable of self-

sustaining and propagating within the monomeric mixture. 

There are three types of FP: 

 

1)  Thermal FP, extensively described below. 

2)  Photo Frontal polymerization, where a UV source is used. 

3)  Isothermal Frontal Polymerization, which occurs when the monomer and initiator 

are dispersed in a preformed polymer, based on the gel effect. 

 

In a thermal FP, a typical glass test tube is filled with the monomeric mixture. A 

scheme of the typical experimental setup for the frontal polymerization is shown in 

Figure 3. 

 

 

Figure 3. Scheme of the experimental setup for a typical FP. 
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Figure 4. Temperature profile recorded during a typical pure FP experiment. 

The reaction is triggered by heating the external wall of the tube to the upper surface 

of the monomer mixture until the formation of the front becomes evident due to different 

refractive indexes between the monomer and the polymer. In addition, a thermocouple is 

immersed in the monomer for measuring the temperature in real time and obtaining the 

temperature profile. 

Two important parameters are taken into account in a thermal FP reaction: Tmax (the 

maximum Temperature of the Front) and Vf (the front velocity): the first is measured 

through a thermocouple, located at 1 cm from the bottom of the tube; the second is 

recorded by using a chronometer. 

When the FP is the unique mode of polymerization occurring in the reactor at a given 

time, without spontaneous polymerization (SP), the FP is called pure. For this purpose, 

chemical system has to be almost inert at relatively low temperature and very reactive at 

the Tmax. 

A typical temperature profile of a FP experiment is shown in Figure 4. When the 

initial part of the curve is characterized by slope equal to zero, pure FP is occurring. In 

fact, if no increments of temperature are recorded before the arrival of the front, SP is 

probably not occurring. 

Furthermore, this plot provides other useful information: 

 

 The extent of temperature jump and the value of the maximum reached (Tmax, see 

Figure 4). 

 The range interested to heating: it is the monomer zone close to the incoming 

polymerization front; e.g., its presence can ensure the FP of monomers which are 

solid at room temperature but that melt immediately before being crossed by the 

front. 

Complimentary Contributor Copy



Ivan Navarro Baena, Valeria Alzari and Laura Peponi 

 

230 

 The “degree of adiabaticity”: the larger the heat loss is, the higher the slope of the 

curve after Tmax is. 

 

Tmax is a very important parameter for the final characteristics of the obtained 

polymer. In fact, it is related to the degrees of conversion and crosslinking, the onset of 

polymer degradation, bubble formation, etc. 

A pure FP is often characterized by constant Vf, (Figure 5A). However, such 

behavior is not always found, because of the bubbles formed during the synthesis which 

are responsible for a non-constant movement to the front. Furthermore, a linear 

dependence between front position and time can be found also if SP is simultaneously 

occurring. So, when other phenomena appear during the FP the time dependence of the 

front position deviates from linearity, as shown in Figure 5B. 

Sometimes, for example if the polymer melts at the Tmax, it is responsible for the 

formation of “fingering”, a phenomenon that is characterized by the dripping of the just 

formed polymer into the monomeric mixture. This phenomenon can be reduced or 

prevented by increasing medium viscosity and/or by adding suitable additives within the 

monomeric mixture [37, 38]. If possible, they should be chosen among those imparting 

desirable features to the final polymer material [39]. 

FP presents many advantages, if compared with other traditional polymerization 

techniques, such as the energy consumption. Thanks to the lack of heat sources, generally 

requested for carrying out many traditional chemical reactions, FP results a cost-effective 

technique, reducing the environmental impact and being a “greener” technology. 

Furthermore, FP is generally, but not exclusively, applicable to solvent-free systems. This 

technique is relatively simple and fast, monomers can be used as received, without the 

usual elimination of the dissolved inhibitor, also thanks to the high temperatures typically 

reached by the fronts. Moreover, by using FP, high conversions of reaction are often 

found, thus making the final common purification procedures not necessary. 

 

 

Figure 5. Dependence of front position with the reaction time: A) ideal FP, B) deviation from ideality. 
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The first studies on FP were performed by Chechilo and Enikolopyan, who applied 

this technique to methyl methacrylate (MMA) monomer [40, 41]. The reaction was 

carried out in adiabatic conditions under high pressure (>3000 atm). After this 

preliminary work, a number of different vinyl monomers were polymerized by FP at 

ambient pressure [42-44]. 

The frontal polymerization was effectively used for other systems such as epoxy 

resins [45, 46] and their interpenetrating polymer networks (IPN) [47]. Morbidelli et al. 

[48] applied successfully the FP to polymeric blends, discovering that phase separation 

for poly(methyl methacrylate)/polystyrene blends was reduced by applying FP compared 

with the blends obtained by mechanical mixing. Analogous results were observed by 

Pojman et al. [49] in polymer composites. They reported that phase separation was 

reduced because of the high conversion rate which “freezes” the components in a 

metastable situation.  

Moreover, FP has been successfully applied for the synthesis of copolymers [50]. In 

fact, the high temperatures reached by the front make both reactivity monomer ratios 

equal to the unity. As a consequence, all copolymer chains were characterized by the 

same monomer composition regardless the monomer conversion and avoiding a feed 

correction during the reaction. Mariani et al. have first polymerized dicyclopentadiene 

(DCPD) by frontal ring opening metathesis polymerization, extending the applications of 

FP to other polymeric systems [51]. They also applied FP for the synthesis of DCPD 

IPNs with acrylates [52], discovering the possibility to take advantage of the heat 

released by DCPD polymerization to sustain the front of a second monomer (MMA), not 

able to frontally polymerize alone, thus opening the accessibility of FP to a larger number 

of polymer systems not considered previously. Washington and Steinbock [53] applied 

FP for the obtainment of temperature-sensitive hydrogels and Fortenberry and Pojman for 

the solvent-free synthesis of polyacrylamide [54]. Crivello et al. designed and 

synthesized glycidyl ethers that undergo frontal polymerization [55] and Chen et al. [56] 

frontally polymerized PHEMA, and N-methylolacrylamide. Moreover, they studied the 

development of epoxy resin/polyurethane networks [57] as well as of polyurethane-

nanosilica hybrid nanocomposites [58] and PVP [59]. 

Mariani’s group has synthesized several polymers by FP such as polyurethanes [39], 

different kinds of IPNs [52, 60, 61], unsaturated polyester/styrene resins [62], epoxy 

resins [63] and poly(diurethanediacrylates) [64]. They have also applied FP to the 

consolidation of porous materials [65] and for the preparation of several hydrogels such 

as poly(N,N-dimethylacrylamide) [66], stimuli responsive hydrogels based on both 

poly(N-vinylcaprolactam) (PVCL) and poly(N-isopropylacrylamide) (PNIPPAm) [67], 

pH sensitive hydrogels [68] and double responsive (pH and temperature) hydrogels [69]. 

They have also developed super water absorbent hydrogels of acrylamide and 3-

sulfopropyl acrylate [70, 71]. Moreover, Mariani’s group has developed some polymer-

based nanocomposites reinforced with montmorillonite [72], polyhedral oligomeric 
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silsesquioxanes [73] and carbon based composites [74], as graphene, to obtain thermos-

sensitives hydrogel nanocomposites based on PNIPPAAm [75] and PVCL [76]. 

 

 

PVCL HYDROGELS OBTAINED BY FRONTAL POLYMERIZATION:  

A CASE OF STUDY 

 

Poly(N-vinylcaprolactam), PVCL, is formed by a hydrophobic polymer backbone 

with a cyclic amide attached. The amide group is directly attached to the polymer chain 

(Figure 6). This is a water soluble polymer which undergoes a thermal induced phase 

separation when is diluted in water. PVCL is a chemical analogue of PVP, a well-known 

and widely used pharmaceutical excipient [77, 78]. In particular, PVCL is widely used in 

hair-care and cosmetic applications [79], and also it has been used in the area of 

biomedical materials, in stabilization of proteases and in controlled drug delivery and 

drug release [80-82]. 

In this chapter, PVCL hydrogels were synthesized by using frontal polymerization.  

As it was explained above, the key aspect of this technique is the activation of the 

polymerization by applying of heat in one point of the sample and its self-propagation 

until finish the monomer. A front of reaction is formed and propagated, being possible to 

see with the naked eye the color change from the monomer to polymer. A scheme of the 

reaction setup was shown in Figure 3. 

The polymerization carried out in a test tube of 16 mm diameter where monomer, 

crosslinker and initiator were mixed. Tetraethylene glycol diacrylate (TEGDA) and 

Aliquat persulfate (APS) was selected as crosslinker agent and initiator, respectively. The 

synthesis of the initiator has been done following the previous work of Mariani et al. 

[83]. The reaction front temperature and the velocity were monitored by measuring the 

temperature in two different points by using thermocouples.  

In order to study the effect of the initiator on the synthesis of PVCL hydrogels, 

several hydrogels were synthesized using the same amount of crosslinker (1% mol) and 

varying the amount of initiator.  

 

 

Figure 6. PVCL chemical structure. 
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Table 1. Hydrogel synthesis parameters 

 

Sample APS (%mol) Tfront (ºC) Vfront (cm/min) LCST (ºC) 

FP01 0.1 105.2 0.4 27 

FP02 0.2 122.9 0.5 27,5 

FP03 0.3 134.2 0.7 28 

FP05 0.5 135.1 0.8 28 

CP 0.3 - - 27 

 

Table 1 summarizes the synthesis parameters, front temperature and velocity, as well 

as the lower critical solution temperature (LCST) obtained experimentally for samples 

with different amount of initiator. In order to compare the frontal polymerization 

obtained gels with those obtained by classical polymerization, a reference PVCL 

hydrogel was synthesized at 80ºC and 12 h reaction. As expected, for the frontal 

polymerization, the higher is the initiator amount the higher is the front temperature as 

well as the speed of the front, due to the exothermic character of the reaction. 

In particular, PVCL is a LCST hydrogel, thus it shirks when the higher temperatures 

and it shows the maximum swelling degree at lower temperatures. This behavior was 

checked by weighting the hydrogels after being for a certain time at different 

temperatures. Starting from 22ºC the temperature was changed until 44ºC, taking data 

each 2ºC. An extra weight at 3ºC was done for recording the maximum amount of water 

of the hydrogels close to water freezing temperature.  

Regarding Figure 7, LCST remains unaltered for the different amount of initiator 

employed. The degree of swelling of the hydrogels is very similar for all the tested 

temperatures, being different only within the very low temperatures range (near to 0ºC). 

The morphology of the hydrogel cells was observed by scanning electron microscopy 

(SEM), Figure 8. PVCL hydrogels are formed by nodules of different sizes ranging from 

10 micrometers to several hundreds. The nodule shape and sizes of both hydrogels, 

prepared by frontal and classical polymerization is equivalent, confirming that frontal 

polymerization is a feasible technique for developing these kinds of hydrogels. 

Furthermore, we have prepared nanocomposites using two different fillers: nano-

hydroxyapatite particles (nHA) and silver nanoparticles (Ag). Both nanofillers act as 

reinforcement and can provide new functionalities to the hydrogel matrices. 

Hydroxyapatite acts as reinforcement and promotes the cell growth. On the other hand, 

silver nanoparticles have been used for imparting antibacterial properties. The pristine 

hydrogel synthesized with 0.5% mol of initiator is also displayed as a reference. In Table 

2, the synthesis parameters of the composites and the pristine hydrogels are shown. 
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Figure 7. Dependence of the swelling degree with the temperature. 

 

Figure 8. SEM images corresponding to a PVCL hydrogel synthesized by classical polymerization (left) 

and by frontal polymerization (right). 

The synthesis parameters do not change significantly when nHA is added. On the 

other hand, when silver nanoparticles are used the temperature of the front decreases 

16ºC. So, silver nanoparticles absorb part of the reaction heat, decreasing the front 

temperature, while the nHA nanoparticles do not absorb any heat. However, the reaction 

is complete even in the presence of silver nanoparticles. 

 

Table 2. Synthesis parameters of the nanocomposites 

 

Sample APS (%mol) Np  

(wt %) 

Tfront  

(ºC) 

Vfront  

(cm/min) 

LCST  

(ºC) 

FP05 0.5 - 135.1 0.8 28 

FP05HA 0.5 1 134 0.9 28 

FP05AG 0.5 1 118 0.8 28 
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Figure 9. Nanocomposites based on PCL hydrogel matrix reinforced with nano-hydroxyapatite and 

silver nanoparticles. 

SEM characterization was performed in order to study the nanoparticles distribution, 

Figure 9. In both cases, PVCL hydrogels with cellular structure were developed. In 

addition, the cells are quite similar to the cells of the pristine hydrogels, showing sizes 

ranging from 10 micrometers to several hundreds. However, the nanoparticle distribution 

was better for the silver nanoparticles nanocomposites. Despite the nHa composite shows 

nanoparticles were embedded within the polymer matrix, there are large aggregates 

outside, indicating that the integration was not very good. More efforts have to be done in 

order to remove these aggregates and promote the interaction between PVCL and nHa. 

On the contrary, silver nanocomposite presents the nanoparticles correctly embedded. 

Regarding the swelling behavior of the nanocomposites presented in Figure 10, the 

LCST behavior is also displayed with the nanoparticles addition and no further changes 

were detected. It is worth to note that the maximum swelling was for the nanocomposite 

with the nHa and the lowest for the silver nanoparticles. It seems to be related with the 

large presence of nHA aggregates which are hydrophilic, and aid to retain more water to 

the hydrogel. 
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Figure 10. Swelling behavior in the LSCT region for both nanocomposites and the pristine hydrogel 

prepared by FP. 

The correct integration of the silver nanoparticles within the PVCL hydrogels by 

frontal polymerization motivated the addition of different amounts of nanoparticles in 

these hydrogel nanocomposites. In particular, five different concentrations were studied. 

All the HG nanocomposites were correctly synthesized by FP.  

As we mentioned before, silver nanoparticles decreased the maximum temperature 

reached during the reaction. Moreover, the front rate is also affected by the presence of 

Ag nanoparticles. In fact, the frontal rate decreases when the amount of nanoparticles 

increases. Only the nanocomposite with the lowest concentration of nanoparticles 

presents similar values to the pristine hydrogel. 

The morphology of all the nanocomposites was investigated by SEM (Figure 11). All 

the nanocomposites present the cellular structure of the PVCL hydrogel, and this 

structure is quite similar to the pristine PVCL hydrogels. In all cases it is possible to 

detect well dispersed Ag nanoparticles within the polymeric matrix even if high amounts 

of nanoparticles are added. 

In Table 3 the synthesis parameters of the synthesized nanocompositesare presented. 

 

Table 3. HG-Ag nanocomposites: Synthesis parameters 

 

Sample APS (% mol) %Ag Tmax Vf (cm/min) 

FP05AG01 0.3 0.1 130 0.8 

FP05AG03 0.3 0.3 117 0.75 

FP05AG1 0.3 1 116 0.73 

FP05AG3 0.3 3 115 0.7 

FP05AG5 0.3 5 114 0,71 

FP05 0.3 0 130 0.8 
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Figure 11. SEM images of the hydrogel nanocomposites with different amounts of silver nanoparticles. 
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CONCLUSION 

 

In this chapter, we have reviewed the current work in smart hydrogels field. The 

different stimuli which can be used for activating the hydrogels have been pointed out. In 

addition, we have presented frontal polymerization as a way for synthesizing and 

designing smart hydrogels as well as their nanocomposites. In particular, frontal 

polymerization represents a self-sustaining reaction, and it can be considered an energy-

saving way for producing polymer materials, with the additional advantage of short 

reaction times. Finally, to confirm the potential of FP on the synthesis of smart hydrogels 

nanocomposites, a study on smart hydrogels based on PVCL and its nanocomposites 

obtained by adding both Ag and hydroxyapatite nanoparticles has been presented. The 

characteristic cellular structure of PVCL hydrogels was not modified by using frontal 

polymerization respect to a classical polymerization, nor because of the presence of the 

nanoparticles. All the synthesized hydrogels present the thermal-driven smart behavior, 

with an LCST transition around 28ºC. The Ag nanoparticles were well embedded within 

the polymer walls of the cell even at higher concentration. These preliminary studies 

demonstrate the potential of the frontal polymerization to prepare hydrogels 

nanocomposites in very short time and saving energy if compared with the classical 

methods. Furthermore, the nanocomposites presented here can be considered as very 

interesting materials for biomedical and antibacterial applications. 
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ABSTRACT 

 

Thermoresponsive polymers have been thoroughly investigated for biomedical uses 

in many areas; from theragnostics, drug and gene delivery to cell harvesting and tissue 

engineering. The use of biocompatible smart polymers requires precisely tuning the 

structure, composition (hydrophobic/hydrophilic balance), polymer length, molecular 

weight, lateral chains, etc. in order to achieve physical changes in aqueous media at 

physiological temperature This chapter intends to describe these issues and how the 

alteration of the chemical structure of the repetition unit within the backbone, the 

polymerization degree or end-functionalization, affect the thermal, mechanical and 

degradation properties of the resulting (co)polymers upon the final application. 
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ABBREVIATIONS 

 

PLGA D-L-lactic acid co-glycolic acid 

PHB (R)-3-hydroxybutyrate 

EtOx 2-ethyl-2-oxazoline 

iPrOx 2-isopropyl-2-oxazoline 

AAm acrylamide 

A  acrylate 

RGD arginylglycylaspartic acid 

ATRP atom transfer radical polymerization 

CMT critical micellization temperature 

DMAA dimethylacrylamide 

GT  gelation temperature 

HPMA hydroxypropylacrylamide 

HEMA hydroxyethyl methacrylate 

LCST lower critical solution temperature 

MA  methacrylate 

NtBA N-tertbutylacrylamide 

OEGMA oligo(ethylene glycol) methacrylate 

OEG oligoethylene glycol 

CPropOX poly (2-cyclopropyl-2-oxazoline) 

POXs poly (2-oxazolines) 

PLA poly L-lactic acid 

PP  poly propylene 

PCL poly(-caprolactone) 

PEG poly(ethylene glycol) 

PEA poly(ethylene adipate) 

PEO poly(ethylene oxide) 

PESc poly(ethylene succinate) 

PHA poly(hexamethylene adipate) 

PPF poly(propylene fumarate) 

PPO poly(propylene oxide) 

PCLA poly(ε-caprolactone-co-lactide) 

DP  polymerization degree 

pNIPAm poly-N-isopropylacrylamide 

PVP poly-vinylpyrrolidone 

USCT upper critical solution temperature 

VPTT volume phase transition temperature 
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1. INTRODUCTION TO THERMORESPONSIVE POLYMERS 

 

Certain polymers exhibit thermosensitivity in solution, which is related to an 

alteration of the balance of polymer-polymer vs. polymer-solvent interactions. Focusing 

on aqueous media, where this phenomenon may have biomedical significance, there are 

several polymers showing a lower critical solution temperature, LCST, below which the 

hydrophilic polymer-water interactions are favored and linear chains are soluble. Above 

that transition temperature, hydrophobic polymer-polymer interactions are favored and a 

phase separation or even a precipitation takes place: a phase rich in polymer is formed 

(Figure 1, A). Clouding occurs as a result of this phase separation, which is why the 

LCST temperature is often referred to as a cloud point (Tcp). A recent review discusses 

key aspects concerning a correct LCST determination and the most appropiate techniques 

to do that [1]. An inverse behavior to the LCST phenomenon is also possible. The 

transition temperature in such case is called Upper Critical Solution Temperature (USCT) 

(Figure 1, B). However, there are few examples of UCST polymers in water [2]. 

Natural polymers like polysaccharide derivatives from cellulose, chitosan, gelatin and 

collagen have often been used as thermosresponsive systems for biomedical applications. 

However, it is necessary to modify them chemically or to use them in combination with 

other polymers to be able to control their thermal response and adjust it to that required 

by the application. Some synthetic polymers such as pNIPAm, polyethers, 

polyoxazolines, among others, have also been widely applied for the same purpose. This 

chapter is dedicated to describe how the thermosensitivity of representative synthetic 

polymers with LCST may be finely tuned by different structural changes. Tuning a LCST 

in the vicinity of the physiological temperature may be very relevant for some biomedical 

applications.  

Thermoresponsive polymers have been used as carriers for controlled drug release or 

gene therapy making use of this feature. In addition, many examples have been provided 

where these smart biomaterials are acting as cell harvesting platforms or other tissue 

engineering constructs. 

 

 

Figure 1. Phase transitions associated with the LCST (A) and UCST (B) behaviors. 
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Figure 2. Structural variations in copolymers. 

Some of the aspects of polymer thermosensitivity in aqueous media, such as the 

LCST value, or the extent of the sensitivity, may be modulated by different structural 

alterations, which can be categorized in different levels. In a prime level, 

thermosensitivity depends ultimately on the nature of the repetitive unit. In this review 

some examples of LCST modulation by varying the structural hydrophilic/hydrophobic 

balance of the repetitive unit and the side chains can be found. 

In a second level, polymer chain characteristics may be modulated by 

copolymerization. If, for example, thermosensitivity is provided by a given unit (i.e., 1), 

there are several structural possibilities of incorporating additional monomer (i.e., 2 in the 

case of a binary system), as it is indicated in Figure 2. Statistical copolymers are obtained 

by the simultaneous polymerization of the two monomeric precursors [3]. Both 

monomers are incorporated to the growing chains according to the reactivities of the 

different species (monomers and growing active centers), which finally leads to a unit 

distribution along the chains that follow a given statistical law. Other structures such as 

block or graft copolymers cannot be obtained by the simultaneous polymerization of the 

precursors. Usual procedures for preparing block and graft copolymers are respectively 

controlled polymerization with sequential addition of the monomers [4] and the use of 

macromers [5]. In block and graft structures there is no intercalation of other units within 

the thermosensitive segments. This means that the influence of additional monomers on 

the LCST value is smaller than in the case of statistical copolymers. Actually these 

structures have been proposed to modulate other aspects such as the colloidal stability or 

the gellable nature. 

Many thermosensitive systems are based on crosslinked structures, that is, on 

hydrogels [6]. Hydrogels are polymer networks able to absorb water. Hydrogels are 

categorized in chemical or physical depending on the type of bonds, covalent and non-
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covalent respectively, which compose the crosslinked network. Physical bonds are 

reversible while chemical crosslinkings are not. In the context of stimuli sensitive 

materials, this difference is very important since thermosensitivity has been used in 

physical hydrogels to prepare gellable and injectable materials upon change of 

temperature. For gellable materials, a gelation temperature, GT, may be defined. 

Chemical hydrogels, however, are permanent networks that respond to temperature 

modifications by change in water uptake and volume. For these chemical networks, the 

transition temperature is actually called volume phase transition temperature, VPTT, 

instead of LCST.  

 

 

2. PNIPAM 

 

2.1. PNIPAm Structure and Biological Applications 

 

Temperature is the most widely used stimulus in environmentally responsive polymer 

systems. This feature is easy to control and apply in cell cultures or in in vivo therapies 

[7]. In this field, Poly-N-isopropylacrylamide, pNIPAm (Figure 3) and its copolymers 

with other synthetic or natural structures are the most investigated thermoresponsive 

systems from the biological point of view [8]. To take advantage of the pNIPAm LCST, 

near the body temperature, different approaches have been applied to modulate relevant 

processes [9] especially in drug and gene delivery. In addition, pNIPAm promoted 

different tailored architectures, such as hydrogels, micelles, films or particles [10] for 

biological uses. 

Cytotoxicity is the first issue to address in order to propose clinical applications in 

the biomedical field. In this sense, the cytotoxic effect differs between the monomeric 

and the polymeric form of these systems. Whereas NIPAm monomer is toxic, pNIPAm is 

widely considered biocompatible, and a research field arises focused on this polymeric 

family. So far, deep in vitro and in vivo evaluations with implications in clinical therapies 

[9] have been accomplished.  

 

 

Figure 3. PNIPAm structure. 
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Thermoresponsive models based on pNIPAm include polymeric micelles, 

nanoparticles or other carriers to control drug and gene delivery. Since then, a wide range 

of pNIPAm applications to modulate heating-activated drug release [11] organism-

localized delivery [12] or transfection events have been described [13]. 

Nevertheless, pNIPAm is better known in the field of tissue engineering where it 

plays a crucial role in the surface design of cell support platforms. Surface chemical 

composition can also affect cellular processes such as adhesion, proliferation or 

detachment. In 1990, the Okano group was pioneer in the use of pNIPAm in cell-sheet 

manipulation techniques, [14] achieving a complete cell sheet detachment from a 

pNIPAm support just by decreasing the temperature below LCST, [7a] and thus avoiding 

the use of proteolytic enzymes or physical scrapping. This non-invasive cell harvesting 

allows conserving the extracellular matrix, cellular and molecular interactions and 

internal tissue organization [15]. In fact, it has been demonstrated that it also accelerates 

the subsequent adhesion of the transplant [16]. Cell sheet technology has successfully 

been applied in soft tissue regeneration. Specialized endothelia and epithelia have been 

harvested for cornea, skin, oesophagus or blood vessel transplantation [17]. Moreover, 

cell sheets of myocardiocytes or hepatocytes can help to recover damaged hearts and 

livers [18]. Other examples on the use of pNIPAm technology are found in harder tissues, 

such as cartilage or bone [19]. In addition, the possibility of enhancing the cell response 

through surface activation with biological factors opens huge possibilities in this kind of 

therapies. Cell adhesion or differentiation can be adjusted to tailor an optimal cell sheet 

able to fit the organism’s requirements [20]. 

However, the absence of comprehensive studies about each pNIPAm-based support 

leads to several concerns relative to its harmless use in human organism. It has been 

shown that features such as the purity of the polymer, the polymerization technique or the 

specific biological model can affect the biocompatibility results [21]. Although cell 

cultures provide a well-known experimental model to preliminarily evaluate polymeric 

applications, specific in vivo studies (following ISO or clinical trial requirements) are 

required to ensure its optimal behavior in patients. Nowadays, certain pNIPAm supports 

are being tested or already applied in clinical practice [9] serving as an example of 

biotechnology transfer. 

 

 

2.2. Thermosensitivity Tuning of pNIPAm 

 

Linear pNIPAm exhibits a LCST around 32ºC, very close to the physiological 

temperature. However, as it has been mentioned before, it may be advantageous to 

modify some of the aspects of thermosensitivity of the homopolymer pNIPAm. It is well 

known that the statistical copolymerization with monomeric units that are more 

hydrophobic or hydrophilic than NIPAm itself shifts the LCST to lower or upper values 
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respectively. These effects are indicated in Figure 4 where the LCST’s variations have 

been represented as virtual turbidimetry graphs. These variations are composition 

dependent although if the co-monomer does not participate in the LCST phenomenon, 

there is a compositional limit from which the thermosensitivity is lost. In this context, it 

has to be noted that NIPAm is not the only acrylamide exhibiting a LCST [22]. 

Copolymerization and the tuning of the LCST to higher or lower values may be 

biologically relevant from different points of view. It may be of interest to design and 

prepare polymers with a LCST of 37ºC or higher values that behave hydrophilic under 

physiological conditions and exhibit a transition upon heating. In another example, 

Rochev et al. copolymerized NIPAm with hydrophobic tert-butyl acrylamide to obtain 

supports for cell culture with enhanced cell adhesive properties [23]. 

The graph of Figure 5 shows data from literature concerning different NIPAm based 

copolymers, either with hydrophilic or hydrophobic comonomers. 

 

 

Figure 4. Virtual turbidimetry graphs showing LCST shifts when NIPAm is statistically copolymerized 

with monomer units more hydrophilic (red) or more hydrophobic (blue) than NIPAm itself. 

 

Figure 5. LCST values, taken from literature [24] for several statistical copolymers of NIPAm and other 

comonomers (acrylamide-AAm, N-tertbutylacrylamide-NtBA, hydropropylacrylamide-HPMA, 

dimethylacrylamide-DMAA, hydroxyethylmethacrylate-HEMA). 
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Figure 6. Switchable NIPAm copolymers with degradable side groups. 

In 1999 Hennink et al. designed a new concept of LCST tuning, by using a more 

hydrophobic comonomer than NIPAm but containing a hydrolysable side group that upon 

incubation in aqueous media lead to a hydrophilic unit and therefore to switchable LCST 

as it is indicated in Figure 6 [25]. Since this pioneer work, others using the same strategy 

have been described, which use either hydrolysable [26] or enzyme-sensitive switches 

[27]. 

What makes this approach particularly attractive is that, with a proper design, the 

final hydrophilic polymer may turn to be water soluble and therefore resorbable and 

eliminable if the molecular weight is appropriate.  

NIPAm has been statistically copolymerized with ionizable monomers, both 

anionizable and cationizable, in order to obtain systems with dual sensitivity, to pH and 

temperature. In this type of copolymers, thermosensitivity is dependent on the ionization 

state of the comonomer unit, and therefore is dependent on pH. According to the trend 

described in Figure 4, the higher the ionization degree of the ionizable units, the higher 

the LCST of the copolymer. Thermosensitivity may be lost for an ionic content higher 

than a critical one. This property has been used by Fundueanu et al. to activate 

thermosensitivity of cationizable systems by electrostatic interaction with an anionic 

hydrophobic compound [28]. Thermosensitive structures containing cationizable tertiary 

amines have been prepared to modulate the charge of gene carriers and therefore improve 

aspects such as cytotoxicity [29]. 

As mentioned before, block and graft structures have been proposed to modulate 

aspects such as the colloidal stability. Thus, Voit at al. have reported copolymers of 

anionizable poly-oxazoline chains grafted on a pNIPAm backbone, which led to 

nanoentities with thermosensible core and pH-sensitive corona [30]. It has to be 

mentioned that the nanoentities were stabilized by crosslinking under electron-beam 

irradiation. Wang et al. anchored pNIPAm chains incorporating PEO grafts to a PP 

surface in order to obtain thermosensitive self-cleaning surfaces. [31] Beheshti et al. 
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prepared multiblocks containing PEO and pNIPAm what allowed for modulating the 

consistency of the entities above LCST (from isolated aggregates to gel-type materials) 

by changing the length of the blocks [32]. 

In another outstanding example, Tamate et al. synthesized block copolymers with a 

PEO-based hydrophilic segment as a dispersion stabilizer and a thermoresponsive 

segment based on pNIPAm. After crosslinking of the thermosesponsive segment, they 

obtained polymersomes behaving as self-beating artificial cells [33]. 

Grafting of pNIPAm onto natural polymers such as polysaccharides may lead to 

materials with gel-type consistency above LCST; thus it may be used as biocompatible 

injectable gels, which are very desirable systems in biomedicine. pNIPAm has also been 

grafted to alginate to offer thermal modulation to the gels obtained upon addition of 

calcium ions [34]. 

The previous discussion can be extended to NIPAm-based chemical hydrogels [6] 

that is, permanent polymer networks. These networks may be constituted by pure 

pNIPAm chains or by statistical, block or graft copolymers. As it has been mentioned 

before, the transition temperature is defined in this case as VPTT instead of LCST. 

Besides, chemical crosslinking has been used to improve the stability of thermosensitive 

pNIPAm systems. An illustrative example of that is the improvement of the thermo-

gating characteristics of grafted pNIPAm chains, as described by Chen et al. [35]. 

 

 

3. POLYETHERS: POLY(ETHYLENE OXIDE), POLY(PROPYLENE OXIDE) 

AND POLOXAMERS (PLURONICS
®) 

 

3.1. Structures/Composition 

 

3.1.1. PEO, PPO and Their Statistical and Block Combinations 

The production of poly(ethylene oxide) (PEO) or polyethylene glycol (PEG) was first 

reported in 1859. Both A. V. Laurence and C. A. Wurtz independently isolated products 

that were identified as polyethylene glycols [36]. PEO is a hydrophilic polymer with the 

structure shown in Figure 7. Hydrophilic PEO retains a soluble behavior upon heating to 

100°C, above this temperature phase separation occurs although further heating may 

solubilize it again. Thus, the phase diagram of a H2O/PEO binary mixture is a closed loop 

which can be modulated by varying the molar mass (higher molecular weight results in 

lower PEO solubility and therefore the LCST decreases) [37]. Despite their peculiar 

properties, this polymer family exhibits very high LCST values which are not practical 

for biological applications. Therefore PEO/water systems are not used by themselves but 

in combination with other polymers or additives. 
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Figure 7. Schematic representation of PEO, PPO and poloxamer structures. 

Poly(propylene oxide) PPO introduces a structural modification (see Figure 7) which 

increases the polyether’s hydrophobicity; this translates directly into a decrease in water 

solubility and therefore the phase transition temperature decreases as well with respect to 

PEO based materials. 

Statistical combination of both monomers results in polymers with intermediate 

properties with LCST values between both homopolymers which can be tailor-made 

according to the requirements of an application [38]. The modulation of their thermal 

behavior/solubility will be explained in more detail in section 3.3. 

Commonly, they are bundled in a controlled block structure (see Figure 2). 

Poloxamers are nonionic triblock copolymers composed of a central hydrophobic chain 

of poly(propylene oxide) flanked by two hydrophilic chains of poly(ethylene oxide) 

arranged in A-B-A structure: PEO-PPO-PEO (Figure 7) [7a]. The word “poloxamer” was 

coined by I. Schmolka, who patented for these materials in 1973 [39]. Poloxamers are 

also known by the trade names Synperonics (Croda), Pluronics (BASF), and Kolliphor 

(BASF). Due to the generic term “poloxamer,” these copolymers are named with the 

letter “P” followed by three digits: the first two digits multiplied by 100 give the 

approximate molecular mass of the PPO core, and the last digit multiplied by 10 gives the 

percentage of the PEO content. For the Pluronic and Synperonic trade names, coding 

starts with a letter to define its physical form at room temperature (L = liquid,  

P = paste, F = flake (solid)) followed by two or three digits. The first digit (two digits in a 

three-digit number) multiplied by 300 indicates the approximate molecular weight of the 

hydrophobic PPO; and the last digit multiplied by 10 gives the percentage of the PEO 

content as for the general nomenclature (e.g., P 127 = poloxamer with a PPO molecular 

mass of 3,600 g/mol and a 70% PEO content). 

With a similar block structure, the Poloxamine (Tetronic®) block copolymers (see 

Figure 8) are a family of 4-arm PPO–PEO block copolymers which also have been used 

to prepare hydrogel systems for biological purposes [40]. 

 

 

Figure 8. Chemical structure and schematic representation of poloxamines. 
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Thermal and rheological properties of all these copolymers depend on the PPO block 

length and the overall molecular weight [41]. PEO and PPO are both water soluble at low 

temperatures what allows for complete chain miscibility; however, as the temperature 

increases, the PPO block becomes hydrophobic, dehydrates and the polymer starts 

forming micelles with a PPO core and a PEO corona (see Figure 9) [42]. Specifically, 

when the temperature of the poloxamer solution is higher than the critical micellization 

temperature (CMT), these polymers self-assemble to form stable micelles. Increasing the 

temperature or the poloxamer concentration to a definite gelation point (GT), these 

micelles come into contact forming highly ordered networks. This micelle entanglement 

has been investigated for drug and gene encapsulation and delivery applications. 

Although they rapidly form hydrogel at a specific temperature, the hydrogels structure is 

not maintained for a long time under physiological conditions, due to their low molecular 

weight. Their lack of mechanical strength is nonetheless very interesting for burst drug 

release as well as for tissue engineering based on injectable and in situ gelling materials 

[43]. 

Besides, since the Food and Drug Administration (FDA) approved some poloxamers 

as inactive materials for pharmaceutical formula and as thickening agents, they have been 

prolifically applied as drug carriers for diagnosis [44] drug delivery, [45] cell 

encapsulation [46], gene delivery and cancer therapies [47]. 

Due to the low mechanical strength of these materials, they have not been largely 

used for cell harvesting and manipulation. However there are few examples in the 

literature where temperature-dependent cell detachment has been addressed [48] and 

applied for instance with adipose-derived stem cells [49] Other examples are focused on 

enhancing their mechanical properties through chemical crosslinking [6] or modification 

with peptides what reinforces the stability and improves the cyto-compatibility for cell 

culturing [46b]. 

 

 

Figure 9. Schematic representation of a Poloxamer´s micellization process and the behavior above the 

critical gelation temperature GT. 
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Similar triblock copolymers including other central blocks have also been described. 

The copolymerization of hydrophilic PEO with other monomers makes them better 

candidates for biological application since the introduction of hydrophobic groups allows 

for modulating their temperature dependent solubility. Often the PPO block is replaced 

by biocompatible polyesteres such as poly L-lactic acid (PLA), [50] D-L-lactic acid  

co-glycolic acid (PLGA), [51] poly(hexamethylene adipate (PHA), poly(ethylene 

adipate) (PEA), poly(ethylene succinate) (PESc) [52] poly(ε-caprolactone) (PCL), [53] 

poly(ε-caprolactone-co-lactide)– (PCLA),[54] (R)-3-hydroxybutyrate (PHB) [55] and 

poly(propylene fumarate) (PPF) [6]. The fact that these polyesters are naturally derived 

polymers improves the biocompatibility and cell adhesion of the final hydrogel with a 

view towards their application as smart biofunctional materials [56]. More interestingly 

for their final application, some of these polyesters are biodegradable [57]. Among them, 

PLGA is probably one of the most investigated ones since Jeon and co-workers published 

in 1997 the synthesis of PEO-PGLA-PEO triblock copolymers showing a good 

biocompatibility, a sol-gel transition at physiological temperature and biodegradability 

[50a]. Highly controllable biodegradation is possible by simply modulating the ratio of 

the lactide to the glycolide in the PLGA [58]. Some of PEO-PGLA hydrogels were found 

to be completely reabsorbed in vivo within approximately 1–4 weeks, depending on their 

composition [59]. However, the degradation products of some polymers, such as PLLA 

and PLGA, may generate an acidic environment which could cause inflammation at the 

injection site or protein denaturalization/damage.  

 

3.1.2. Polymers with PEO Side Chains (Grafted Structures) 

Surpassing the possibilities of linear PEO and its block-copolymers, oligoethylene 

glycol (OEG) chains provided with a polymerizable group such as acrylate (A), 

methacrylate (MA), vinyl, styrene, allyl ether, maleimide, vinyl sulfone, NHS ester 

groups, etc., allow for better defined architectures by controlled radical polymerization 

techniques. These methods use the macromer strategy to obtain thermosensitive grafted 

structures with OEG side chains [60]. Among all the possible OEG-derived polymers, 

poly(oligoethylene glycol acrylate) (POEGA) and methacrylate (POEGMA) [61] 

synthesized from conventional (or controlled/living) free-radical polymerization are 

probably the most used ones [62]. This approach offers excellent control over the 

polymer composition, functionality, architecture and molecular weight distribution with a 

wide range of functional monomers to impart the desired functionalities to the polymers. 

The OEG-macromer approach is particularly versatile since it allows for grafting 

hydrophilic OEG chains to polymer backbones of very different nature, and also to 

introduce multiple variations that will condition the polymer’s properties and therefore 

also its performance and final application. Moreover, the living polymerization allows for 

defining and controlling the backbone’s end group through the functional initiator and 

studying its influence in the thermoresponsiveness as it will be explained in section 3.3. 

Complimentary Contributor Copy



Tuning Polymer Thermosensitivity in Aqueous Media for Biomedical … 

 

257 

Macromer copolymerization empowers combining the advantages of biocompatibility 

and hydrophilicity that PEO offers with other added-value functional monomers like 

fluorescent or magnetic label probes, [63] and ionizable monomers (cationic, [64] anionic 

[65] and zwitterionic [66]). Moreover, the latter allow for the preparation of a dual 

response system (to temperature and pH) as well as controlling the interaction with the 

extracellular matrix, etc. Furthermore, incorporation of specific functionalities (e.g., RGD 

peptide or other biomolecules) synthesized by free-radical polymerization improve upon 

PEO-based polymer designs [61]. 

Oligoethylenglycol side chains bearing a polymerizable group allows also for 

combining within the same macromolecule side chains with different lengths. This will 

enable to tune the transition temperature as it will be explained in more detail in section 

3.3. This can be done statistically or also by synthesizing block copolymers [38]. 

Obviously, this strategy also permits the pairing to other well-known thermosensitive 

polymers such as pNIPAm, [31-32, 67] poly(vinyl caprolactone) PVCL [68] or even both 

of them, [69] among others (either by grafting PEO onto them or by copolymerization 

with the respective macromonomers obtaining block copolymers). 

 

 

3.2. Biological Applications of Polyethers 

 

The family of polyethers has an eminent role in a vast variety of biological 

applications. PEO is generally considered biologically inert and is Generally Regarded as 

Safe (GRAS) by the FDA. During decades, PEO-based materials have shown a good in 

vitro and in vivo biocompatibility even in problematic tissues, such as brain [70] or 

cornea [71]. Once again, although PEO and other mostly-used copolymers (i.e., with 

PLA or PCL) have individually demonstrated to be non-cytotoxic, it is necessary to 

analyze specific materials according to its biological use and patient particularities [72]. 

Different biomaterial architectures have been proposed for PEO and its copolymers 

in order to accomplish concrete tasks: coatings for DNA or siRNA administration in gene 

therapy, [73] nanoparticles [74] to long-term protein systemic delivery or thermosensitive 

biodegradable hydrogels for controlled drug release. Recently, the attention has been 

focused on injectable formulations of block copolymers of PEO, PCL and/or other 

monomers (including PLA or PNIPAm) [51b, 67a] for pulsatile in situ release associated 

to a temperature change [53a, 53b]. This feature may have implications in metabolic 

disorder treatments (diabetes), [53c, 75] local antitumoral administration, [67f] or 

controlled release of bioactive agents for tissue regeneration [76]. In the tissue 

engineering field, a sustained stimulus at mid and long-term stages can improve cell 

differentiation to relevant phenotypes or matrix secretion, and finally define the 

regeneration success. Because of that, injectable PEO-based hydrogels are being 

evaluated in bone regeneration, often in combinations with collagen and hydroxyapatite 
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[77]. Finally, degradable formulations have also been applied as a filling material in post-

surgery treatments, preventing unwanted tissue adhesions or fibrosis [54, 78]. 

 

 

3.3. Thermal Properties and Strategies to Modulate the LCST 

 

As it has been addressed along this chapter for other polymer families, 

thermosensitivity in aqueous media can be modulated by different structural alterations 

which differ from the hydrophobic/hydrophilic balance of the backbone to the 

modification of side chains and end groups. Some of the main parameters that can be 

adjusted are discussed below. 

 

3.3.1. Influence of Polymer Concentration and Polymerization Degree (DP) 

The normal trend observed is: the higher the polymer concentration, the smaller the 

diffusion rate and phase separation and therefore a higher temperature is needed for the 

transition. The polymer molar mass (polymerization degree) also affects directly to the 

transition temperature. For PEO, a higher molecular weight results in lower solubility and 

therefore the LCST decreases. This is also applicable to other polymers, for example, it 

has been described that an increase in the PPO molar mass from Mn = 400 to 3000 g mol-1 

results in a LCST shift from 50 to 17°C [38]. 

 

3.3.2. Variations of the Side Chain Length 

This parameter only concerns the systems containing OEG-grafted chains. 

Elongation of the lateral OEG chain will increase the hydrophilicity which translated 

directly into an increase of the LCST. When the side chains are kept constant in length 

and number, there is obviously a dependence of the LCST with the type of the polymer 

backbone (vinyl, styrene, acrylate, methacrylate, vinyl ether, etc.). A review from C. 

Weber et al. [38] presents a detailed comparison between them. 

 

3.3.3. Composition Influence: Hydrophobic/Hydrophilic Balance 

This is probably the most important parameter to modulate the thermal response of 

these kinds of polymers. Increasing mole fraction of the more hydrophobic polymer 

translates into an average decrease of the copolymer hydrophilicity which results in a 

decrease of theLCST of the aqueous solution.  

 

Hydrophobic/Hydrophilic balance: Influence in Statistical Copolymers 

Statistical copolymerization of an EO with PO permits to obtain copolymers that 

exhibit a LCST behavior in a temperature range in between the LCST of both 

homopolymers as it was demonstrated by Bailey and Callard [79]. The authors described 

a linear decrease of the LCST when increasing the content of PO in the statistical 
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copolymer. For instance, tuning the PO composition from 50%, 70% and 80% shifted the 

LCST value from 50 to 40 to 30ºC respectively [80]. 

 

Hydrophobic/Hydrophilic balance: Influence in Block Copolymers (Poloxamers) 

In block copolymers the behavior might differ from that of the statistical ones since 

the isolated blocks and the interaction among them can influence the overall response. 

The gelation of poloxamer solutions above certain temperature is attributed to the 

interaction between the hydrophobic domains (PPO) and the hydrophilic ones (PEO). 

Their compositions have a strong effect on the structural properties of the micelles: a 

more hydrophobic Pluronic polymer (longer PPO block) would form easily the micelles 

with a higher proportion of the dehydrated methyl groups and therefore the LCST and the 

GT will be lower than the one from a polymer with a shorter PPO block where the 

hydrophobic interactions are weaker.  

The PEO:PPO ratio can be adjusted by modifying the block length or by combination 

of two different block-copolymers. This balance can be used to modulate the gelation 

temperature as required. J. M. Zheng et al. [81] and J. Fan et al. [82] described linear 

equations based on the regression analysis of the effect of the formulation composition on 

the hydrogel´s gelation temperature by varying the concentrations of two poloxamers 

with different PEO:PPO ratio and studying the resulting gelation temperatures (Figure 

10).  

 

  

Figure 10. Effect of compositions on the phase transition temperature being F127 and F68 poloxamers 

with composition 100:65:100 and 76:29:76 respectively (PEO:PPO ratio of F127 and F68 are 

approximately 3 and 5.2, respectively). Plot from equation from Ref [82]. 

(more hydrophobic)
< GT

(more hydrophilic)
> GT
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This hydrophobic/hydrophilic ratio has also been applied to modulate the solubility 

of other block copolymers where some block were replaced by others structures. For 

instance, A. Hotta’s group has recently studied a PLGA-PEO-PLGA hydrogel varying 

the molecular weight and the proportion of the hydrophobic PLGA block observing that 

it is possible to regulate the GT between 25ºC and 37ºC [51a]. The transition temperature 

depends on both the total molecular weight and the one of each building block. 

 

Hydrophobic/Hydrophilic balance: Influence in OEG Grafted Structures 

The thermal behavior of systems containing OEG grafted chains (section 3.1.2.) 

strongly depends, as explained above on the side chain length and number of inserted 

chains, which directly affects the hydrophobic/hydrophilic balance. Therefore the longer 

the lateral chain, the higher the hydrophilicity and the LCST. Furthermore, this strategy 

allows for combining different proportions of two thermosensitive parts being both 

grafted OEG side chains of different lengths (DP) (and thus different thermal responses) 

onto the same backbone or through the combination of OEG side chains with other 

thermosensitive units such as NIPAm [31]. Besides, for both cases, statistical and block 

copolymers are possible. When two thermoresponsive systems are statistically combined 

an intermediate LCST is usually obtained while a response with two independent 

transition temperatures can be produced by block copolymers. For these blocky 

structures, a single intermediate value may be observed as well, although this value is not 

always the midpoint. The deviation with respect to the midpoint can be attributed to the 

collapse of the block which possesses the lower LCST which will condition the water 

diffusion of the second block. For these block copolymer composed of two different  

OE-macromers higher LCST values than expected for a statistical copolymers would be 

observed. This difference is more pronounced upon increase of the blocks length. Zhao et 

al. developed a formula to predict the LCST of block copolymers containing two oligoEO 

of different DP by considering the LCST from each homopolymer and the DP of each 

block. (Equation 1) [83]. 

 

 
 

Equation 1. LCST of copolymers containing two thermosensitive oligoEO blocks of different DP. 

 

Systems where the LCST from individual blocks are too far away undergo two 

independent phase transitions. 
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3.3.4. Variations of the End Group 

Despite the fact that the composition of the macromolecule is the most affecting 

parameter to the polymer’s solubility and therefore to its thermal properties, the effects of 

the endcapping groups of both backbone and side chain are not negligible.  

 

End Group from Lateral Chains 

As they are very abundant, they have a remarkable effect on the solubility properties. 

Besides, being the outer part of the macromolecule, they play an important role in the 

interaction with the water molecules of the surface. A change from a methyl to an ethyl 

end group, for example, implies a variation of up to 40-50 ºC of the LCST [84]. 

 

Backbone’s End Group () 

This effect is only important for low molecular weight polymers. The development of 

living polymerization techniques has allowed for obtaining well defined end groups and 

study their influence in micelle formation. Again, the inclusion of hydrophobic groups 

tends to lower the LCST from the corresponding polymer solution or hydrogel. 

 

3.3.5. Effects of Salt Additives, Surfactants or Co-Solvents 

Since the thermoresponsive behavior depends on the interaction between the polymer 

(hydrophilic/hydrophobic balance within the polymer molecules) and the solvating 

solvent, it is not surprising that certain additives can influence the position of the LCST. 

All additives can alter the solvent quality and therefore can alter the polymer–solvent 

interactions. Therefore, the transition temperature can be shifted to a large extent or it can 

even disappear [85]. This effect results of paramount importance, since the application of 

polymers for biological purposes requires the use of buffered media. 

The solubility effect of some ions is well known in the protein field since 1888, when 

F. Hofmeister studied the ability of ions to precipitate proteins out of solution [86]. This 

knowledge has later been applied to other macromolecules such as polymers [87]. Well 

hydrated anions (kosmotropes), tend to stabilize macromolecules toward their folded 

natural state (reducing the LCST). Poorly hydrated anions, (chaotropes), tend to make 

macromolecules more soluble in water and promote an increase of the LCST (Figure 11). 

Cations’ effect has also been classified in these so called Hofmeister series according to 

their ability to strengthen the hydrophobic interaction: NH4
+ > K+ > Na+ > Li+ > Mg2+ > 

Ca 2+. 

A strong kosmotrope salt effect has been observed (stabilization of hydrophobic 

aggregates in solution) for linear and hyperbranched PEO systems [88]. since salt 

normally enhances the dehydration process. The LCST values decreased as the salt 

concentration increased. These studies have also been addressed for some pluronic 

copolymers for ophthalmic applications since they are necessarily in contact with a saline 

environment [81]. 
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Figure 11. Hofmeister ion effect on Poloxamers. 

 

4. POLY-OXAZOLINES 

 

4.1. POXs Structures and Biological Applications 

 

Poly (2-oxazolines), POXs, are relatively new polymers with -isomeric polypeptide 

structures that possess applications in the biomedical field in drug and gene delivery, and 

could have in cell manipulation processes due to their excellent biocompatibity [89]. The 

first POX was reported in 1960s obtained by ring opening polymerization of 2-oxazoline 

monomers [90]. Due to the high cost of POXs, industrial applications have not been 

developed but their living cationic ring-opening polymerization procedures provides an 

excellent control over their molar mass, polydispersity, monomer composition, chain-end 

functionality and polymer architecture and therefore over the polymer properties by 

varying the amidic side chains. An interesting property of POXs is their thermal 

sensitivity undergoing LCST transitions in aqueous solutions providing them stealth 

polymer characteristics similar to PEO [91]. Moreover, the structural control of POXs in 

terms of introduction of functional groups (in the side chain and in chain ends) and the 

easy preparation of block copolymers, make them excellent candidates for biomedical 

applications, being considered an alternative to the “gold standard” PEO [92]. 

The general structure of POXs is depicted in Figure 12. Cationic ring opening 

polymerization allows for the preparation of POXs with narrow molar mass distributions 

in which chain transfer has been found to limit their average number molecular weight, 

Mn, to about 10 KDa [93]. Some attempts to suppress chain transfer by high temperature 

microwave polymerization, show low polydispersity and higher Mn [94]. 

POXs are excellent candidates for applications in the biomedical field. First, PEtOx 

has been approved by the FDA as an indirect food contact agent, similarly to poly-

vinylpyrrolidone, PVP, or to PEO before its approval for biomedical applications [89]. 

POXs have been found to be no cytotoxic, even increasing the concentration [95] or the 

molecular mass of POXs as PMeOx and PEtOx [96]. 

T>  GT
cloud point

CMT

NH4
+ >  K+ >  Na+ >  Li+ >  Mg2+ >  Ca 2+

SO4
2- >  OAc- >  Cl- >  I- >  ClO4- >  SCN-
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Most of the studied applications of POXs in this area have been focussed on carriers 

in controlled drug, gene or protein delivery systems. [89] POXs meet specific 

requirements needed for the development of next-generation polymer therapeutics such 

as biocompatibility, high modulation of solubility, variation of size, architecture as well 

as chemical functionality [97]. 

As an example, POXs has also been used as effective antitumoral carriers [98] in 

mice model taking profit of the passive accumulation of polymers in tumor tissue due to 

enhanced permeability and retention. 

Recently, POX-based polymer therapeutics came back into the focus of very 

intensive research. For example, POX micelles based on di-or triblocks of PMeOx and 

poly (2-n-butyl-2-oxazoline) have been loaded with drugs such as paclitaxel, 

amphotericin B and cyclosporine A. These micelles were found to be more stable when 

containing multiple drugs rather than a single one [99]. Moreover, POXs copolymers 

based on EtOx with double bond side chains, were post-modified giving rise to 

thermoresponsive nanoparticles which were applied in radionuclide delivery devices 

[100]. 

Poly(L-lysine) dendrimers grafted with polyoxazolines have been described to 

enhance cytocompatibility and functional group content, [101] allowing for higher active 

factor loading. This grafting perspective can promote additional applications. On this 

regard, thermoresponsive polyoxazoline-grafted superparamagnetic iron oxide 

nanoparticles lead to a tunable cell uptake dependent of temperature, which can present 

interesting uses in vitro and in vivo imaging and clinical therapies [102]. 

 

 

4.2. LCST Modulation of POXs 

 

One of the most relevant aspects of POXs is the possibility of properties modulation 

by variation of the side chain of the monomer. For example, incorporating aromatic side 

chains or fatty acids results in hydrophobic POXs [103]. Linking long aliphatic side 

chains to POXs can result in highly crystalline polymers with linear side chains, or 

amorphous POXs with branched aliphatic side chains [104]. In terms of LCST properties 

and depending on the nature of the chemical group R the behavior in aqueous solution of 

POXs (see Figure 12) undergoes from hydrophilic character of PMeOX (R = Me), which 

is soluble in water from 0 to 100ºC, [105] to LCST modulation for POXs with longer 

aliphatic side chains. Thus, in the case of PEtOX, where R = ethyl, the LCST has been 

determined to be 61-64ºC. [106] In the case of more hydrophobic groups as propyl, 

named as PnPrOx, the LCST is lower than that of PEtOX, in the range of 25-35ºC. [107] 

A structural isomer of pNIPAm is poly (2-isopropyl-2-oxazoline), PiPrOX, where  

R = CH(CH3)2, it exhibits a LCST of 36ºC and its behavior and aggregation are rather 

unusual as it shows an irreversible crystallization when pheated for long time above the 
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LCST [108]. Finally, the LCST of poly (2-cyclopropyl-2-oxazoline), CPropOX, where  

R = CH(CH2)2, was determined to be about 30ºC which decreases with both increasing 

polymer molar mass and concentration [109]. 

 

 

Figure 12. Chemical structure of poly(2-alkyl-2-oxazoline)s and respective LCST depending on 

the side group. 

LCST modulation can also be achieved by copolymerization reactions of different 

oxazoline monomers. In this sense, Kataoka et al. [108a] have prepared random and 

gradient oxazoline copolymers with tuned LCST. By copolymerizing 2-n-propyl-2-

oxazoline (nPrOx) with either 2-isopropyl-2-oxazoline (iPrOX) or 2-ethyl-2-oxazoline 

(EtOx) gradient and random copolymers were prepared by cationic polymerization 

resulting in copolymers with narrow molecular weight distribution. The respective 

monomer reactivity ratios, obtained by 1H-NMR analysis, were 3.15 and 0.57 for nPrOx 

and iPrOx, being considered sufficiently different to form gradient copolymers, P(nPrOx-

grad-iPrOx). For nPrOx and EtOx, on the other hand, these values were found to be 1.28 

and 1.04 indicating the formation of random copolymers P(nPrOx-ran-EtOx). Both 

copolymer types followed a simple and practical rule for LCST modulation that depends 

on the compositional variation between the hydrophobic and hydrophilic oxazoline 

monomers. P(nPrOx-ran-EtOx) random copolymers showed a clear LCST over a wide 

temperature range from 24 to 75 ºC, increasing with the increase of the EtOx molar 

fraction, whereas in the case of P(nPrOx-grad-iPrOx) the temperature range is 24-39ºC 

which increasing the LCST increases with increasing iPrOx content. 

Similarly, 2-ethyl-2-oxazoline (EtOx) and 2-isopropyl-2-oxazoline (iPrOx) 

copolymers have been prepared by cationic polymerization giving copolymer with low 

polydispersity and with modulated LCST [93]. In this case the determined reactivity 

ratios were found to be 1.78 and 0.79 for EtOx and iPrOx respectively, indicating the 

formation of gradient copolymers where the trend is a gradual decrease of EtOx and an 

increase of the iPrOx composition along the backbone to the chain end. In terms of LCST 

modulation, the prepared copolymers show an LCST increase when increasing the molar 

content of the hydrophilic co-monomer, i.e., EtOx ranging from 39 to 67ºC simply by 

varying the EtOx/iPrOx molar ratio. 
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Figure 13. Thermo-responsive poly-oxazolines based copolymers prepared by click modification of 

poly [2-(iso-propyl/3-butenyl)-2-oxazoline] with ω-functional thiols. 

Another family of thermo-responsive poly-oxazolines are based on statistical 

copolymers of 2-isopropyl-2-oxazoline (iPrOx) and 2-(3-butenyl)-2-oxazoline which can 

be modified by click addition with ω-functional thiols [110]. Figure 13 shows the 

preparation of this set of POXs with different hydrophilic groups as carboxylic, hydroxyl, 

or glucopyranose, or hydrophobic functionalities as aliphatic side chains or acetylated 

glucopyranose groups. 

Turbidimetric studies to obtain the clouds points (LCST) of copolymers with low 

molar fractions (0.06) of OX monomers with different functionality, showed a LCST 

range from 30 to 55ºC, exhibiting the lowest LCST values those copolymers that 

incorporate the hydrophobic octane and acetylated glucopyranose groups. The highest are 

observed for those systems that the hydrophilic propionic acid or glycerol groups. 

Moreover, the acetylated glucopyranose groups were removed to yield the respective 

hydroxyl groups. These polymers exhibited a LCST modulated by the copolymer 

composition ranging from 46 to 85ºC. 

Other attempts to modulate the LCST of POXs have been based on the effect of 

polymer end groups and on the preparation of block copolymers [38]. End group 

functionalized POXs can be achieved by using a functional initiator, and by nucleophilic 

attack and subsequent modification of the –OH group of the terminal chain end. End 

groups only affect the LCST of low molecular weight polymers as has been observed in 
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the case of iPrOx with polymerization degree (DP) of 40, decreasing its LCST in 5ºC in 

comparison with the terminated in –OH from an acrylate group [111] Moreover, 

hydrophobic end groups such as octadecyl were found to decrease the LCST 12 and 16ºC 

with one and two end groups respectively, in PiPrOx with DP of 57 [112]. 

In the case of block copolymers, hydrophilic short PMeOxs blocks at the chain end  

of PiPrOx resulted in an increase of the LCST in 6ºC for triblock copolymers as  

MeOx3-b-iPrOx25-b-MeOx3 [113]. Functionalization of PiPrOx with either one or both 

chain ends of tri-ethyleneglycol moieties was found to decrease the LCST 5ºC. Block 

copolymers of EtOx with 2-2nonyl-2-oxazoline (NonOx), EtOx90-b-NonOx10 showed a 

LCST of 69ºC taking into account that PEtOx with a DP below 100, does not exhibit a 

LCST in water [114]. 

 

 

5. FINAL REMARKS 

 

Thermoresponsive polymers have been thoroughly investigated for biomedical uses 

in many areas; from theragnostics, drug and gene delivery to cell harvesting and tissue 

engineering. The use of biocompatible polymers showing a physical change in aqueous 

media at physiological temperature requires precisely tuning of the structure, composition 

(hydrophobic/hydrophilic balance), polymer length, molecular weight, lateral chains, etc. 

These chemical alterations described along the chapter, can be performed at two levels, 

by altering the backbone repetition unit from a compositional point of view or by 

modifying their structure with branches or endcapping groups, but in both cases they 

directly condition the thermal, mechanical and degradation properties of the polymer 

adjusting them to that required by the final application. 
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ABSTRACT 

 

Bacterial colonization and biofilm formation on material surfaces is a serious 

problem in medical devices and, in general, in human healthcare. In recent years, 

polymeric coatings with inherent antibacterial properties have acquired relevance as a 

practical alternative to combat biofilm formation. Basically, there are two main types of 

antimicrobial surfaces, bactericidal and antifouling surfaces, in which each type presents 

its inherent drawbacks. Thus, many efforts have been made to develop surfaces with both 

characters, bactericidal and bacteria-resistant properties. Of particular interest results 

smart antimicrobial surfaces that can reversible switch in response to external stimuli 

between bactericidal and antifouling character to release dead bacteria attached onto the 

surfaces. In this chapter, we highlight the recent developments performed on smart 

surfaces with switchable capacity between biocidal activity and self-cleaning properties 

in response to stimulus such as pH, temperature, aqueous environment, ionic strength, 

light and electrical field.  

 

Keywords: biofilm, antimicrobial, responsive surfaces, bactericidal activity, bacteria 

release 
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INTRODUCTION 
 

Bacterial adhesion on surfaces, which often leads to the subsequent formation of 

biofilm, is a serious problem in many fields such as medical [1], food industry [2] or even 

in cosmetics [3]. Microbial surface contamination involves the transmission of infections 

by contact, which is particularly critical in hospitals. These ‘hospital-acquired’ infections 

are a growing problem and a major challenge to beat. Indeed, the majority of the 

nosocomial infections are related to biofilm formation, which normally exhibits 

resistance toward conventional antibiotics and is associated with persistent infections. For 

instance, bacterial infections associated with implanted devices such as catheters and 

prosthetics cause the most serious postsurgical complications, approximately between 4% 

and 6% of implants become infected during the early implantation periods. These 

postsurgical infections often need implant removal and re-implantation because the 

efficacy of the antibiotics administered systematically is rather low. 

Therefore, the development of strategies to prevent or eliminate bacterial 

contamination and biofilm formation on material surfaces has attracted much attention 

over the past few decades. Mainly, two general approaches have been explored to avoid 

the formation of biofilm based on polymer coatings. On one hand, antifouling coatings 

including poly(ethylene glycol)-based materials, glycopolymers and zwitterionic 

polymers, which prevent the adhesion of biomolecules such proteins and bacteria [4-6]. 

Such surfaces can effectively reduce the initial bacterial attachment but only during a 

short period due to detachment and degradation process. After the adhesion of bacteria 

onto the surface, these bacteria secrete extracellular matrices and rapidly proliferate 

leading to the formation of the biofilm. In the second main approach, biocidal agents are 

incorporated into the materials including antibiotics, nanoparticles (NPs), cationic 

polymers and antimicrobial peptides [7-11]. The biocidal agent can be either covalently 

attached or physically incorporated to be released. The antimicrobial agent leaching 

surfaces can be very efficient even against adherent bacteria but the release of the 

biocidal is difficult to control, and usually lack for long-term uses; whereas the surfaces 

with the biocidal compounds covalently tethered to the surface normally require complex 

synthetic steps and, in some cases, the activity of the agent attached to the surface is 

reduced [12]. In any case, in bactericidal surfaces, the surface would remain 

contaminated by the dead bacteria, which diminish the biocidal activity of the surface and 

also provide a favorable environment for further bacteria attachment and biofilm 

formation.  

Therefore, an ideal antibacterial surface should overcome all these limitations, 

preventing the initial bacterial adhesion, killing bacteria in case of attachment and finally 

shedding the dead bacteria to clean the surface and achieve a long-term activity [13, 14]. 

In recent years, several novel surfaces have been developed with switchable capacity 

between biocidal activity and self-cleaning properties to release the dead bacteria [15]. 
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These smart antimicrobial surfaces constitute a very promising approach that is attracting 

a great attention to combat bacterial biofilms. Such surfaces are able to reversible vary 

their physicochemical properties in response to external stimuli by changes in their 

chemistry, molecular conformation and structure; thus, the ability to attach, kill, and 

release bacteria can be controlled by simply modifying the external conditions. These 

stimuli can be physical, chemical, or biological, typically include temperature, pH, 

enzymes, light and ionic strength. 

This chapter is focused on the recent development and relevant strategies employed 

for generation of such smart antimicrobial surfaces and the specific stimuli used to trigger 

antimicrobial action. 

 

 

PH-RESPONSIVE SURFACES 

 

The pH is a relevant stimulus for antibacterial coatings. Although, in general the ideal 

environment for bacterial growth is around neutral pH, variation in the pH is generally 

implied in many bacterial colonization and biofilm formation. Typically, when biofilm 

formation occurs the local environment becomes more acidic as a result of the bacterial 

metabolism [16]. This is critical, for instance, in dental caries. Streptococcus mutans, a 

major oral pathogen, produces acids from the fermentation of food and dramatically 

decreases the pH; consequently a demineralization of the tooth surface can take place 

provoking the formation of caries [17].  

Smart and self-defensive antibacterial coatings based on pH-responsive polymers 

have been explored taking advantage of this pH variation at the immediate environment. 

Indeed, it can be said that the bacteria themselves act as external stimulus as their 

metabolism implies the local pH drop. The decrease of the pH produces changes in the 

pH-responsive polymers used in such as films that can provoke variations in the surface 

wettability or even the release of antibiotics. Thus, these smart surfaces may be carefully 

designed to be able of killing the bacteria in one state and releasing the dead bacteria in 

the other state.  

There are many approaches reported in literature based on controlled-release 

antibacterial surfaces triggered by acidification of the local environment. However, most 

of them are studies limited to killing action rather than shedding of dead bacteria [18, 19]. 

Similarly, other studies are focused on coatings with pH-triggered hydrophobicity, as 

higher hydrophobicity implies more resistant to colonization [20]. However, antibacterial 

coatings following a kill and release strategy that also avoid the accumulation of dead 

bacteria require a most sophisticated design.  

For example, polymer films of zwitterionic block copolymer micelles have been 

developed with the dual function, anti-adhesive and antibacterial agent releasing in 

response to changes in the pH [21]. The block copolymers, poly[3-dimethyl 
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(methacryloyloxyethyl) ammonium propane sulfonate-b-2-(diisopropylamino)ethyl 

methacrylate] (βPDMA-b-PDPA) (see Scheme 1) self-assembly into micelles in an 

aqueous environment above pH 6.5 and can be loaded with the antimicrobial agent 

triclosan. The zwitterionic shell of βPDMA provides anti-adhesive properties to the film, 

while in acidic conditions the triclosan is released due to the disintegration of the 

micelles, showing a remarkable antibacterial effect against Staphylococcus aureus.  

Recently, an antibacterial surface with switchable capability of killing and releasing 

bacteria has been developed by Chen and co-workers [22]. In this work, nanowire arrays 

on silicon wafers were first modified with poly(methacrylic acid) (PMAA) by surface-

initiated atom transfer radical polymerization (SI-ATRP). PMAA is a pH-responsive 

polymer with carboxyl groups on its repeat units. In acidic aqueous solution the polymer 

collapses, whereas at basic conditions the polymer presents high density of negative 

charges and swells. The PMAA coating was employed as reservoir for the controllable 

loading and release of a natural antimicrobial lysozyme and also for the bacteria release. 

At acidic pH the grafted PMAA chains collapse, enabling the loading of lysozyme (see 

Figure 1). Then, under typical neutral pH, some of the PMAA extend and the loaded 

lysozyme is released, killing the bacteria attached onto the surface. Subsequently, at basic 

pH the chains are totally extended and negatively charged to repel the dead bacteria, thus 

cleaning the surface and allowing the reloading of the antibacterial agent. In addition, the 

reusability of the surfaces was tested by repeated cycles of loading and releasing of 

lysozyme, maintaining their killing efficiency above 90%.  

 

 

Scheme 1. Structure of βPDMA-b-PDPA copolymer. 
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Figure 1. Schematic representation of a smart antibacterial surface with pH-responsive capability of 

killing and releasing death bacteria. Reproduced with permission from reference [22]. Copyright 2016 

Wiley. 

These smart antibacterial films acting by pH-triggered delivery of the antimicrobial 

agent need to be repeatedly loaded for the renewal of the activity. As an alternative, non-

leaching smart surfaces have been also proposed following different strategies. For 

example, surfaces with hierarchical polymer brush architecture were prepared consisting 

of an outer layer of pH-responsive PMAA and an inner layer of the antimicrobial 

peptides [23]. By this way, the PMAA layer resists the initial attachment of bacteria 

under physiological conditions; and when acidification occurs due to the bacterial 

colonization, the PMAA chains collapse, and the antimicrobial peptides result exposed 

for killing the invasive bacteria. Finally, the dead bacteria can be released from the 

surface when the environmental pH increases and the PMAA chains recover their 

hydrophobicity. Remarkably, these hierarchical surfaces demonstrated to maintain the 

antibacterial activity and the low bacterial adhesion after two cycles.  

In another non-leaching approach, switchable antimicrobial and antifouling hydrogels 

were designed to response by changing the environmental pH [24, 25]. Hydrogels are 

interesting materials that have been used in many biomedical applications, such as wound 

dressing, tissue engineering scaffolds and drug delivery systems. In particular, 

zwitterionic hydrogel based on carboxybetaine was prepared, in which the hydroxyl 

groups can reversible switch between the zwitterionic form and cationic form (Figure 2).  
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Figure 2. Chemical structures of the monomers based on carboxybetaine with hydroxyl groups able to 

switch between zwitterionic and cationic lactone forms [24]. 

Concretely, under acidic environment the hydrogels are in cationic lactone form with 

antimicrobial ability, able to kill the entrapped bacteria. Then, under neutral or basic 

conditions the hydrogel converts into zwitterionic form with antifouling properties, thus 

the dead bacteria can be released from the surface. The hydrogels exhibit significant 

activity in the cationic form, killing over 99.99996% of Escherichia coli K12 attached on 

the surface while enable the release of ~99.5% of dead bacteria.  

Next, this group used a different approach, the combination of monomers with 

different charge, i.e., positively charged quaternary amine [2-(acryloyloxy)ethyl] 

trimethyl ammonium chloride (TMA), and negatively-charged carboxylic acid 2-

carboxyethyl acrylate (CAA) [26]. At neutral and basic pHs, the copolymer is uncharged 

giving non-fouling property. When the carboxylic acid group becomes protonated at low 

pH, the copolymer is positively charged. The adhesion was tested against Staphylococcus 

epidermidis bacteria under flow conditions during 3 h of contact. The number of bacterial 

cells that adhered to the copolymer brush coated surface showed a 6-fold difference 

between acidic and neutral pH test conditions, while no significant differences were 

observed in comparison to the positive bare gold and negative poly(sulfobetaine 

methacrylate) (PSBMA) controls. PSBMA was selected since it is completely 

deprotonated within a wide range of pH values.  

 

 

TEMPERATURE-RESPONSIVE SURFACES 

 

Bacteria infections often lead to an increase of the temperature; thereby this 

temperature variation is a very useful stimulus to promote the killing action in the 

antibacterial surfaces. Most of the temperature-responsive antimicrobial surfaces are 

based on poly(N-isopropylacrylamide) (PNIPAAm), which is one of the most widely 

used thermo-responsive polymers with a lower critical solution temperature (LCST) of 

approximately 32°C, near the body temperature. In fact, the LCST of PNIPAAm can be 

adjusted by changing the molecular weight or modifying the hydrophophic/hydrophilic 

balance, for instance, by copolymerization [27]. These PNIPAAm-based surfaces are able 

to reversible switch between hydrophobic at higher temperature favoring the adhesion 
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and the bacteria killing; and hydrophilic a lower temperatures, which facilitates the 

release of dead bacteria. López’s group has developed a series of smart antibacterial 

surfaces based on PNIPAAm, which display switchable killing and bacteria releasing 

actions by changing temperature [28-32].  

Nanopatterned surfaces consisting of parallel lines of PNIPAAm brushes and 

antimicrobial quaternary ammonium compounds (QAS) attached between these lines 

were fabricated by interferometric lithography combined with surface-initiated 

polymerization (Figure 3a) [28]. Above the LCST of PNIPAAm, the chains collapse 

permitting the attachment of bacteria, i.e., E. coli K12 and simultaneously exposing the 

QAS for killing function; while at lower temperature, below the LCST, the PNIPAAm 

chains become hydrophilic and expand; fact that provokes the release of dead bacteria. 

Figure 3b shows the attachment and detachment of E. coli bacteria on these smart 

surfaces. Similar strategy was followed in another publication but using a sustainable 

environmentally benign biocide such as the antimicrobial enzyme, lysozyme, instead of 

QAS [30]. 

The López’s group has also developed multifunctional films with both antimicrobial 

activity and fouling-release ability employing resonant infrared, matrix-assisted pulsed 

laser evaporation (RIR-MAPLE) [31, 32], which is a very promising technique based on 

the deposition of organic thin films by infrared laser ablation of a host emulsion matrix. 

This technique enables a sequential co-deposition mode, which also allowing the 

preparation of blend films with a precise control of the concentration component.  

 

 

Figure 3. a) AFM image of the nanopatterned surface b) Number of attached E. coli bacteria (live and 

dead) on smart surface (#3) in comparison with films composed only by QAS (#1) and nanopatterned 

films of PNIPAAm (#2), at different incubation temperatures. Adapted with permission from reference 

[28]. Copyright 2013 ACS. 

 

 

(a) (b)
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Likewise, at 37ºC the film promotes bacterial attachment and is able to kill the 

majority of bacteria, whereas when the temperature decreases the hydration of the 

PNIPAAm leads to the bacterial detachment. The killing efficiency of PNIPAAm/QAS 

films [31] was higher than the corresponding nanopatterned films previously described 

due to the higher surface roughness obtained by RIR-MAPLE. Blends of PNIPAAm with 

oligo(p-phenylene-ethynylene) (OPE) prepared by RIR-MAPLE also exhibited 

significant results [32]. OPE shows very effective biocidal activity under ultraviolet-A 

light; however, the accumulation of dead bacteria on the films limits its effectiveness. 

The preparation of these smart surfaces by RIR-MAPLE overcomes this drawback. 

In spite of the significant performance of those smart surfaces, their fabrication 

requires complex strategies or not very accessible equipment. Other approaches have 

been explored for the production of smart antibacterial films based on thermo-responsive 

polymers, for instance by using a one-step photopolymerization method [33]. In this 

work, silver nanoparticles with biocidal activity were combined with PNIPAAm for the 

formation of antimicrobial nanocomposite films on glass surfaces previously modified 

with 3-methacryloxypropyltrimethoxysilane (MPS). The films were synthesized by 

photopolymerization using the photoinitiator 2,2-dimethoxy-2-phenyl acetophenone 

(DMPA), which produces free radicals under UV light, initiates the polymerization of 

NIPAAm and facilitates the synthesis of Ag NPs from silver nitrate (Figure 4). 

Similarly, these surfaces were able to response to changes of the environmental 

temperature. At 37ºC, films assist the attachment of E. coli bacteria and their killing by 

Ag NPs actions, whereas at temperature below the LCST of PNIPAAm the chains swell 

releasing the dead bacteria. However, the antimicrobial activity at 37ºC was not as high 

as typically found for Ag NPs, may be due their low accessibility of the nanoparticles 

embedded in the polymer matrix.  

 

 

Figure 4. Preparation of smart polymer surfaces by photopolymerization. Adapted with permission 

from reference [33]. Copyright 2016 ACS. 
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In another strategy, the brushes of thermoresposive and bactericidal polymers were 

attached onto the substrates by host-guest self-assembly approach of β-cyclodextrin  

(β-CD) and adamantane (Ad) [34]. Adamantane terminated PNIPAAm and the 

bactericidal poly[2-(methacryloyloxy)ethyl]-trimethylammonium chloride (PMT) were 

synthesized by ATRP and were assembled onto silicon wafer grafted with β-CD. These 

surfaces showed switchable antifouling property and bactericidal activity in response to 

temperature variation. In addition, they demonstrated high stability even upon immersion 

into a disassembling agent solution, and durability during repeated cycles.  

Instead of blending thermoresponsive polymers with antimicrobial agents, another 

alternative is the preparation of copolymers containing both functions in the same 

structure. For instance, NIPAAm was copolymerized with the bactericidal quaternary 

ammonium salts (2-(dimethylamino)-ethyl methacrylate (DMAEMA+) [35]. Concretely, 

the copolymer brushes of P(NIPAAM-co-DMAEMA+) were synthesized by surface-

initiated reversible addition-fragmentation chain transfer (SI-RAFT) polymerization from 

polydimethylsiloxane and glass substrates. These coatings switch between two states: 

hydrophobic and killing at high temperatures and hydrophilic and antifouling at lower 

temperatures. The surfaces showed bactericidal efficiency against Gram-negative E. coli 

and Gram-positive S. aureus, and the reversibly changes between bactericidal and 

antifouling were examined through four incubation-release cycles against S. aureus 

bacteria. The proportion of dead bacteria in the first deposition was 15.5% and 16.4% of 

living S. aureus. After washing the surface with cold water the percentage decreased to 

1.4% and 1.1% for dead and living bacteria, respectively. Similar results were found for 

the rest of the cycles, which demonstrated that the incorporation of bactericidal 

quaternary ammonium salts does not impede the antifouling properties of the copolymer 

brushes. The same research group has prepared antimicrobial coatings based on 

terpolymer brushed following the same strategy [36]. The terpolymer was a combination 

of temperature-responsive N-vinylcaprolactam (VCL), bactericidal DMAEMA+ and 

hydrophilic 2-methacryloyloxyethyl phosphorylcholine (MPC) P(VCL-co-DMAEMA+-

co-MPC). The use of thermo-responsive VCL improved the biocompatibility in 

comparison with PNIPAAm-based polymers because VCL does not contain amide 

derivatives, while the incorporation of the MPC component in the terpolymer coating 

significantly augmented the antifouling and release properties of the surfaces.  

 

 

DRY-WET-RESPONSIVE SURFACES 

 

Medical devices can be contaminated in dry state by airborne bacteria before their 

use in patients, which normally involves an aqueous environment; thus, the antimicrobial 

materials should be effective also in dry conditions. Smart polymer surfaces have been 

developed to response to aqueous medium, typically involving hydrolysis reactions. 
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These surfaces are able to kill bacteria in dry condition (in vitro) whereas in aqueous 

medium (in vivo) exert antifouling properties to avoid further attachment of bacteria. 

As previously commented, Jiang’s group has developed polymer derivatives of 

zwitteronic carboxybetaine, which can switch between the antimicrobial lactone form and 

the antifouling zwitterionic form while the intramolecular hydrogen bonds will enhance 

the mechanical property of the zwitterionic hydrogel [24]. In a posterior approach to 

obtain polymer surfaces that change from bactericidal to antifouling, this group used 

poly(N,N-dimethyl-N-(ethoxycarbonylmethyl)-N-[2’-(methacryloyloxy) ethyl]-

ammonium bromide) (PCBMA), which was grafted by SI-ATRP onto a gold surface 

[37]. This cationic antimicrobial polymer was able to kill more than 99.9% of E. coli K12 

bacteria in 1 h, and can be hydrolyzed to form the antifouling zwiterionic polymer able to 

release 98% of the dead bacterial cells (see Scheme 2). However, this system was not 

able to provide reversibility, which is a great disadvantage. To overcome this fact, they 

developed a smart polymer capable of repeatedly switches between antimicrobial and 

antifouling forms [38].  

This new system is based on previously described system, which is able to switch 

between zwitterionic and cationic lactone forms. When the surface is coated with the 

morpholinone-based polymer, PCB-ring, is able to kill over 99.9% of E. coli K12 

attached on it under dry conditions. While in neutral or basic aqueous environments, 

PCB-ring is hydrolyzed to zwitterionic carboxybetaine-based polymer, PCB-OH, and 

immediately the surface releases dead bacteria and at the same time resists bacteria 

adhesion in the aqueous media. PCB-OH can be back to PCB-ring under weak acid 

conditions, thereby regenerating the killing function (see Figure 5). 

 

 

Scheme 2. Chemical structures of antimicrobial cationic PCBMA and its resulting zwitterionic polymer 

after hydrolysis. 
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Figure 5. Smart surface based on antimicrobial cationic N,N-dimethyl-2-morpholinone-based polymer 

(PCB-ring) and the zwitterionic carboxybetaine-based polymer (PCB-OH). 

 

 

Figure 6. Smart surface based on antimicrobial and antifouling block copolymer. 

Very recently, Yang et al. [39] have proposed a surface-initiated photoiniferter-

mediated polymerization (SI-PIMP) strategy to construct a hierarchical antibacterial 

surface consisting of a zwitterionic outer layer and a polycationic bactericidal 

background layer (see Figure 6). This zwitterionic outer layer does not affect the 

antibacterial efficiency of antimicrobial layer in dry conditions, but allows the release of 

dead bacteria in aqueous environment as well as protects from the attachment of 

planktonic bacteria. More importantly, this layer physically impedes the contact of the 
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mammalian cells with the cationic groups, thus moderating the toxicity of polycationic 

surfaces in wet conditions. The silane-terminated iniferted was anchored to a silicon 

substrate from which a block copolymer was obtained. In a first step, DMAEMA 

monomer was polymerized and then extended with 3-((3-methacrylamidopropyl) 

dimethylammonio)propane-1-sulfonate (SBMA) monomer and finally, quaternized with 

1-bromoethane. The killing efficiencies of the resulting surface in dry conditions against 

S. aureus and E. coli bacteria were ∼80.5% and ∼77.2%, respectively. This means that 

there are remaining colonies that can be irreversible attached to the surface, replicate, and 

form biofilm. However, this surface under wet conditions was capable of easily release 

the bacteria due to the presence of PSBMA segments in the copolymer.  

 

 

IONIC-STRENGTH-RESPONSIVE SURFACES 

 

Polyelectrolytes attached to surfaces can response to variation in the ionic strength. In 

electrolyte solutions with high ionic strength conditions, the charges of the pendant 

groups in the polymer chains are separated, and the decrease of electrostatic repulsions 

leads to collapsed conformations, whereas in low ionic strength conditions the brushes 

remain extended [40]. In addition, the type of counterions and the interactions between 

polyelectrolytes and counterions offer possibility to modulate the wettability of surfaces 

and then, the antifouling properties. Huang et al. [41] have developed a special strategy to 

release bacteria from bactericidal surfaces via clicking kosmotropic counterions into 

cationic polyelectrolyte brushes for reversible switching of surface functions between 

killing and release of bacteria. They grafted via SI-ATRP bactericidal 

poly((trimethylamino)ethyl methacrylate chloride) (PTMAEMA) brushes to gold 

thermal-deposited onto glass slide surface. Afterwards, the surfaces were tested against 

Gram-positive S. epidermidis and Gram-negative E. coli, and Stenotrophomonas 

maltophilia bacteria. Subsequently, the samples were placed in NaCl, MgSO4, sodium 

citrate and sodium hexametaphosphate (PP) solutions to release dead bacteria. Among 

all, the kosmotropic PP6- anion effectively repels adsorbed bacteria to a release rate of 

more than 93% (see Figure 7), due to conformational changes, strong hydration and 

electrostatic repulsion. However, the rate gradually decreases after five killing/release 

cycles.  

In a recent work, brushes of poly(1-(2-methacryloyloxyhexyl)-3-methylimidazolium 

bromide) PIL(Br) were grafted to commercial polydimethylsiloxane (PDMS) surface via 

visible light-induced polymerization at room temperature [42]. Lithium 

bis(trifluoromethanesulfonyl) amide (Tf2N) was used as counteranion exchanger, that 

provokes a change in the wettability of the surface from hydrophilic to hydrophobic. 

Before the anion exchange, the PIL(Br) chains are in an extended conformation showing 

bactericidal activity, while the PIL(Tf2N) brushes adopt a collapsed conformation leading 
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to the release of dead bacteria. In this scenario, the switchability between killing and 

release bacteria was maintained over three cycles.  

Chen et al. [43] have prepared brushes of poly(3-(1-(4-vinylbenzyl)-1H-imidazol-3-

ium-3-yl) propane-1-sulfonate) (PVBIPS) via SI-ATRP onto gold surface, which can be 

switched reversibly and repeatedly between protein capture/release of Gram-negative 

Pseudomona aeruginosa and S. epidermidis bacteria. They controlled the surface 

wettability but no the killing effect. In a posterior improvement, they combined 

antimicrobial triclosan covalently attached to PVBIPS brushes through the reaction 

between phenolic hydroxyl groups and sulfonic groups [44]. The live/dead assay for 

PVBIPS and PVBIPS-g-triclosan showed that these surfaces exhibit excellent bacteria 

release capability (see Figure 8) ∼99% for each bacteria. However, PDVBIPS surface did 

not show bactericidal activity, opposite to the surface with PVBIPS-g-triclosan, which 

was able to kill ∼97% and ∼95% of attached E. coli and S. aureus, respectively. Both 

properties were preserved after three cycles. 

 

 

Figure 7. Schematic illustration of contact killing and counterion-assisted release of bacteria on 

antimicrobial surfaces. Adapted with permission from reference [41]. Copyright 2015 ACS. 

 

Figure 8. Representative fluorescence microscopy images of bacteria attachment on (a, a′, c, c′) 

PVBIPS and (b, b′, d, d′) PVBIPS-g-triclosan before and after the treatment of 1 M NaCl solution 

(green staining represents live bacteria, and red staining represents dead bacteria). Adapted with 

permission from reference [44]. Copyright 2015 ACS. 
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PHOTO-RESPONSIVE SURFACES 

 

Smart surfaces based on external stimuli such as temperature, pH or ionic strength; 

do not often reach the equilibrium in a rapid manner. In addition, it is difficult to focus 

the stimuli and the spatial control of applying. Photo-responsive surfaces can overtake 

these aspects. The light can be focused even on a submicron-sized area and the reaction 

of photo-activation typically proceeds rapidly. Besides, light is noninvasive and can be 

suitable for biological systems.  

For the preparation of photo-responsive smart surfaces with reversible switching 

properties, the photoreaction used has to be also reversible. In this sense, photoswitchable 

molecules such as azo-compounds and spiropyran in which their properties changes 

reversibly are preferred for this applications [45, 46]. Recently, antimicrobial surfaces 

with the capability of reversible switching between bactericidal and antifouling character 

were developed involving photoswitchable molecules [47, 48]. In these publications, the 

switchability also implies host-guest interactions based on supramolecular chemistry.[34, 

49] In a first publication, Chen and coworkers [47] prepared systems able to photo- 

reversible capture and release bacteria. These systems were based on surfaces containing 

azobenzene groups as guest and β-cyclodextrin-mannose conjugates (CD-M) as host. The 

azo groups in trans configuration immobilize the CD-M molecules by forming host-guest 

inclusion complexes. These surfaces showed capacity to specifically catch 1-fimbriated 

bacteria due to the mannose units located at the CDs, which exhibit an enhanced 

performance due to the glycocluster effect.[50] Then, the azo groups photoisomerize 

under irradiation with UV light to cis form, which results in the dissociation of the 

complex and the release of the captured bacteria.  

This group has extended this approach to fabricate surfaces with photoswitchable 

bactericidal activity and bacteria-releasing ability [48]. In a similar way, they developed 

systems composed of surfaces bearing azobenzene groups as guest and, in this case, the 

β-cyclodextrin was conjugated with seven quaternary ammonium salt groups (CD-QAS) 

leading a biocidal derivative. Similarly, the azo groups in trans form were able to 

immobilize the biocidal CD-QAS molecules by forming host-guest inclusion complexes 

(see Figure 9).  

These surfaces exhibited significant bactericidal activity with killing efficiencies 

higher than 90% against E. coli bacteria. Subsequently, upon irradiation with UV light 

(365 nm), the azobenzene groups was transformed to cis form, which resulted in the 

dissociation of the inclusion complex and thereby, the release of dead bacteria attached 

onto the surfaces. The surface can be regenerated for its reuse, by irradiation with visible 

light (450 nm) and addition of new CD-QAS compounds. 
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Figure 9. Scheme of the antibacterial surfaces with photoswitchable bactericidal activity and bacteria-

releasing ability. Reproduced with permission from reference [48]. Copyright 2017 ACS. 

 

ELECTRO-RESPONSIVE SURFACES 

 

The application of electrical field is also a convenient stimulus for the fabrication of 

antimicrobial smart surfaces. Similarly to light irradiation, the response to a changing 

electric field takes place quickly in comparison with chemically induced changes. In 

particular, smart surfaces based on conjugated conductive polymers could be promising 

candidates, for instance, in bioelectronics applications, in which the surface requires to be 

clean with the purpose of reducing infections and maintaining the performance of the 

device, i.e., the conductivity and activity. Cao et al. [51] have designed a surface based 

on a conductive zwitterionic poly(sulfobetaine-3,4-ethylenedioxythiophene) (PSBEDOT) 

(see Figure 10), which also exhibits switchable antimicrobial-antifouling properties. 

The polymeric films were obtained by electropolymerization in aqueous solution 

onto different substrates, indium tin oxide coated polyethylene terephthalate (ITO-PET) 

substrate and gold coated surface plasmon resonance (SPR) sensor chips. The antifouling 

properties of the prepared surfaces were first evaluated by testing the adsorption of 

proteins, bovine aorta endothelial cells and mouse NIH 3T3 fibroblast cells. The 

conductive coating demonstrated to resist non-specific protein and cell attachment. Then, 

switchable capability between antifouling and antimicrobial was studied under different 

potentials against E. coli K12 as model bacteria. In the oxidized state (0.6 V), PSBEDOT 

becomes positively charged, showing antibacterial action able to kill over 89% of 

attached cells. Whereas in the reduced state (0 V) PSBEDOT is in its zwitterionic form, 

the surface resists the attachment of high concentration of bacteria, and can release more 

than 96.7% of the dead bacteria in 1 h. Therefore, this study demonstrated the potential of 

electro-responsive conductive surfaces with antimicrobial properties for diverse 

bioelectronic applications.  
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Figure 10. Chemical structure of zwitterionic poly(sulfobetaine-3,4-ethylenedioxythiophene) 

(PSBEDOT) used in electro-responsive surfaces [51]. 

 

CONCLUSION 

 

Over the past few years, several smart antimicrobial surfaces have been developed 

with switchable capacity of killing and releasing bacteria in response to external stimuli. 

These surfaces combine the biocidal activity and the bacteria-release capability that 

confers self-cleaning properties to achieve a long-term activity. Those facts suppose a 

great advance compared with conventional antibacterial surfaces. Although considerable 

progress has been done, and significant results have been obtained, many challenges are 

still remained. Many efforts need to be put in the influence of the micro- and nano-

topography, which could help to improve the performance of the surfaces. Besides, the 

real biological environment is complex and synthetic surfaces need other specific 

properties, such as hemocompatibility for blood-contacting devices or enhanced 

osteoblast adhesion for orthopedic implants. In fact, in vivo investigations are required 

also to study the toxicological effect and biocompatibility of these surfaces.  
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ABSTRACT 

 

In the last years, smart (or intelligent) packaging has been one of the most promising 

technologies in the food packaging industry. In fact, the possibility of making people 

aware of the safety and the quality of the food they are going to eat, has a huge potential 

impact in terms of both health of the consumer and reduction of food waste. In this field, 

many technical opportunities have been developed, based on a physical or a chemical 

reaction that results in a visible change of color which communicates to the consumer the 

change in the food quality. Being some of the most used materials in food packaging, 

polymers have often a main role also in the smart solutions, also thanks to their versatility 

and the possibility to be modified and tailored to obtain the expected features. This 

chapter represents a brief overview of the smart packaging solutions related to the 

polymer world. 

 

Keywords: smart packaging, nanotechnology, nanoparticles, food, beverage 

 

 

INTRODUCTION 

 

In the last decades, the goal of preserving the quality of food as long as possible has 

been one of the main issue of the food industry. This topic, apart from the obvious daily 

advantage of avoiding food and money waste of each family, has had a more relevant 

effect in decreasing the general waste of food due to its degradation. In fact, as reported 
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by the study of Food and Agriculture Organization (FAO) of the United Nations 

presented in 2011 [1], approximately one-third of the edible parts of food produced for 

human consumption, is lost or wasted throughout the supply chain, from initial 

agricultural production to the final household consumption. This data are even more 

impressive paying attention to the fact that, in industrialized countries, more than 40% of 

the food loss occurs at retail and consumer levels (Figure 1), and this is mainly due to the 

fact that people throw away food because it is spoiled or beyond its expiry date. 

The technical approach for extending the shelf life of food has been traditionally 

working on the development of increasingly higher gas barrier films and materials. 

Indeed, this solution hinders the gases which are detrimental for the food preservation to 

get in contact with the food itself. In the last decade, the development of packaging 

solutions, which can actively interact with both the food itself and the atmosphere around 

it, has brought for instance to oxygen or ethylene scavenging materials or antimicrobial 

solutions. This has led to very interesting solutions that can make the shelf life of the 

packed food longer. This is the so-called active packaging.  

In the last years, a new opportunity for food packaging has become of great interest, 

starting from the simple consideration that the packaging is by definition physically in 

between the food and the consumer. Taking advantage of this position, it can directly 

interact both with the food and the consumer, collecting information from the food itself 

and making it available to the person who wants to consume it. Information that the 

packaging can collect and that may be of interest for the consumer can be for instance 

about the freshness and the quality of a perishble product or the temperature of beverage 

that is supposed to be served hot, rather than the thermal history of one food whose cold 

chain is important. In other words, the packaging communicates to the consumer 

information regarding what he or she is going to eat or drink. In this case, we can refer to 

as smart (or intelligent) packaging [2]. 

An example of smart packaging is reported in Figure 2, where an indicator changes 

its colour as the level of maturity of the packed fruit increases [3]. 

Although the smart packaging technologies have strong advantages, it is worth noting 

that they are still in a development phase and not fully commercially available. The 

reason can be found on the one hand in a lack of industrially accessible technolgies that is 

still present, despite the overwhelming outcomes reported in the scientific literature. On 

the other hand, food packaging products suffer the fact that the consumers never think in 

buying them, because they are just buying their content (i.e., the food or the beverage): 

therefore, in the food packaging industry the cost is an issue more than in the other 

industrial sectors. As a consequence, the smart packaging solutions represent an 

additional cost that often the food industries are not ready to accept. 

In this chapter, we report a brief review of scientific and technical solutions that have 

been developed in the field of the polymer-based smart packaging technologies. 
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Figure 1. Per capita waste and food losses, at consumption and pre-consumption stages, in different 

regions [1]. 

 

 

Figure 2. Example of smart packaging [3]. 

 

TIME-TEMPERATURE INDICATORS (TTI) 

 

The first attempts in developing smart packaging solutions date back to 90s [4], and 

have been about the so-called time-temperature indicators (TTI). They have the aim of 

supplying information about the thermal history of the packed food, in order to give 

precise information regarding the real preservation state. In fact, the expiry date reported 

on the packaging of the food refers to an estimation calculated considering a correct 

conservation. If, for some reason, this cannot be guaranteed, the food can deteriorate 

earlier than predicted, with the danger of being eaten by the consumer with a detrimental 

effect on his or her health. Moreover, several food products need to follow a strict cold 

chain logistics from the production to the delivery to the consumer’s kitchen, for 
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preserving the high quality and being healthy. In these cases, a TTI can be helpful. In 

general, for safety reasons, the consumers need to be aware whether the food they are 

going to eat has been heated above or cooled below a temperature that is critical for the 

food itself, with the potential survival of microorganisms and protein denaturation [5, 6]. 

As an example, it is well known how detrimental could be for the food undergoing 

frequent freezing and defrosting cycles. 

From the technical point of view, these systems can be manufactured following two 

different approaches. A first method consists in utilizing the migration across a porous 

material of a colorant/pigment, whose kinetics is biased by the temperature and 

connected to the time from the packing phase. A second technique uses as indicator a 

chemical reaction, which produces a change in colour and is led by either chemical 

substances produced by the food, or by the oxygen, in case it is not supposed to be there. 

In general, the working mechanism of a TTI is based on mechanical, chemical, enzymatic 

or microbiological irreversible changes, which result in a visible response in the form of a 

mechanical deformation, colour development or colour movement [2]. 

In the literature, several studies report the development of systems that can act as a 

TTI [5]. Lee et al. [7] reported the results of a study about the development of an oxygen 

indicator based on a colorimetric UV-activation, using titania nanoparticles. These 

nanoparticles photosensitize the reduction of methylene blue by triethanolamine in a 

polymer encapsulation medium, using UVA light. When the indicator is UV irradiated, it 

whitens and remains in this colourless state in the dark, until it is exposed to oxygen. 

After this exposure, its original colour is re-established. The authors underline that the 

indicator is reusable and the rate of recovery of colour is proportional to the level of 

oxygen, and that it is printable as an ink on many surfaces, including glass and plastic. 

Mills and Hazafy [8] published a study in which they used nanocrystalline SnO2 as a 

photosensitiser in an oxygen indicator. An electron donor, glycerol, a redox dye, 

methylene blue, and an encapsulating polymer, hydroxyethyl cellulose (HEC), constitute 

this indicator. Upon an UV-B light exposure, the indicator is activated (photobleached) as 

the methylene blue is photoreduced by the SnO2 nanoparticles. When no oxygen is 

present, the film stays whitened. Then it recovers its original colour, when exposed to 

oxygen. Unlike TiO2-based solutions, their indicator is not activated by UVA light from 

white fluorescent lamps, but by UVB light. They explain that the half-life of the original 

colour recovery of the activated film, t50, is straight proportional to the level of oxygen, 

present in the environment. This is a clear advantage of using this indicator in packaging 

with a modified atmosphere as a possible quality assurance indicator. 

Aniceto Pereira et al. [9] developed a TTI based on a PVA/Chitosan polymer 

mixture, doped with anthocyanins extracted from Brassica oleracea var. capitata, which 

is able to detect changes in the pH of packaged food products when subjected to improper 

storage temperature. They tested the efficiency of the TTI on pasteurized milk, with 

evident changes in the coloration of the film (Figure 3).  
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Figure 3. TTI color response at different pH conditions for a modified PVA film [9]. 

 

 

Figure 4. Examples of time-temperature indicators. a) Monitor Mark™ by 3M (USA); b) Fresh-

Check® by Lifelines Technologies Inc. (USA); c) CoolVu™ by Freshpoint (Switzerland); d) 

Checkpoint® by Vitsab International AB (Sweden); e) OnVu™ by Freshpoint (Switzerland; f) 

Tempix® by Tempix AB (Sweden); g) Timestrip® by Timestrip Plc (UK) [5]. 
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Nonetheless, even though the developed TTI shows very interesting properties and 

efficiency in terms of change of colour, the authors note that its stiffness is different from 

the one of the commercial polymers applied in food packaging, and this could hinder its 

direct application in the industrial world.  

The milk is one of the food/beverage products that could benefit from TTI. In fact, 

for this product, the management of the cold chain logistics needs special care and its 

monitoring by TTIs can be potentially of paramount importance for food safety and 

quality.  

As another example of how TTIs can be used for milk quality monitoring, Lu et al. 

[10] studied a new time-temperature indicator based on an enzymatic reaction, diffusion 

and demobilization technology. They tested it in order to monitor the milk shelf life, 

obtaining good stability and reliability at dynamic storage conditions. 

Nopwinyuwong et al. [11] synthesized Polydiacetylene (PDA)/silica nanocomposites 

by self-assembly method, starting from polymerizable amphiphilic diacetylene 

monomers. The response in terms of change of colour of both PDA/SiO2/surfactant and 

surfactant-free PDA/SiO2 aqueous solutions was considerably affected by both time and 

temperature and this led their system to be used as a new polymer-based TTI. 

 

 

FRESHNESS INDICATORS 

 

A very useful communication of the smart packaging to the consumer is related to the 

freshness of food. A specific class of indicators are dedicated to this kind of 

communication to the consumer. Freshness indicators are smart devices, which allow the 

monitoring of food quality throughout storage and transportation. This type of indicators 

provides direct information on the freshness of the products and is based on the reaction 

of its materials, with the chemical compounds produced during the deterioration of the 

food. The development of these indicators over the last two decades was pushed by the 

increasing consumer demand for healthy and fresh food [12].  

As in the case of TTIs, the chemical reaction produces a change in colour, detectable 

by the consumer. This is particularly useful for the end-users. In fact, on the one hand the 

food can deteriorate earlier than the expiry date, with the danger for the health of the 

consumer. On the other hand, the food can be still good after the expiry date and the 

indicator can help the consumer preventing from throwing the food away if not 

necessary.  

As already mentioned, the TTI indicators described in the previous section, are about 

detecting oxygen. Differently, the freshness indicators are asked to detect microbial 

growth or chemical changes occurring to the food, which can be several and depend upon 

the nature of the packed food. The reaction between the microbial growth metabolites and 
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the indicators integrated within the package provides visual information regarding the 

quality of the product [13, 14]. 

For this reason, the advance of this family of indicators is considerably more 

complicated. A great variety of freshness indicators, which react in the presence of 

quality indicating metabolites, can be found in the scientific literature [15].  

It is important to underline that the formation of these metabolites depends on several 

factors, such as the nature of the packed food, spoilage flora and the type of packaging. 

For this reason, the suitable quality indicating metabolites as target molecules for these 

indicators are several.  

Numerous authors presented studies on freshness indicators mechanisms, based on a 

change of colour of the indicator, due to the occurrence of microbial metabolites 

produced during spoilage [16-18]. Nonetheless, this type of indicators, which are based 

on broad-spectrum colour changes, have some disadvantages. In fact, a deficiency of 

specificity in colour changes could lead to an indication of contamination in food 

products, even if a significant quality deterioration does not occur. The possibilities of 

false positives are likely to discourage producers from using indicators unless precise 

indication of spoilage can be guaranteed. Other described techniques are based on optical 

or electronic measurements [19-21]. 

Several freshness indicators, in particular designed for seafood products, are based on 

the total amount of emitted volatile basic nitrogen (i.e., TVB-N), specifically volatile 

amines, which are formed when the food spoils. They can be identified by different 

methods, such as conductometric and pH variations. On the other hand, hydrogen 

sulphide indicators can be employed to evaluate the quality of meat products. This 

chemical compound, which is released by meat during ripening, is correlated with the 

colour of myoglobin, which is considered a positive qualitative attribute for meat 

products. Smolander et al. [22] developed a freshness indicator specifically built for 

modified atmosphere packed poultry meat. Other possible indicators for meat products 

decomposition are represented by biogenic amines such as histamine, putrescine, 

tyramine and cadaverine, which were studied in literature [23, 24]. 

Moreover, Khalil et al. [25] have designed a device for the revealing of ammonia or 

volatile amines, based on the change of colour of pH-dyes on PTFE-carrier solid phase 

indicator film.  

Detection systems, patented by Miller et al. [26] and studied by Loughran and 

Diamond [27], are based on the idea of an indicator provided on a substrate and reacting 

to volatile amines with a colour change, hence indicating freshness of packaged food. In 

1999, COX Technologies launched FreshTag®, based on the aforementioned studies. 

This device is a colorimetric indicator label, which reacts to volatile amines produced 

during storage of fish and seafood products.  

It’s Fresh! Inc (http://www.itsfresh.com/) produces a commercial food freshness 

indicator, which is suitable for different meat-containing food products, such as poultry, 
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beef and pork and seafood. The consumer can place the indicator directly inside a storage 

bag or container, and then placed in the refrigerator for 8 hours. If the colour of the 

indicator changes from pink to yellow, the quality of the product can be considered as 

deteriorated.  

Other examples are represented by both SensorQ™ by FQSI Inc., which indicates 

spoilage in fresh meat and poultry products [28] and RipeSense™, a ripeness indicator 

which allows consumers to choose fruit that best appeals to their tastes [29], by detecting 

aroma components or gases (e.g., ethylene), released by the fruit and involved in the 

ripening process. 

Another application, developed for both commercial and military industries, is Toxin 

GuardTM by Toxin Alert, Inc. (Ontario, Canada), which is a polyethylene-based 

packaging film that can detect the presence of specific pathogenic bacteria (Salmonella, 

Campylobacter, Escherichia coli O157 and Listeria) with the aid of immobilized 

antibodies. As the analyte (toxin, microorganism) touches the material, it will be bound 

first to a specific, labelled antibody and then to a capturing antibody, printed as a certain 

pattern [30]. 

The method can also be used to the recognition of pesticide residues or proteins 

resulting from genetic modifications. Lawrence Berkeley National Laboratory has 

developed specific materials for indicators in order to detect Escherichia coli O157 

enterotoxin [31]. This sensor, incorporated in the material of the packaging, is formed by 

a cross-polymerised polydiacetylene and it has a deep blue colour. The molecules, which 

specifically bind the toxin, are confined in this polydiacetylene matrix and as the toxin is 

bound to the film, the colour of the film varies from blue to red. 

Several sensors are based on resistive metallic oxides (MOS), which interact with the 

microbial metabolite molecules varying their electrical conductivity. Similar to these 

devices, electrically conductive nanocomposite sensors were developed. They can detect 

pathogenic bacteria, such as Salmonella spp., Bacillus cereus and Vibrio 

parahaemolyticus, realised by spoilering food [32]. Finally, biochips based on DNA 

molecules are developing. This technique will be able to detect bacteria in meat, fish and 

fruit food products.  

 

 

THERMOCROMIC INDICATORS 

 

Thermocromic sensors and devices represent another kind of smart packaging 

solution, which can make the consumer aware of the food temperature by a change in the 

colour of the part in which they are embedded or printed. These sensors are typically used 

in food products, which need to be served hot (e.g., drink or ready-to-eat food). They can 

be developed either by using a thermocromic additive to be mixed with the polymer 

(always available as a masterbatch) or by a thermocromic ink. 
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Thermochromic masterbatches are commercially available and they can be diluted in 

the suitable polymeric matrix, in order to obtain a thermochromic formulation to be used 

in the production of the packaging. As an example, the British company TMCHallcrest 

produces a series of thermochromic masterbatches, with the brand name Chromazone™. 

These materials are based on a reversible thermochromic mechanism and the temperature 

at which the colour variation occurs can be modulated, making these products suitable for 

a number of food packaging applications, where different service temperature are 

required. Based on the formulation of the thermocromic additive, different colours can be 

obtained, as reported in the Figure 6 below [33].  

 

 

Figure 5. Thermochromic colors in baby spoons [33]. 

 

 

Figure 6. Thermocromic nanoparticles, scheme and picture [34]. 

From the scientific literature point of view, several studies have been published in the 

last years [34-36]. As an example, Carotenuto et al. [34] developed silver thiolate 
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nanoparticles, which allow the final material to have a chromic toning above a certain 

temperature. This phenomenon can be explained by a partial crystallization of the thiol 

chains (see Figure 6). Even though the produced thermocrominc effect has been clearly 

demonstrated, the change in colour occurs at 133°C (not be easily tuned without 

chemically modifying it), which is a temperature barely suitable for the food. This 

outcome, together with the fact that such nanoparticles are not suitable to the food contact 

according to the current legislation, makes the application of this technical solution quite 

difficult in the food industry. 

The authors of this chapter have worked in the last years in the development of 

thermocromic packaging for baby-food (unpublished results) to support an Italian 

company that had the goal of making the parents aware about when the food is at the 

right temperature for their children. Polyethylene (PE) was used as polymer matrix, as it 

is the one already used for that application. The use of the Chromazone™ masterbatch 

allowed creating a tailored formulation, suitable for the polyolefin matrix used in the 

project. A modulated quantity of additive was added and an evident thermocromic effect 

was detected, as observed in Figure 7. A thermochromic colour variation was seen when 

the sample was immersed in the warm water. In this case, the correct masterbatch and the 

corresponding variation of colour was selected based on a precise temperature, directly 

required for this food application, at which the colour change is expected (about 40°C). 

The study has also involved the manufacturing of thermocromic additives by following 

the aforementioned chemical approach [34], obtaining the same interesting results (as 

reported in Figure 8), and further confirming the effectiveness of that method. 

 

 

Figure 7. Injection molded samples with thermochromic masterbatch. 
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Figure 8. Extruded wire of thermocromic nanocomposites. 

Thermochromic inks constitute a different technical solution for thermocromic smart 

packaging. They are based on thermosensitive inks, directly printed on the packaging, 

like shrinkable sleeves of beverage cans. The colour of the ink changes when the 

temperature is within a specific pre-determined range, which is considered the best 

condition for food consumption. The modification of the colour can also deliver a short 

message to the consumer, such as for instance “ready to serve,” simply by using the ink 

for writing or drawing the message itself. However, one of the main drawback of this 

kind of temperature indicators is represented by the difficulty in distinctly observing the 

colour change.  

Inks colour change could be either irreversible or reversible. Irreversible and 

invisible thermochromic ink, as long as it is exposed to high temperature, develops into 

an intense colour when exposed to a certain temperature. This colour change will remain 

stable and permanent even if a new change of the temperature occurs [37]. Reversible 

thermochromic inks change their colour if heated or freezed: therefore, they return to 

their original state if the temperature comes back to its original value. As an example, 

Ctiinks [38] produces thermocromic inks for products (e.g., beverage, see Figure 9) 

where there is an expectation of hot or cold from the consumer. These types of 

thermocromic inks are often used as temperature-activated inks on the packaging labels 

to induce a colour change. 

Finally, touch-activated thermochromic inks show an image or a different colour 

from the original one, printed below once scrubbed or touched. These particular liquid 

crystal inks - when rubbed or touched - modify their colour within the visible spectrum. 

High-temperature thermochromic inks vary colour just below the pain threshold, alerting 

consumers about a safety hazard [40]. 
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Figure 9. Examples of cold-activated inks on packaging labels [39]. 
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ABSTRACT 

 
The increasing production of biobased and biodegradable polymers provides to the 

food industry the opportunity to offer alternative solutions with lower environmental 

impact. Among the available biopolymers, caseinates show excellent edible film 

formability, the ability to form thin and flexible layers, interesting for edible coating 

systems. Hydroxytyrosol (HT) is a natural antioxidant occurring in olives and mostly 

recovered from residues of olive oil production. However, many authors suggested that it 

is also available in olive oil. The HT is an ortho-diphenol with a marked antioxidant 

activity related to the electron donating ability of hydroxyl groups in the ortho position 

and subsequent formation of stable intramolecular hydrogen bonds with the phenoxylic 

radical. This chapter begins with generalities regarding the interest of smart materials in 

the food packaging field, focusing the attention on antioxidant active packaging systems 

as well as the interest on the use of edible active coatings for these applications. Then, it 
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is reported the development of active edible films based on sodium caseinate and HT. 

The most important results regarding a full characterization of the obtained active films 

in terms of visual, structural, thermal, mechanical and barrier properties; together with 

the evaluation of the antioxidant properties of the developed films are described 

throughout this chapter and it was possible to conclude that this system is a good 

alternative to avoid or retard foodstuff oxidation and though increase food shelf life. 

 

Keywords: edible films, biopolymers, sodium caseinate, antioxidant, hydroxytyrosol 

 

 

1. INTRODUCTION 

 

Continuous changes in life style have led to significant changes in consumers’ habits, 

demanding for higher quality and longer shelf life food products. The more and more 

consumers requirements joined with the appearance of new regulations in the food supply 

chain (i.e., food processing, transport, distribution and storage) have led to a demand of 

more advanced packaging systems. In consequence, advanced polymeric systems with 

innovative functions are gaining considerable interest in the food packaging field. In this 

context, smart polymers have gained particular attention in the food industry, which 

continuously demands innovative food packaging formulations not only for extending the 

food shelf life, but also for guarantying food safety, quality and traceability [1]. Smart 

polymers are polymeric systems that exhibit special functions in response to external 

conditions, thus, such polymers are also called stimuli-responsive polymers [2]. In the 

food packaging field, there are mainly two packaging approach technologies which 

allows monitoring the condition of packaged food or contributes to preserve and extend 

their shelf life: intelligent packaging and active packaging [3, 4]. Intelligent packaging 

monitor the condition of packaged food or the environment surrounding the food with the 

main purpose to indicate when food products are spoiled or some specific conditions 

changed [5]. Meanwhile, active packaging takes advantages from the positive interactions 

between the packaging material with active components deliberately incorporated and the 

packed food products. In this way, these systems slow down the food deterioration 

process and further extend its shelf-life by gradually releasing the active compound from 

the packaging to the food, either to the head space or into the surface of the packed food, 

where mainly food deterioration/contamination take place (Figure 1). 

Active packaging can be classified as absorbers or emitters systems. Among the 

absorbers, those that are mostly described in literature are moisture, oxygen, ethylene and 

carbon dioxide scavengers [6-8]. Oxygen is responsible for oxidation of food constituents 

and proliferation of aerobic bacteria and molds; indeed, it is responsible for quality and 

nutritional losses due to the change in colour, flavor or oxidation of sensitive vitamins. 

One strategy, to minimize this situation is by using oxygen scavengers systems, which 

are able to reduce oxygen inside the package to less than 0.01%. The oxygen scavenging 
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technologies that exist are based on iron power oxidation, ascorbic acid oxidation, 

enzymatic oxidation, among others [9]. The removal of ethylene and/or inhibition of the 

effect of ethylene in stored environments are fundamental to maintain postharvest quality 

of climacteric products. The ethylene trapping technologies related to active systems are 

those that use potassium permanganate (KMnO4)-based mechanisms and new palladiums 

based materials [10]. One promising technology for adsorption of certain gases, such as 

ethylene, is by the use of metal-organic-framework (MOF) based mesh-adjustable 

molecular sieves (MAMS) [11, 12]. The excess of water inside the packaged of high 

water activity products promotes bacterial and molds growth, resulting in a reduction of 

shelf life and loss of food quality. An effective way of controlling water accumulation in 

a package that is not permeable to water vapor is by using a moisture absorber. The most 

common one is a super absorbent polymer located between two layers of a microporous 

polymer [13]. Regarding the emitters, it is possible to find the CO2 emitters, preservatives 

releasers (antimicrobials and antioxidants), ethanol emitters, among others. CO2 emitters 

are very useful for their antimicrobial effect to extend food shelf life. One example of 

these systems is the so-called CO2
Fresh Pads, mainly used for meat, poultry and fish 

products. These systems are based on pads, which are able to absorb drip losses from the 

muscle and react with citric acid and sodium bicarbonate present in the pad, to generate 

CO2 [13]. However, the most common active emitters packaging are the antimicrobial 

and antioxidant packaging. In fact, active packaging formulations have become the most 

important challenge for the modern food industry to extend the shelf life of food [14]. In 

this context, biologically active compounds have gained interest in food industry, 

especially in view of recent outbreaks of contamination associated with food products 

[15]. Oxidation is one of the major problems affecting food quality [4, 14]. This is why 

antioxidants, and particularly phenols, are largely used as additives to reduce lipid 

oxidation and protect food nutrients against oxidation [16], and thus extending the food 

product shelf life as they limit the oxygen transfer and the reactivity of free radicals [14]. 

Therefore, the use of antioxidant active packaging systems results interesting because 

they allow preventing the food oxidation process by reducing, or even avoiding, the 

direct incorporation of antioxidants to the foodstuff. 

On the other hand, there is a growing tendency in the food industry to replace the 

petrochemical based polymer frequently used in this field for more sustainables 

alternatives. Therefore, the use of biobased polymers has gained considerable attention 

during the two last decades. Biobased polymers are those polymers obtained from natural 

resources. Different classifications of the biobased polymers have been proposed 

depending on the evolution of the synthesis process as it is shown in Figure 2. 
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Figure 1. Schematic representation of transfer process involved in food related materials. 

 

Figure 2. Classification of biobased polymers (Adapted from Averous 2004) [17]. 

Bio-polyesters, particularly poly(lactic acid) (PLA), are currently introduced in the 

market mainly because they can be processed by usual thermoplastic processing 

technologies already available in the plastic processing industry, such as extrusion, 

injection molding, sheet extrusion, blow molding, thermoforming and film forming [18]. 

However, the main drawback for the development of antioxidant packaging formulations 

is that their transformation temperatures are generally too high for active compounds, 

which generally cannot be heated at the high temperatures used for their transformation 
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[19, 20]. Thus, agro-polymers (proteins, polysaccharides and lipids) have gained interest 

as carrier for antioxidant compounds. Additionally, agro-polymers can be processed as 

biopackaging materials, some of them being edible materials interesting for food coating 

applications [14]. The main advantage of edible materials over synthetic food packaging 

polymers is that they can be consumed with the food, reducing the current problem of 

plastic food packaging waste generation [21]. Packaging materials are removed from the 

food, while edible coatings are part of the foodstuff [22]. Thus, edible coatings are 

interesting sustainable alternatives for traditional food packaging, which currently 

generates a high amount of plastic wastes. Moreover, the continuously demand of 

consumers for higher quality, convenience and food safety as well as longer shelf life 

food products have led to an increasing interest into edible coatings in the food industry 

[23]. Among all the multipurpose applications of edible films in the food industry, such 

as coating to enhance the nutritional value of food products or as carriers of other 

additives, the use of edible films has important functions for food protection: restriction 

of moisture loss, control of gas permeability, preservation of structural integrity of the 

foodstuff, etc. [23, 24]. 

Within biopolymers, proteins have attracted considerable industrial and researcher 

attention during the last years, although edible films can be also prepared using 

polysaccharides and lipids [16]. Among proteins, milk proteins such as casein, caseinates 

(i.e.,: sodium (NaC) and calcium caseinates CaC)) or whey proteins have been considered 

as suitable raw materials for making edible coatings, as they have numerous functional 

properties that make them excellent materials for edible coating-forming agents [16, 25]. 

Milk proteins show similar or lower mechanical strengths than films from wheat and soy 

proteins, and cellulose based films [26]. In fact, edible coatings based on milk proteins 

have a soft transparent aspect and good oxygen barrier performance at low relative 

humidity [16]. Caseins represent 75-80% of all milk proteins and it is organized on a 

micellar structure which consists of α, β and κ-casein [27]. In the form of caseinates it has 

been shown that they can act as water soluble emulsifiers able to create stable emulsions, 

which are further easy to apply as coatings on foodstuff [28]. In fact, caseinates have 

random coil nature and are able to form extensive intermolecular hydrogen and 

electrostatic bonds that can easily form films from aqueous solutions [29]. Moreover, due 

to the high number of polar groups within its structure, caseinates also show strong 

adhesion to various substrates, making them an excellent barrier to non-polar substance; 

including oxygen, carbon dioxide and aromas [30, 31]. However, due to the inherent 

brittleness of caseinates, plasticizers should be added to improve their ductile 

performance and to get the flexibility required for food coatings purposes [31].  

Among other caseinate plasticizers (i.e., acetylated monoglyceride [28], 

poly(ethylene glycol) [32], sorbitol [29], etc.), glycerol has been proposed as the most 

effective caseinates plasticizer since it contributes to the reduction in material brittleness 

by the limitation of protein cross-linking and reduction of intra and intermolecular 
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hydrogen bonds [33], while increasing intermolecular spacing and thus reducing 

mechanical strength of the edible films [29]. From an environmental point of view, 

another interesting point is that glycerol is a by-product of biodiesel production; and thus 

its use as plasticizer is a positive way to increase its added value from a low-grade by-

product to a useful plasticizer [31, 34]. In this sense, Siew et al., studied NaC systems 

plasticized with glycerol and PEG. They observed that plasticizers reduced the viscosity 

of the film forming solution, since plasticizer disrupt the protein-protein and protein-

solvent interactions through hydrogen bonding of the plasticizer molecules with the 

caseinate chain and water molecules leading to smaller protein aggregates. Glycerol has a 

larger effect on the mechanical properties of the film. Moreover, PEG based formulations 

showed higher water vapor permeation (WVP) properties. Fabra et al., studied NaC based 

films plasticized with glycerol and sorbitol, and the results showed that glycerol was 

more effective as plasticizer than sorbitol for caseinate matrices due to the fact that films 

with 90 wt% of sorbitol presented similar tensile properties to NaC with 40-50 wt% of 

glycerol [29]. 

As commented before, oxidation is one of the main causes of food deterioration; 

therefore it is important to find a solution to prevent it. Antioxidant active packaging, 

which was the first type of active packaging available, prevents oxidation by either 

absorbing components that contribute to oxidation such as oxygen or radicals, or by 

releasing antioxidants inside the packaging, in particular to the surface where the 

oxidation process is mainly produced, as previously described. Food grade antioxidants 

should be employed to the formulation of these systems, since once they are released to 

the food product they become a food ingredient [35]. Natural antioxidants, from plants 

and herbs origin, are those mostly used for these purposes. Plants that belong to the 

Lamiaceae family include aromatic herbs such as basil, mint, rosemary, sage, savory, 

marjoram, oregano, hyssop, thyme and lavender, among others. Most of them have been 

used to extract active phenolic components with bioactive capacity such as antioxidants, 

antimicrobial, among other interesting properties [36]. Oregano (Origanum vulgare L.) 

and thyme (Thymus vulgaris L.) have been studied widely for their antioxidant activity, 

due to the high content of phenolic compounds: carvacrol and thymol [37-41] and their 

incorporation in polymeric matrices to develop active systems were highly described [31, 

42, 43]. For instance, caseinate based matrices (NaC and CaC) has been incorporated 

with carvacrol and the films showed antibacterial properties [42] as well as improved 

flexibility [31]. The antioxidant activity of aqueous tea infusions was related to their 

chemical composition and compared with the antioxidant activity of natural (ascorbic 

acid and α-tocopherol) and synthetic antioxidants (butylated hydroxytoluene (BHT) and 

butylated hydroxyanisole (BHA)) [44]. NaC plasticized with glycerol has been used for 

the development of antioxidant coatings by adding α-tocopherol with improved water 

vapor permeability [45]. Green tea aqueous extracts were incorporated in gelatin matrices 

in order to provide gelatin edible films with antioxidant capacity [46]. 
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Table olives, very consumed in Mediterranean diet, contain biologically active 

phenolic compounds. Oleuropein is the most predominant phenolic compound in the 

fresh fruit and due to its bitterness it should be removed to make olive fruit palatable. 

This action is carried out by salt curing or acid hydrolysis, and the products of this 

hydrolysis are hydroxytyrosol (HT) and tyrosol (T) [47]. It is also well known that 

aqueous residues of the production of olive oil contain valuable products. Hamza & 

Sayadi 2016, reported that olive mill wastewater contains high concentration of aromatic 

compounds, and represents a potential source of valuable molecules, in particular ortho-

diphenols. These molecules are known for their antioxidant properties and their main 

interest from the food industry is to be used as alternatives to synthetic antioxidants [48]. 

Indeed, after the extraction of oil from the olive, many phenolic compounds remain in the 

by-product alperujo, extracts of which contain a similar phenolic profile to that of the 

original fruit [49]. It was described that olive mill waste is rich in a diverse range of 

biophenols and typically contains about 98% of the phenols present in olive fruit, either 

in the wastewater (approx. 53%) or in the pomace (approx. 45%). This disposal is 

considered as a significant environmental issue and its reutilization could be an 

advantageous practice. More than 50 biphenols and related product were identified in 

olive mill waste, such as phenyl alcohols, phenolic acids, secoiridoids, and flavonoids, 

most of them with high bio-antioxidant activity [50]. Many of the benefits of olives are 

associated to the hydroxytyrosol presence, one of the most extensively studied phenolics 

compounds in olives [51-56]. It is an o-diphenol with a marked antioxidant activity 

related to the electron donating ability of hydroxyl groups in the ortho position and 

subsequent formation of stable intramolecular hydrogen bonds with the phenoxylic 

radical [49]. HT is characterized by a strong antioxidant activity, similar to 2,6‐di‐tert‐

butyl‐p‐hydroxytoluene (BHT) and 3‐tert‐butyl‐6‐hydroxyanisole (BHA), two synthetic 

antioxidant used for formulations [48]. In addition, it was demonstrated that its 

antioxidant power was similar to other natural antioxidants such as thymol, 6-gingerol 

and zingerone, and contributes to the stability of virgin olive oil [57, 58]. 

The incorporation of HT in polymeric matrices was also studied, as an antioxidant for 

the polymer matrix, with a good performance in polypropylene materials acting as 

antioxidant [59], and it might be considered as a promising alternative to be used in 

active packaging formulations. Beltran et al., incorporated HT in poly(ε-caprolactone) 

(PCL) and studied the effect of the antioxidant on thermal, physical and mechanical 

properties of the polymer, in addition to the study of the release of the compound to 

methanol at different times [60]. The incorporation of the antioxidant was effective, 

however, since HT is a polar compound its incorporation to hydrophilic matrices is 

expected to be more efficient. 

In this work, the addition of HT in edible polymeric matrices based on sodium 

caseinate to develop biodegradable antioxidant active coating systems, will be studied. 
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Throughout this chapter the full characterization of these innovative systems will be 

described to assess the possibility to use them for food coating applications. 

 

 

2. MATERIALS AND METHODS 

 

2.1. Materials 

 

Sodium (NaC) was kindly supplied in powder form by Ferrer Alimentación S.A 

(Barcelona, Spain). Anhydrous glycerol (99.5%) was purchased from Sigma Aldrich 

(Móstoles, Madrid, Spain). Hydroxytyrosol (purity 97%) was kindly provided by Fine & 

Performance Chemicals Ltd. 

 

2.1.1. Edible Films Preparation 

Edible films were prepared by solvent casting method. The casting solution was 

prepared following the method previously developed [31], with slight modifications. In 

brief, the film forming solutions were prepared in distilled water with 5 wt% of NaC and 

the amount of glycerol required to obtain NaC:glycerol 1:0.35 ratio (in weight). The film 

forming solutions were then heated at 65ºC for 10 minutes under continuous stirring 

(1100 rpm) and further cooled at room temperature. Then, the amount of hydroxytyrosol 

(HT) required to obtain NaC:HT 1:0.05 and 1:0.10 ratios was added, with 

homogenization for 3 min at room temperature (1100 rpm). To eliminate air bubbles, the 

film forming solutions were ultrasonicated using an ultrasound cycle process of 

degasification for 2 min followed by a rest during 30 s at room temperature 5 consecutive 

times in an Elma S30 (Elmasonic). The film forming solutions were then kept 3 h at 4ºC 

to perform the removal of any air bubbles [61]. Edible films were prepared by pouring 

the degasified film-forming solutions into polyethylene Petri dishes (85 or 150 mm 

diameter) and they were allowed to dry for approximately 48 h at room temperature. 

The average thickness of films was measured with a digital micrometer Permascope 

MP Q (Fischer) ± 0.001 mm at ten random positions over the film surface. 

 

 

2.2. Methods 

 

2.2.1. Visual Appearence and UV-visible Measurements 

The visual appearence of films was checked by taken photograps. The absorption 

spectra in the 200-700 nm region of plasticized NaC based edible films were investigated 

by means of a Perkin Elmer (Lambda 35, USA) UV-VIS spectrophotometer. 
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2.2.2. Colourimetric Properties 

Edible film colour properties were measured in the CIELAB colour space by using a 

KONICA CM-3600d COLORFLEX-DIFF2, HunterLab, Hunter Associates Laboratory, 

Inc, (Reston, Virginia, USA). The instrument was previosuly calibrated with a white 

standard tile. Colour coordinates, L (lightness), a* (red-green) and b* (yellow-blue) as 

well as the yellowness index (YI) were measured at random positions over the edible film 

surface. Average values of at least five measurements were calculated. Total color 

difference (∆E) was calculated with respect to the control NaC edible film (NaC-G) as: 

 

∆𝐸 = √∆𝑎∗2 + ∆𝑏∗2 + ∆𝐿2 (Equation 1) 

 

2.2.3. Scanning Electron Microscopy (SEM) 

SEM micrographs of the surfaces as well as of the cryo-fractured cross-sections of 

plastizyced NaC based edible films were obtained with a PHILIPS XL30 Scanning 

Electron Microscope (SEM). In order to increase samples' electrical conductivity they 

were previously coated with a palladium/gold layer in vacuum conditions to be further 

observed by SEM.  

 

2.2.4. Fourier Transform Infrared Spectroscopy 

Attenuated total reflectance - Fourier transform infrared spectroscopy (ATR-FTIR) 

measurements of NaC based edible films were conducted by a Spectrum One FTIR 

spectrometer (Perkin Elmer instruments). Spectra were obtained in the 4000-650 cm-1 

region at room temperature in transmission mode with a resolution of 4 cm-1. 

 

2.2.5. Mechanical Properties 

The mechanical properties of edible films were evaluated by tensile test 

measurements. They were conducted at room temperature by using a universal testing 

machine (3344 Instron Instrument, Fareham Hants, UK) equipped with a 100 N load cell, 

at a crosshead speed of 25 mm·min-1 and initial length of 50 mm. Rectangular strips  

(10 x 100 mm2) samples were used and at least five specimens were tested for each edible 

film formulation. Young modulus and elongation at break were calculated from the 

resulting stress-strain curves. 

 

2.2.6. Dynamic Light Scattering 

The particle size and particle size distribution of the sodium caseinate dispersion 

were determined with a dynamic light scattering (DLS) analyzer (Zetasizer Nano series 

ZS, Malvern Instrument Ltd., U.K.) equipped with a He-Ne laser beam at 658 nm and 

with a detection angle of 173º. Samples were disolved in distilled water (1 mg/mL) and 

the experiments were performed at 20ºC. The particle size value of NaC reported was the 

average of at least five consecutive runs. 
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2.2.7. Thermogravimetric Analysis 

Thermogravimetric (TGA) measurements of plasticized NaC based edible films were 

performed in a TA-TGA Q500 thermal analyzer under dynamic mode weighing around 

5-10 mg. Measurements were run from 30 to 700ºC at 10ºC min-1 under nitrogen and 

oxidative atmosphere. The initial degradation temperatures (Tini) were taken at 10% of 

mass loss and temperatures at the maximum degradation rate (Tmax) were obtained from 

the first derivative of the TGA curves (DTG).  

 

2.2.8 Antioxidant Activity of Film Forming Solution 

The antioxidant activity was determined by means of 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) method [51]. DPPH method is widely used mainly because it is simple, 

inexpensive and robust techniques [53]. It is an indicator radical that can be inhibited 

either by direct reduction via single electron transfer (SET) or by radical quenching via 

hydrogen atom transfer (HAT) [52, 62] due to the presence of a radical or an antioxidant 

[63]. It can be easily followed by the reduction of the characteristic DPPH wavelength 

absorption spectrum at 517 nm. The antioxidant activity of the film forming solutions 

was performed in triplicate and calculated as percentage of inhibition (I%) values 

expressed as gallic acid (GA) concentration using the Equation 2: 

 

𝐼 (%) =  
Acontrol−Asample

Acontrol
 × 100% (Equation 2) 

 

2.2.9. Oxygen Transmission Rate 

The oxygen transmission rate (OTR) was measured to study the oxygen permeability 

of edible films by using a Systech Instruments 8500 oxygen permeation analyzer 

(Metrotec S.A, Spain) at room temperature and 2.5 atm. Edible film samples  

(14 cm diameter circle) were compressed between the upper and lower diffusion chamber 

at 25 ± 2ºC. Pure oxygen (99.9% purity) was introduced into the upper half of the sample 

chamber while nitrogen (99.9% purity) was injected into the lower half.  

 

2.2.10. Surface Wettability 

Surface wettability of films was studied through static water contact angle 

measurements with a standard goniometer (EasyDrop-FM140, KRÜSS GmbH, Hamburg, 

Germany) equipped with a camera. Drop Shape Analysis SW21; DSA1 software was 

used to test the water contact angle (WCA) at room temperature. The contact angle was 

determined by randomly putting 5 drops of distilled water (≈ 5 μL) with a syringe onto 

the film surfaces and measured after 30 seconds [64]. Meanwhile, to determine the water 

contac angle evolution, photos were taken every 5 seconds. 
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3. RESULTS 

 

3.1. Visual Appearance and UV-Vis Measurements 

 

Plasticized NaC based edible films, with thickness of about 100 ± 10 µm, resulted 

transparent films, allowing seeing through them (Figure 3-a). After the addition of HT, 

the plasticized NaC edible films, with thickness ranging between 140 and 150 µm, kept 

their transparency but adquiered a greenish tonallity (Figure 3-b and c). These findings 

were corroborated by absorption measurements in the visible and UV region of the 

spectra (Figure 3-d) as well as by colourimetric measurements in the CIELab space 

(Table 1). 

The control plastiziced NaC edible film (NaC-G) showed high transmission in the 

visible region of the spectra (400-700 nm) and the transparency value determined at 600 

nm reached 86 %. Meanwhile, the presence of HT reduced the light transmission of the 

visible region of the spectra, decreasing the transparency to 75% for NaC-G-HT5 and to 

68% for NaC-G-HT10 at 600 nm. Regardeless, UV region of the control plastiziced NaC 

edible film (NaC-G) showed again highest transmission in the UV-A spectra region 

(between 350 nm and 475 nm) with respect of HT added edible films (NaC-G-HT5 and 

NaC-G-HT10). Meanwhile, the most part of the UV-B region (between 280 nm and 315 

nm, which causes the most photochemical degradation of plastics) [65] as well as UV-C 

region (100-280 nm, generally created from artificial light sources) [65] are not 

transmitted. In the case of HT added edible films it was observed that HT produced 

further UV bloking effect in the UV-A spectra region.  

 

 

Figure 3. Visual appearance of edible films: a) NaC-G, b) NaC-G-HT5, c) NaC-G-HT10 and d) UV-Vis 

spectra of edible films. 
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Table 1. Color parameters from CIELab space and YI of edible films 

 

Edible film L a* b* ∆E YI 

NaC-G 93.4 ± 0.6a -1.33 ± 0.06a 3.3 ± 1.3a - 5.3 ± 2.4a 

NaC-G-HT5 85.7 ± 0.6b -2.99 ± 0.05b 15.8 ± 0.9b 14.8 ± 0.4a 27.9 ± 1.7b 

NaC-G-HT10 83.1 ± 0.7c -2.99 ± 0.04b 19.1 ± 0.8c 18.9 ± 0.5b 34.3 ± 1.5c 
a-c Different superscripts within the same column indicate significant differences between formulations 

(p < 0.05). 

 

Table 1 summarizes the color parameters obtained for NaC-G, NaC-G-HT5 and 

NaC-G-HT5 based edible films. NaC-G showed the highest L value typical from high 

brightness materials and L was significantly reduced by HT presence. The addition of HT 

also produced a green and yellow tonality as revealed by the deviation towards negative 

values of the a* coordinate (indicative of a deviation towards green) and the deviation 

towards positive values for b* coordinate (indicative of a deviation towards yellow). 

Therefore, the yellow index (YI), generally used to describe the change in color of a 

sample from clear toward yellow, was also determined. As expected, YI values showed 

the maximum value for the NaC-G-HT10 edible film, followed by NaC-G-HT5 and 

finally for the plasticized NaC system. The total color differences produced by the 

addition of HT were significant different to the control NaC-G edible film and the ∆E 

value increased with higher amounts of HT. In fact the total color differences were 

significantly higher than 2.0, which is used as the threshold of perceptible color 

difference for the human eye [66]. 

The results from optical and colourimetric analysis showed that although the adition 

of HT produced a green-yellow tonality all edible formulations allowed seeing through 

the films, even those formulations with the highest amount of HT (10 wt%). It should be 

mentioned that transparency is one of the most important requirements for consumers 

aceptance in consideration of the potential use of these films in food coating applications 

[22]. Moreover, HT added NaC-G edible films can also offer a light barrier between 250 

nm and 600 nm, which result interesting to protect some food products  

from the ligth [15]. 

 

 

3.2. Particle Size of Sodium Caseinate Film Forming Solution 

 

The HT effect on the sodium caseinate particle size as well as on their distribution 

was studied by dynamic light scattering (DLS) measurements. The particle size and their 

distribution in the film forming solution seems to be interesting due to its impact on the 

properties of the edible films such as mechanical properties and barrier performance [67]. 
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Figure 4. Particle size distributions of NaC-G, NaC-G-HT10 and NaC-G-HT5. 

As seen in Figure 4, NaC-G system showed a bimodal size distribution, in 

accordance with the literature [68, 69]. NaC-G shows the main peak (from 80 nm to 1200 

nm) centered at around 295 nm and a second small peak at about 5500 nm, suggesting the 

presence of agregates. It is known that caseinates particles in water form agregates since 

the use of water as solvent affects the hydration and volume of NaC and, thus, their 

particle size [69]. Meanwhile, further aggregates are due to the caseinates ability to form 

extensive intermolecular hydrogen bonds. With the addition of HT smaller particles size 

were obtained, as it reveals the peak centered at around 295 nm in NaC-G-HT5 and that 

at around 50 nm in NaC-G-HT10. While the mean peak remains centered at 295 nm in 

NaC-G-HT5, it is centered at 220 in NaC-G-HT10. This suggests a lower degree of 

aggregation of the NaC particles in the dispersion, and this effect became more 

remarkable as the HT amount increased. In fact, NaC-G-HT10 showed more 

homogeneous particle size distribution since the main peak became narrow (from 122 nm 

to 342 nm). This behaviour could be related with the fact that HT interacts with the NaC 

protein interrupting the protein-protein interaction and thus leading to less casein 

aggregates. 

 

 

3.3. Structural Characterization 

 

3.3.1. Scanning Electron Microscopy 

In Figure 5 are shown the SEM micrographs of the surface and cross-fractured 

sections of edible films. As it is expected for plasticized sodium caseinate edible films 

[22, 31, 70], all formulations showed mostly homogeneous and smooth surfaces with no 

apparent phase separation (Figure 5 a, c and e).  
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Figure 5. SEM micrographs of edible films surfaces (left side) and cryo-fracture cross sections  

(right side): NaC-G (a and b), NaC-G-5HT (c and d) and NaC-G-10HT (e and f). 

One of the foremost drawbacks observed in edible films prepared by solvent casting 

process is the presence of small holes, due to the bubbles bursting through the surface 

when solvent vaporization occurred [71]. The processing conditions used here, that is 

ultrasound degasification process followed by the cooling of the film forming solution, 

allowed yielding films without physical defects (i.e.,: cracks or bubbles) (Figure 5 b, d 

and f). No interfaces were observed in those formulations containing HT, NaC-G-5HT 

(Figure 5 c and d) and NaC-G-10HT (Figure 5 e and f), indicating a good compatibility 

between the esential oil and the plasticized sodium caseinate polymeric matrix. 

 

3.3.2. Fourier Transform Infrared Spectroscopy 

Figure 6 shows FTIR spectra of plasticized sodium caseinate films with HT 5 and 10 

wt% and the control sample without HT (NaC-G). There was an increase in the broad 

band between 3650 and 3200 cm-1 corresponding to the stretching of -OH bond, when the 
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HT was added to the samples. The small shoulder at 3080 cm-1 is linked to NH bond of 

proteins [72]. Then, the region between 2925 cm-1 and 2965 cm-1, corresponds to the C-H 

bonding, in particular CH2 and CH3, respectively. Amide I and amide II bands are located 

at 1630 cm-1 and 1540 cm-1, respectively. When HT was added to the formulations, the 

band at 1630 cm-1 was shifted to lower wavenumbers, due to the tendency of the NH 

group to form hydrogen bonding with other molecules, in this case water, glycerol and 

HT [33, 73]. This effect demonstrated that there is a good incorporation of the antioxidant 

in the protein matrix. Indeed, the presence of HT is evidenced in the region between 1300 

cm-1 and 923 cm-1. In particular there was an increase in the intensity of the bands at 1241 

cm-1 corresponding to the deformation in-plane of phenolic compounds.  

 

 

Figure 6. FTIR spectra of plasticized sodium caseinate films without HT and with 5 wt% and 10 wt% 

of HT. 

 

3.4. Mechanical Properties 

 

The mechanical performance of edible films intended to be used as food coatings is 

very relevant. In fact, the material should have enough ductility for films manufacturing 

and at the same time the enough stiffness to protect foodstuff from the environment. It 

has been observed that plasticizer is required for NaC film forming because the inherent 

brittleness of NaC matrix results in fragile films that crack before testing the tensile 

properties [31]. This is why in the present work glycerol was added as plasticizer. The 

stiffness of plasticized NaC based materials was evaluated form the Young modulus 

(Figure 7-a), while the elongation at break was used to evaluate the stretching ability of 

the edible films (Figure 7-b). 

 

Complimentary Contributor Copy



Marina Patricia Arrieta and Mercedes Ana Peltzer 

 

324 

 

Figure 7. Mechanical properties of edible films a) Young modulus and b) elongation at break. 

The Young modulus increased with the addition of HT. This behavior may be 

attributed to the fact that HT positively interacts with NaC protein chains during the film 

formation, limiting the polymer chain mobility and lead to a more rigid material. In 

addition, since HT is a highly polar compound; it may compete with protein chains for 

water molecules, increasing protein-protein interaction and producing a stiffer structure. 

This is linked to the lower values of elongation at break obtained for the active samples, 

comparing with the control NaC-G edible film, but they still showed enough ability to 

stretch out. The elongation at break of the control NaC-G film was around 80%, 

underlining the ductile behavior of the plasticized caseinate system as previously 

observed in the literature [29, 31]. 

 

 

3.5. Thermogravimetric Analysis 

 

3.5.1. Degradation under Inert Atmosphere of Nitrogen 

TGA thermograms, under inert atmosphere, of the prepared plasticized (35%wt) and 

non-plasticized biobased films, and those added with 5 and 10 wt% of HT are shown in 

Figure 8. Degradation of the samples could be separated in three steps. The first one, 

from 30-100ºC (not shown in the thermogram), corresponds to water evaporation and at 

the end of this first step, starts HT degradation. The second step, between 200 and 300ºC, 

with approximately a weight loss of 35%, corresponds to the degradation of plasticizer. 

Non-plasticized film did not present this degradation step and its main degradation starts 

at 300ºC, at the beginning of the third degradation step for plasticized samples. Though, a 

third step corresponds to the full degradation of the protein and this happened between 

300 and 700ºC. From derivate curve (DTG) showed in Figure 8-b, peak temperature 

corresponding to the maximum degradation rate temperature (Tmax) of each degradation 

step was easily determined. 
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(a)  (b) 

Figure 8. Thermograms of NaC films in nitrogen (50 mL/min). a) Weight loss (%) vs temperature;  

b) Degradation rate vs Temperature (DTG). 

Table 2. Parameters from TGA assay 

 

Sample Main degradation temperatures under N2 % Residue at 700 ºC 

Tini (ºC) Tmax1 (ºC) Tmax2 (ºC) 

NaC  238 - 317 28 

NaC-G 210 248 323 19 

NaC-G-HT5% 166 244 323 14 

NaC-G-HT10% 190 250 323 19 

Results showed that the addition of HT in caseinate films did not affect negatively thermal properties of 

the samples. 

 

In Table 2, parameters calculated from thermograms are shown. No significant 

differences were observed between samples regarding Tmax values. On the other hand, Tini 

was decreased with the addition of HT, maybe due to the early decomposition of HT 

under these conditions. However, it was possible to see that higher concentrations of HT 

increased again the initial degradation temperature, this mean that higher concentration of 

the antioxidant is needed to maintain thermal stability of the caseinate films.  

 

3.5.2 Degradation under Oxidant Atmosphere of Oxygen 

Indeed, degradation under oxidant atmosphere presented several steps, but the profile 

seems to be different to the previous one under inert atmosphere. Differences between 

samples are more evident when the analysis was performed in oxygen. From Figure 9 is 

possible to see that degradation of NaC-G-HT10 film happened later that the other two 

studied samples. In fact, this could be attributed to an antioxidant effect on the matrix 

itself. Table 3 shows parameters of TGA curves. Again, 10% of HT was necessary to find 

an appreciable increase in thermal properties, since an appreciable increase in Tini was 

observed for these samples. Thus, the presence of HT at the highest value of 10 wt% acts 

as a thermo-oxidative stabilizer for the NaC matrix. 
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(a)  (b) 

Figure 9. Thermograms of NaC films in oxygen (50 mL/min). a) Weight loss (%) vs temperature;  

b) Degradation rate vs Temperature (DTG). 

Table 3. Parameters from TGA assay 

 

Sample Main degradation temperatures under O2 

Tini (ºC) Tmax2 (ºC) Tmax3 (ºC) 

NaC-G 192 255 324 

NaC-G-HT5% 198 248 324 

NaC-G-HT10% 207 247 323 

 

 

3.6. Antioxidant Activity 

 

The main objective of antioxidant added coating films is to reduce food lipid 

oxidation process on food surface during storage [16]. Thus, the antioxidant activity of 

the film forming solution was demonstrated by measuring the radical scavenging ability, 

since scavenging of radicals is one of the main antioxidant mechanisms [74]. HT 

antioxidant reduces the DPPH radicals by acting as a donor of a hydrogen atom [62]. As 

the HT proportion increased from 0 to 10 wt%, the DPPH scavenging activity expressed 

as gallic acid (GA) concentration increased from 0 to 49.5 ppm. It is known that the 

solubility characteristics of the antioxidant can determine its effectiveness. HT shows 

high solubility in water (≃50 g L−1) and, consequently, HT based materials usually show 

high antioxidant activity in aqueous solutions (i.e., aqueous food simulants [15]).  

 

 

3.7. Surface Wettability 

 

Surface wettability is a relevant property for coating materials intended to be used in 

contact with food, since it will directly influence many other functional properties of the 
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polymeric material such as the permeability towards water vapor, selective adsorption, 

adhesion, printing, controlled release of molecules, the beginning of biodegradation 

process, etc. [75]. Thus, water contact angle measurements are frequently measured to 

evaluate the hydrophilic/hydrophobic character of polymeric materials. NaC is a highly 

hydrophilic polymer and the WCA resulted in 54.4º ± 1.1º NaC-G, while it increased 

with HT addition to 66.0º ± 0.8º for NaC-G-HT5 and 70.3º ± 1.6º for NaC-G-HT10. 

Edible film formulations became slightly more hydrophobic due to the presence of HT, 

suggesting that the HT interacts with the protein matrix and water molecules interrupting 

the water-protein interaction and enhancing protein-protein bonding. As a consequence of 

the high hydrophilic nature of NaC-G matrix after 5 seconds the WCA significantly 

decreased in these films (from 54.4º ± 1.0º to 52.4º ± 0.9º), while it was maintained for 

HT added films after around 30 s (Figure 10). However, a swelling phenomenon took 

then place, interrupting the HT-protein interactions showing significant changes in the 

WCA values. Subsequently, a fast water absorption mechanism solubilized the NaC-G 

edible film. Water drops took 60 s to solubilize the NaC-G-HT materials, while around 

80 s were needed to solubilize NaC-G samples due to the higher amount of polymeric 

matrix (NaC-G) in this formulation (65 wt%). These results suggest that the presence of 

HT produced an induction period in the polymeric matrix water absorption process, due 

to the limited polymer chain mobility in NaC-G-HT based materials. 

 

 

Figure 10. Water contac angle evolution of plasticized NaC edible films (photos were taken every 5 

seconds). 

 

3.8. Oxygen Barrier 

 

Coating barrier performance was evaluated by means of oxygen transmission rate 

(OTR.e). NaC-based films showed excellent oxygen barrier properties, even when 

caseinate matrix is plasticized with glycerol (NaC-G edible film 1.5 ± 0.1 cm3 mm m-2 

day -1) [42]. The addition of 5 wt% of HT increased the oxygen permeation of NaC-G to 

2.0 ± 0.1 cm3 mm m-2 day -1 in NaC-G-HT5. This behavior could be related with the 

lower NaC particle size of HT added emulsions, discussed in DLS results. No significant 

changes were observed with higher addition of amounts of HT (NaC-G-HT10 = 2.2 ± 0.4 

cm3 mm m-2 day -1) [76]. Nevertheless, it should be highlighted that NaC-G-HT films still 

showed excellent oxygen barrier properties, with similar OTR.e values of poly(ethylene 
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terphthalate) (PET) films (3 cm3 mm m-2 day -1) [77]. Therefore, NaC-G-HT based 

formulations resulted to be an attractive alternative for food coating applications were 

barrier to oxygen is critical to avoid or reduce oxidative processes. 

 

 

CONCLUSION 

 

Antioxidant edible coatings result in smart materials that can provide a long-term 

food protection through an increase on stability of the packed food by the addition of 

antioxidant active agents, in comparison with the direct addition of the antioxidant into 

the foodstuff. Additionally, edible coatings will not result in any environmental 

drawbacks. Prepared active films showed good mechanical and thermal properties to be 

used as food coating/packaging. Slight increase in thermoxidative stability of the samples 

was observed for the additivated films with HT. Visual aspect of the material was good, 

with a change in the colour of the films but the transparency was not altered. As the HT 

proportion increased from 0 to 10 wt%, the DPPH scavenging activity expressed as 

gallic acid (GA) concentration increased considerably. The addition of hydroxytyrosol 

at two leveles in plasticized sodium caseinate films to develop antioxidant active films 

resulted in a good alternative to avoid or retard foodstuff oxidation and though increase 

food shelf life. 
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ABSTRACT 

 

The main advantages of inorganic–organic hybrids are the combination of frequent 

dissimilar properties of organic and inorganic components in one material and the 

opportunity to develop an almost unlimited set of new materials with a large spectrum of 

known and yet unknown properties, because of the many possible combinations. Usually, 

in composite materials, polymer networks serve as organic matrices and inorganic 

components (Si, Ti, Sn, Al-based compounds, etc.) serve as fillers dispersed into the 

polymer network. These composites can be considered within Class I hybrids. In this 

class, weak bonds between components can be found such as Van der Waals forces or 

hydrogen bonds. Moreover there is Class II hybrids where components are linked by 

strong chemical bonds such as ionic or ionic-covalent bonds. Two types of reactions can 

be used to synthesize Class II hybrids: the simultaneous polymerization and the 

sequential polymerization of organic and inorganic monomers. Different structures can 

be obtained by altering the polymerization procedure: inorganic phase nanodomains 
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dispersed into the organic matrix; networks with bicontinuous phase structure; networks 

with ordered inorganic phase; and organic-inorganic block copolymer networks with 

inorganic junction domains. The chemistry of inorganic-organic network hybrids is 

mainly developed using hybrid molecular precursors such as organically modified metal-

alkoxides or oligomers of general formula R’nSi(OR)4-n or (OR)4-nSi-R”-Si(OR)4-n with  

n = 1,2,3, respectively. Several stimuli responsive hybrids have been manufactured for 

different applications: drug delivery systems based on mesoporous silica supports (MSS) 

have been described responding to physical, chemical or biochemical stimuli; 

antibacterial hybrids based on photocatalyst reactions; smart biosensing systems based on 

thin metallic and inorganic nanofilms with natural peptides, glutathione or aminothiol are 

also being described responding to complex opto-electronic interactions; graphene-based 

bilayer and multilayer actuators made from graphene and conducting polymers are 

described responding to chemical variations; and self-healing graphene–polymer hybrids 

are described responding to near-infrared region (NIR) irradiation. These materials are 

among the highlighted examples of hybrid smart materials. 

 

Keywords: hybrids, sol-gel, silica supports, drug delivery, antibacterial, graphene 

 

 

INTRODUCTION 

 

Smart polymers are stimuli-responsive polymers which can be sensitive to a number 

of factors such as pH, temperature, humidity, wavelength or intensity of light and electric 

or magnetic fields. These polymers can respond in several ways: altering color or 

transparency; becoming conductive or permeable to water; changing and recovering their 

shape. Smart polymers are used in specialized applications such as biodegradable 

packaging [1] and tissue or biomedical engineering [2] as extensively described in this 

book. 

Thermo-responsive polymers, such as polyurethanes [3], can be an example. They 

undergo modification of their elasticity, due to alterations in the bulk amorphous (soft 

segment) or crystal (hard segment) mobility. The switching temperature (Ts) depends on 

the physical or chemical crosslinking, the degree of crosslinking and the ratio of soft and 

hard segments. Moreover, the shape-memory effects are strongly dependent on the 

molecular architecture of the polymers such as the structure and the orientation of 

polymer chains. Therefore, this kind of smart materials requires: 1) blocks (soft and hard 

segments) which act as switching segments and 2) crosslinked points (networks) which 

determine the permanent shape of the material. Thermoresponsive materials have gained 

importance in the last few years in the biomedical field. They can act as drug delivery 

systems in the human body as long as the trigger temperatures are set in the range of 35-

37°C. Thermo-responsive polymers undergo a reversible alterable phase (or volume) 

transition in response to a change in temperature, which can act as a trigger, externally 

and/or remotely applied. This property allows the manipulation of the material via  

‘on-demand’ remote control as well as ‘on-off’ switchable control by temperature [3]. 
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Adding to this kind of materials the possibility to get special features (such as nano-

/micro-sized fibrous structures with a high surface area and high porosity) gives them the 

opportunity to be used simultaneously as cell scaffolds for tissue engineering. However, 

smart fibers, made from thermo-responsive polymers, present high water solubility, 

causing their structure to collapse while the material dissolves, limiting their application 

as scaffolds. Thus, the design of more stable new formulations has risen. The aim should 

be to enhance their biodegradability, biocompatibility, stability and mechanical/chemical 

properties via either chemical modification or functionalization. 

Other examples of responsive polymers are based on hydrogels. Hydrogels are three-

dimensional hydrophilic polymer networks made up of water-soluble polymers, 

crosslinked by either covalent or physical methods [4, 5]. Hydrogels are viable materials 

for multiple applications due to their ability to retain large portions of water, to swell to 

distend and to exhibit large changes in dimensions (volume changes of several- to 10-fold 

are common) [6, 7]. The hydrophilic characteristics of hydrogels are caused by the 

presence of special hydrophilic molecules (-OH, -CONH, -CONH2, and –SO3H) found in 

the polymeric components, giving them different absorption potentials [6] and the ability 

to respond to a range of different stimuli including: temperature, pH, salt, specific 

(bio)chemical signals, and electric fields [7]; depending on their molecular composition, 

undergoing large volume changes in response. Smart hydrogels may have the ability to 

undergo not only volume change but also shape change. Homogeneous hydrogels 

undergo inhomogeneous volume change (inducing shape change) when exposed to 

inhomogeneous stimuli. In order to make a hydrogel that undergo shape change in 

response to a uniform stimulus, it is necessary to introduce an embedded inhomogeneity 

into the hydrogel. This inhomogeneity should be incorporated during the synthesis and 

the manufacture of the hydrogel. The options are: using bilayers, aligned reinforcements 

or spatially variable crosslinking [8]. Consequently, the great value of these 

inhomogeneous hydrogels is the combination of the potential and limitations of each 

precursor; for example, the incorporation of stiffer components, like silica-based domains 

which restrain swelling in hydrogels in certain positions or directions, or the use of 

natural polysaccharides-based polymers, hybridized with inorganic materials 

(hydroxyapatite, SiO2, or demineralized bone matrix) which limit the number and type of 

hydrophilic molecules, determining their degradation kinetics and enhancing biological 

and mechanical properties.  

When using tunable properties and functionalization of smart polymers to form 

hybrids, the new materials may acquire better properties, since the self-alterable dynamic 

properties and the high sensitivity to small changes in the environment; an adequate 

degradation kinetics and mechanical properties, given by inorganic components, can 

entirely produce a new range of properties [3].  
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WHY IS IT IMPORTANT TO INTRODUCE INORGANICS? 

 

Continuing with examples in the biomedical field, even though there is a great 

progress in designing materials which can replace natural tissues, scientists are far from 

matching nature’s ability to engineer biomacromolecules, tissues and organs in terms of 

structure, versatility, adaptability and synthetic process. Biopolymers such as proteins, 

peptides, nucleic acids and polysaccharides have been used as vital structural components 

to design materials which can replace, restore or regenerate any tissue in the body. In 

order to improve and expand the properties and applications of these macromolecules, 

synthetic and/or inorganic components can be attached to modify the starting organic 

materials. The attached components can change the materials properties in response to 

environmental variations, affecting the overall properties of the biomaterial and forming 

smart hybrid biomaterials [9].  

Introducing an inorganic phase into a polymer leads to heterogeneous composite 

material. However, according to the size of heterogeneities, they can be defined as 

microcomposites, nanocomposites and molecular composites. The organic-inorganic 

polymers are classified as hybrids or nanocomposites since the organic and inorganic 

components blended in a single system on molecular or nano scale level. Under optimum 

conditions, hybrid materials show synergy of properties of both organic and inorganic 

components.  

Usually, in hybrid materials, polymer networks serve as organic matrices and 

inorganic components (Si, Ti, Sn or Al-based compounds), working as fillers dispersed 

into the polymer and forming organic-inorganic networks with different structures and 

morphologies. These characteristics, along with a well dispersion of the inorganic phase 

into the organic matrix, are important to determine the properties of the heterogeneous 

systems. Excellent mechanical, thermal and scratch resistant properties can be tailored by 

a fine morphology and microphase separated nanosized (1-100 nm) inorganic domains. 

The design of materials with some specific properties, such as better degradation 

kinetics, requires the incorporation of inorganic components into polymeric matrices. The 

integration of nanotubes with different chemical composition into hybrid scaffolds may 

provide them bioactive and mechanical properties. This is the case of three-dimensional 

porous collagen sponges, incorporated with single-walled carbon nanotubes [10]. The 

incorporation of the single-walled carbon nanotubes improved cell proliferation and 

sGAG production in the in vivo microenvironment, since the nanotubes could be 

internalized by cells, benefiting the controlled and localized delivery of biological 

factors. 
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TYPES AND CHEMISTRY OF HYBRIDS (CLASS I AND II HYBRIDS) 

 

Hybrid materials are divided into two classes: Class I and Class II [11]. In Class I, 

weak bonds can be found between components (Van der Waals forces or hydrogen 

bonds) whereas in Class II, strong chemical bonds are present between components (ionic 

or ionic-covalent bonds) as represented in Figure 1. 

Thus, no clear borderline can be drawn between the terms “nanocomposite” and 

“hybrid”. Commonly, the term “nanocomposite” defines discrete structural units used in 

the nanometer range and the term “hybrid material” defines inorganic units formed in situ 

from molecular precursors. 

 

 

Figure 1. Interactions found in hybrid materials and their relative strength. Blends of inorganic and 

organic components are generally considered to be Class I hybrids because no strong chemical 

interactions are formed between the inorganic and the organic building blocks [12, 13]. When two 

different networks, one inorganic and the other organic, interpenetrate each other without strong 

chemical interactions, Class I hybrids are also formed (these are called interpenetrating networks or 

IPNs). Class II hybrids are formed when discrete inorganic building blocks are covalently bonded with 

organic polymers or when inorganic and organic polymers are covalently connected with each other 

[14, 15].  

Structural properties can also be used to distinguish various hybrid materials. There 

are networks defined by inorganic nanobuilding blocks, which can present three basic 

types of networks: a) networks with inorganic blocks covalently attached as pendant 

units; b) networks with inorganic blocks as crosslink units; and c) networks with 

physically admixed inorganic blocks without a covalent bond as displayed in Figure 2. 
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Figure 2. Organic-inorganic networks with inorganic blocks as pendant unit, as network junctions  

and physically admixed inorganic blocks. 

Class II hybrids are the main subject of this chapter because of the variety of 

properties that can be designed and the possibility of introducing further stimuli-

responsive functionalities coming from the polymers. In Class II hybrids, organic groups 

(R’) can be introduced into an inorganic network as either network modifiers or network 

formers. The organic group (R’) can be any organo-functional group. If R’ is a 

nonhydrolyzable organic group (Si-CH3, Si-phenyl) it is introduced as a network modifier 

[16]. If R’ can react with itself (R’ contains a vinyl, methacryl, epoxy or amino group) or 

with additional polymerizable monomers, it is introduced as a network former [17, 18]. 

Two types of reactions can be used to synthesize Class II hybrids; the simultaneous 

polymerization and the sequential polymerization of the organic and the inorganic 

monomers (via hydrolytic – polycondensation) as summarized in Figure 3. 

 

 

Figure 3. Synthesis procedure of an organic-silica network, generating an in situ silica phase. 

In these reactions, the hybrid network structure and the morphology can be controlled 

by: 1) the reaction conditions, mainly by modifying the catalyses of the sol-gel process 

(acid, basic or neutral pH catalysis); 2) selecting different molecular architectures from 

the organic-inorganic precursors; 3) altering the polymerization procedure; 4) grafting the 

organic-inorganic interphase. Therefore, Class II hybrids can present several 

morphologies when processed: 1) networks with inorganic phase nanodomains dispersed  
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into the organic matrix; 2) networks with bicontinuous phase structure; 3) networks with 

ordered inorganic phase; 4) organic-inorganic block copolymer networks with inorganic 

junction domains [19, 20]. The chemistry of inorganic-organic network hybrids is mainly 

developed using hybrid molecular precursors such as organically modified metal-

alkoxides or oligomers of general formula R’nSi(OR)4-n or (OR)4-nSi-R”-Si(OR)4-n with n 

= 1,2,3, respectively, and silicon containing material. The organic groups introduce new 

properties to the inorganic network, as flexibility, hydrophobicity, hydrophilicity, 

refractive index modification, etc. [21, 22]; and the inorganic network introduces specific 

optical, electronic or magnetic properties in organic polymer matrices [23, 24]. These 

possibilities clearly reveal the power of hybrid materials to generate complex systems in 

a kind of LEGO© approach. 

 

 

SOL-GEL METHOD, A VIA TO SYNTHESIZE HYBRIDS 

 

Hybrid synthesis reactions should have the character of classical covalent bond 

formation in solution. One of the most prominent processes, which fulfill this demand is 

sol–gel process. This process allows controlling the mixing of two or more dissimilar 

phases to form hybrids under mild reaction conditions. Using sol-gel process as a 

polymerization technique overcomes the difficulty of dispersion of inorganic fillers since 

the inorganic precursors are initially dispersed on a molecular level in an organic matrix. 

Sol-gel process consists in inorganic polymerization of molecular precursors (metal 

alkoxides M(OR)n, M = Si, Ti, Zr, Al, etc, and OR = OCnH2n+1) within organic solvents at 

a low temperature to form inorganic frameworks of metal oxo-polymers. The inorganic 

polymerization proceeds in two stages: the hydrolysis and the condensation of the metal 

alkoxides. The hydrolysis occurs when adding water or a water/alcohol solution to the 

metal alkoxide in order to introduce hydroxyl groups, forming a sol made of highly 

reactive MOH (M = metal) species. Hydrolysis is followed by the condensation of MOH 

species through alcoxolation, oxolation and olation mechanisms in competition among 

them to form the gel [25]. The oxo metallic network progressively grows from the 

solution, leading to the formation of oligomers, oxopolymers, colloids and a solid phase. 

These reactions are described as SN2 nucleophilic substitutions. The chemical reactivity 

of metal alkoxides towards hydrolysis and condensation depends on the electronegativity 

of the metal ion and the ability to increase its coordination number [26]. Finally, the gels 

are aged and dried at room temperature and by thermal treatments. Figure 4 shows an 

example of hydrolysis-condensation reactions.  
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Figure 4. Hydrolysis – condensation reactions of organic-inorganic hybrids. From soft mineralized gels 

to hard compact xerogels [4].  

A sol is a dispersion of colloidal particles with sizes between 1 to 1000 nm kept by 

electrostatic and Van der Waals forces within a medium different from the particles state 

(solid-liquid, solid-gas, and liquid-gas). A gel is an interconnected rigid structure with 

polymeric chains and micro pores. In order to obtain a low density aerogel, the liquid is 

removed by transforming it into gas, applying hypercritical conditions to the 

interconnected solid structure of the gel, avoiding the structure to contract. On the other 

hand, when the liquid is removed via atmospheric pressure through evaporation (drying), 

the gel structure shrinks/contracts and a xerogel is formed. Although a dried gel is 

stabilized when the adsorbed physical water is eliminated between 100 – 180°C, there is 

still a high concentration of hydroxyl groups on the pores surface. Finally, the gel can be 

densified, by reducing the size and number of pores through thermal treatments. A 

variety of organic-inorganic networks can be formed when using this technology to 

synthesize hybrid materials [28-30]. SiO2 glass-type materials have been obtained mainly 

from alkoxysilanes and the hydrolysis of the tetraethoxysilane (TEOS) which is the most 

common monomer to form silica network in situ within an organic matrix [31, 32]. 

What it is important in these materials is that the inorganic phase domains, formed by 

the sol-gel process in the organic-inorganic networks, are polydisperse in size and 

heterogeneous in chemical composition. Better nanostructured organic-inorganic 

polymers are prepared using well defined inorganic nanobuilding blocks with 
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predetermined molecular architecture. A large variety of organofuctional nanobuilding 

blocks are studied, being the polyhedral oligomeric silsesquioxanes (POSS) [33] and the 

tetrahedral SiO2 structures [34] the ones with more attention. These three-dimensional 

inorganic structures give local reinforcement and immobilization to a polymer chain, 

showing an improvement of properties, such as increased Tg, modulus, degradability, 

decomposition temperature [35], reduced flammability [36, 37] and increased gas 

permeability [38, 39]. However, the properties, the structure and the morphology of the 

inorganic-polymer hybrids are determined by the strength of two types of competing 

interactions: 1) between inorganic and polymer components (inorganic-chain interaction) 

[40] and 2) between inorganic units (inorganic-inorganic interaction). When the 

inorganic-inorganic interactions are stronger, the inorganic phase tends to separate and 

form aggregates [41]. Therefore, the main objective is to determine the phase structure 

evolution along with the size of the heterogeneity domains and the geometrical 

description of the structure, by using fractal geometry during the random processes of 

polymerization or aggregation [42, 43]. This is why finding an adequate amount of 

inorganic and organic precursors is of great importance when processing hybrid 

materials. In order to form an organic-inorganic nanostructured network, the inorganic 

units have to aggregate within the organic matrix. As to control the hybrid network 

structure and morphology, there is the need to control the inorganic units aggregation, 

which will be influenced by: a) the inorganic block topology in the network, either as a 

pendant unit or as a network crosslinker; b) an organic substituent into the inorganic 

block which can affect miscibility with an organic matrix; c) the covalent bonding to the 

organic matrix; d) the polymerization procedure of the network synthesis. 

 

 

SMART HYBRIDS 

 

As stated in a former section, the main advantages of inorganic–organic hybrids are: 

the combination of frequent dissimilar properties of organic and inorganic components in 

one material; the opportunity to develop an almost unlimited set of new materials with a 

large spectrum of known and yet unknown properties, because of the many possible 

combinations. Several stimuli responsive hybrids and their applications are summarized 

in this section as examples of these characteristics. Few significant examples are 

described below to give a general overview. 

Stimuli responsive drug delivery systems have generated special interest to the 

scientific community in recent years [44, 45]. Numerous controlled-release systems based 

on mesoporous silica supports (MSS) have been described using physical [46], chemical 

[47] or biochemical [48] stimuli. One of the first reported examples was developed by 

Lin et al. [49]. MSSs were capped with gluconic acid-modified insulin (G-Ins) and 

loaded with cyclic adenosine monophosphate (cAMP). The nanomaterial demonstrated to 
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be glucose-sensitive because it releases both G-Ins and cAMP. Moreover, Shi et al. [50] 

reported an insulin loaded nanocarrier coated with GOx enzyme-multilayers which were 

cross-linked with glutaraldehyde. This nanocarrier acted as gatekeepers to control the 

release of insulin in response to glucose. Another example was recently developed by 

Asefa et al. [51] who described the preparation of MSNs for insulin release by tethering 

insulin molecules onto boronic acid functionalized MSSs and then coated the material 

with a shell of pH sensitive polymer polyacrylic acid. The material exhibited both pH- 

and glucose- dependent release of insulin. In another promising approach, mesoporous 

hybrid gated materials were synthesized by grafting nanometric silica with 1-propyl-1-H-

benzimidazole groups, loaded with fluorescent isothiocyanate-labeled insulin (FITC-Ins) 

and capped during the formation of inclusion complexes between β-cyclodextrin-

modified enzyme glucose oxidase (CD-GOx) and the benzimidazole groups, grafted on 

the mesoporous support. The designed nanodevice for controlled insulin release is based 

on the recognition of glucose with the glucose oxidase enzyme and hydrolyzed into 

gluconic acid (pKa = 3.6). The generation of gluconic acid induces a local drop in pH 

which would cause the protonation of the benzimidazol groups (pKa = 5.55) and the 

unthreading of the inclusion complexes between benzimidazol and CD-GOx; the final 

result is the delivery of entrapped insulin with the formation of a solid [52]. This 

approach presents some advantages versus other reported glucose-triggered insulin 

release, such as the storage of insulin into the pores which prevents its degradation. 

Sol–gel method has also been applied to prepare flame retarded polymer based 

devices [53]. The need of developing halogen-free flame materials is mandatory to 

preserve human security and environmental protection. The combination of a nanofiller 

with silicon, phosphorus and nitrogen-containing flame retardants has been verified to 

present anti-flammability properties and several researches are focused on this 

composition [54]. As an example, Chiang et al. [55] studied the influence of 

diethylphosphatoethyltriethoxysilane/TEOS on the thermal properties of epoxy 

nanocomposites. They reported the formation of a char and enhancement of thermal 

stability at high temperature in phosphorylated silica based nanocomposites. In a different 

approach [56] and to improve the flame retardant properties of PA6 polymers, in situ 

generation of phosphorylated silica, via an extrusion process, was investigated. The in 

situ synthesis of the silico-phosphorated phase from the SiP or SiP/TEOS hydrolysis–

condensation reactions leads to a different combustion behavior, compared with neat 

PA6. PA6 behavior is characteristic of a non-charring material whereas those materials 

based on SiP inorganic precursors behave as “charring” compounds, which form a fire 

protective residue. This flame behavior confirmed the synergistic effect between Si and P 

and the potential to provide very specific properties to polymer nanocomposites, using 

the association of sol–gel chemistry and polymer processing. 
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Antibacterial hybrids can also be synthesized. Nanometer-size TiO2 particles in the 

anatase crystalline form are known to possess photocatalyst properties when illuminated 

by UV light with wavelength <385 nm [57]. The general scheme of the photocatalytic 

damage of microorganism cells by TiO2 photocatalytic properties involves: 1) 

photoexcited TiO2 catalyst produces electron-hole pairs which migrate to the TiO2 

surface; 2) photogenerated holes in TiO2 can react with adsorbed H2O or OH- groups in 

the catalyst/water interface to produce the highly reactive hydroxyl radicals, therefore 

electrons can react with oxygen vacancies to form superoxide ions; 3) various highly 

active oxygen species generated can oxidize organic compounds/cells adsorbed on the 

TiO2 surface, causing microorganisms death. In order to improve the efficiency and 

prepare applicable antibacterial materials, it is necessary to generate electron-hole pairs 

by extending the excitation wavelength to the visible light region and to achieve a 

reduced recombination rate on the newly created electron-hole carriers. This is usually 

made by tailoring the particle size and the pore-size distributions, generating structural 

defects to induce space-charge separation via metal dopants [58]. Because of the majority 

of photoexcited charge carriers [electrons (e-) and holes (h+)] may undergo a rapid 

recombination; single component semiconductor nanoparticles exhibit relatively poor 

photocatalytic efficiency. On the other hand, semiconductor-metal nanocomposites 

exhibit increased efficiency of photocatalytic activity because of a reduction in the e--h+ 

recombination rate due to better charge separation between electrons [59].  

The incorporation of titanium dioxide into polymeric matrices transfers the biocidal 

properties to the corresponding polymer-based compounds [60]. Nanostructured smart 

systems, based on metallic and inorganic loaded liposomes, cyclodextrins or dentrimers, 

are also being prepared and tested as drug delivery systems and on self-cleaning textiles 

[60]. Hybrid materials, based on TiO2 and poly(ε-caprolactone) (PCL), have been 

fabricated and used in biomedical applications. Interpenetrating networks are formed by 

hydrogen bonds between Ti\OH groups in the sol–gel intermediate species and carbonyl 

groups in the polymer repeating units. The bioactivity of the synthesized systems was 

proven by the formation of a hydroxyapatite layer on the surface of samples, soaked into 

a fluid simulating human blood plasma (SBF). MTT cytotoxicity tests and Trypan Blue 

dye exclusion tests showed that all the hybrids had a non-cytotoxic effect on NIH-3T3 

mouse embryonic fibroblasts; however activation of the bactericidal effect tests are not 

performed yet [61]. 

TiO2 based nano-structured materials have been also applied for anti-bacterial 

modification of textile and polymeric materials. Meilert et al. have used polycarboxylic 

acids as spacers to attach TiO2 nano-particles to fabrics [62]. Plasma pretreatment has 

been used for the generation of active groups on the surface to combine them with TiO2 

nanoparticles [63]. Wang et al. have used argon plasma grafting nano-particles on wool 

surface [64]. Won et al. have produced nanoparticles in the polymeric matrix by reducing 

metallic salts under the irradiation with UV light [60].  
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Nanostructured smart biosensing systems, based on gold (Au)- and silver (Ag)- thin 

nanofilms with natural peptides, glutathione, or simplest stable aminothiol, are also being 

developed [65]. These materials are highly promising in biomedicine and environmental 

monitoring. They are sensitive to pH and optical signal enhancement during bioassays; 

these characteristics are attributed to the complex opto-electronic interactions of 

incoming photonic signals in the nanomaterial interface [66].  

Graphene-based smart materials are one type of smart hybrids with several potential 

applications. Graphene materials include: 1) mechanically exfoliated perfect graphene; 2) 

chemical vapor deposited high-quality graphene; 3) chemically modified graphene, for 

example, graphene oxide (GO); 4) reduced graphene oxide (rGO) and their macroscopic 

assemblies or composites. What make them attractive for high-performance stimuli-

responsive or ‘smart’ materials are their high specific surface area and their excellent 

mechanical, electrical, optical and thermal properties. These properties combine well 

with the good elasticity, light weight and high transparency provided by polymers [67]. 

Graphene-based biosensors, with the configuration of a field-effect transistor, 

usually show a high signal-to-noise ratio. This is mainly due to the high carrier mobility 

and low electronic noise of graphene. The binding of biomolecules on the surface of 

graphene channels can sensitively change the carrier density of graphene and/or screen its 

surface impurities. The long-range electrostatic interaction between graphene and the 

substrate electrode can also be modulated [68]. On the basis of these factors, the con-

ductance of graphene can be sensitively changed via interaction with biomolecules. For 

example, the conductance of a p-type GO was increased by attaching a negatively 

charged single-stranded DNA (ssDNA) to its surface via the formation of GO–DNA 

hybrids. This conductance was further increased by hybridizing ssDNA with its 

complementary DNA; moreover it could be completely restored by removing the 

complementary DNA [69]. 

GO is also a promising carrier for pH-controlled drug delivery systems because of its 

2D structure, adjustable functional groups and good biocompatibility. For example, the 

cancer drug doxorubicin was loaded on the surfaces of GO sheets via hydrogen bonding 

and π–π stacking interactions [70]. The microenvironment of focus (for example, tumor) 

is more acidic than normal tissues, leading to the protonation of hydrophobic drugs and 

thus the weakening of their interactions with GO. Therefore, the drug can be selectively 

released from GO sheets into the target focus. However, GO sheets are prone to 

aggregate in physiological buffers because of the existence of ions which screen their 

surface charges. Therefore, they have to be modified with polymers or functional groups 

to increase their solubility in this medium for drug delivery. For example, polyethylene 

glycol-functionalized GO showed good dispersability in various biological media. A 

poly(vinyl alcohol)–GO hybrid hydrogel, simply fabricated by mechanical blending, 

exhibited a reversible pH-induced gel–sol transition, enabling it to a selective release of 

vitamin B12 in a neutral phosphate buffer solution [71]. In another study, Pluronic 
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copolymer (F127)-stabilized rGO was loaded with doxorubicin, showing a high-loading 

efficiency of 289% (w/w) for controlled delivery in acid medium [72]. The change 

mechanism is based on the surface charges of GO sheets and the electrostatic repulsion 

forces between them. They can be modulated by pH value of dispersion. For example, 

adding acid to a GO dispersion induces the protonation of the negatively charged 

carboxyl groups of the GO sheets, weakening their electrostatic repulsion force and 

enhancing their hydrogen-bonding attraction force. In a strong acid medium, GO sheets 

tend to aggregate into irregular particles or to form a self-assembled hydrogel because of 

their insufficient mutual repulsion force. Increasing the pH value of a GO solution 

induces the opposite effects. Accordingly, switching the pH of a GO dispersion between 

high and low values can induce reversible sol–gel transition or dispersion and 

aggregation of the GO sheets. In another research, rGO sheets, covalently conjugated 

with polyethylenimine and polyethylene glycol, showed a high capacity of loading 

doxorubicin [73]. The loaded doxorubicin can be efficiently released by glutathione and 

NIR irradiation to kill cancer cells. 

In a different application, graphene-based bilayer and multilayer actuators are made 

of graphene and other functional materials as actuation or supporting layers. Conducting 

polymers are frequently applied as one of the actuation layers. The volume of a 

conducting polymer film changes dramatically (>2%) upon electrochemical doping and 

dedoping. For example, upon electrochemical oxidation or reduction, a PPy film was 

shown to expand or contract, particularly in its cross-section direction [74]. The graphene 

film underwent volume contraction or swelling by hole or electron injection. The dif-

ferent volume-changing behavior of the two materials provides an opportunity for 

designing a rational PPy– graphene bilayer or multilayer actuator with excellent 

performance. 

Thermoresponsive polymer–graphene compounds have also been used to construct 

thermally responsive systems for versatile applications. Poly(N-isopropylacrylamide) 

(PNIPAM) is the most widely used polymer for this purpose, because of its 

biocompatibility, water-solubility and low critical solution temperature (LCST), 32°C. 

For example, a GO–PNIPAM hybrid was used to develop thermoresponsive fluorescent 

switches or sensors [75]. In this material, PNIPAM was covalently modified with flu-

orescent moieties. At temperatures below the LCST, the PNIPAM chains swelled and the 

composite exhibited strong photoluminescence. In contrast, at temperatures above the 

LCST, the PNIPAM chains contracted and the distances between the fluorescent moieties 

and the surfaces of the GO sheets were shortened, leading to the quenching of 

photoluminescence. After cooling the solution, the photoluminescence signal can be 

totally recovered. Following this mechanism, a reversible on–off photoluminescence 

switching can be made with temperature variation. 
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Figure 5. A GO–polymer hydrogel for light-responsive (NIR: near-infrared region) self-healing [67]. 

Self-healing materials are capable of spontaneous self-repairing on the sites of 

damage. Conventional self-healing materials are mainly based on polymeric hydrogels or 

films, because they can heal themselves via interchain dynamic bonding (for example, 

hydrogen bonding, dynamic covalent bonding, ionic bonding and supramolecular 

interactions) [76]. However, most of these polymers, PNIPAM, poly(vinyl alcohol) or 

thermoplastic polyurethane, are mechanically too weak to achieve repeated healing, 

which limits their practical applications. Developing self-healing materials with high 

mechanical strength and high healing efficiency remains challenging. Furthermore, 

carbon based materials have good compatibility with many polymers because of their 

large conjugated structures and large number of oxygenated functional groups, giving 

them excellent mechanical strength. In graphene–polymer hybrids exposed to NIR 

irradiation, the graphene component converts light energy to heat, inducing the diffusion 

and entanglement of polymer chains at the broken interface, in order to heal the fracture 

as shown in Figure 5 [77]. The graphene content balances the mechanical strength and 

healing efficiency of the material. These self-healing hydrogels have potential 

applications in surgical dressing, artificial tissues and biomedical devices. 

In summary, the combination of inorganic and organic components used to 

synthesized hybrids may yield a new set of properties and applications in polymer based 

materials. In this chapter, the functionalities of inorganic components given to polymers 

were briefly introduced. The differences in chemical bonding between class I and class II 

hybrids, described. Sol-gel method used to synthesize class II hybrids, explained. And 

some of the most promising responsive hybrids, depending on the nature of the stimuli 

they respond to, were highlighted. 
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ABSTRACT 

 

Additive manufacturing (AM), also generally known as 3D printing permits the 

fabrication of fully customized objects with a high level of geometrical complexity 

implying rapid fabrication time as well as low cost. Among the materials used for 

additive manufacturing include metals and ceramics in addition to polymers. 

Nevertheless, the synthetic versatility as well as the wide range of material properties that 

can be achieved using polymers have established this type of materials amongst the most 

widely employed. Herein, we describe the basic principles applied when considering 

printing mechanisms, as well as the advantages and disadvantages of the most relevant 

AM technologies. Moreover, the characteristics of the polymers employed for each 

technology are described including discussion of some illustrative examples of their 

principal applications. 

 

 

                                                           
* Corresponding Author Email: Email:jrodriguez@ictp.csic.es. 
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INTRODUCTION 

 

1) Introduction to Additive Manufacturing 

 

The ISO/ASTM standard terminology defines additive manufacturing (AM) as the 

“process of joining materials to make parts from 3D model data, usually layer upon layer, 

as opposed to subtractive manufacturing and formative manufacturing methodologies” 

[1]. “Subtractive manufacturing” refers to traditional manufacturing methodologies such 

as casting, forming, molding, and machining, usually constituting complex processes that 

require tooling, machinery, computers, and robots.  

During the last 30 years of evolution in AM, other appellations have been also 

employed for AM processes including: rapid prototyping, rapid manufacturing, rapid 

tooling, freeformed fabrication, additive fabrication, additive techniques, layer 

manufacturing or solid freeformed fabrication. As mentioned by Campbell and Ivanova 

[2], AM is today widely considered as a disruptive technology that offers a new paradigm 

for engineering design and manufacturing that could have significant economic, 

geopolitical, environmental, intellectual property, and security implications.  

 

How Does AM Work? 

As described in Figure 1, AM starts with a three-dimensional (3D) model using 

computer aided design (CAD) modelling software (Step 1) [1]. The file obtained is 

converted into a stl file format (Step 2) and transferred to the AM machine (Step 3) which 

is digitized and sliced into model layers. The machine is then set up to adjust the printing 

conditions (Step 4) including energy source (temperature, laser intensity, etc.) or  

z-resolution (provided by the layer thickness). Other parameters depend on the AM 

technique selected, such as the exposure time in the case of stereolithography, or the 

nozzle material flow in the case of FDM. With the experimental conditions selected, the 

AM system prints the layers in a build, adding each new layer on top of the prior layer 

(Step 5). The final steps, involve the removal of the printed parts (Step 6), then post-

processing to remove the supporting material (Step 7) and finally the application (Step 8). 
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Figure 1. Steps involved in the fabrication of a cup by AM. Reproduced with permission from ref. [1]. 

Advantages of Additive Manufacturing in Comparison to Other Technologies  

Additive manufacturing offers important advantages over other currently employed 

technologies [3]. AM permits the fabrication of fully customized geometrically complex 

products in an economic manner for a limited production. Some reports established that 

AM is cost effective in comparison, for instance, with plastic injection molding for 

targeted production runs ranging from 50 to 5,000 units. Other authors estimate that AM 

is competitive with plastic injection molding for the targeted fabrications below 1,000 

items [4]. The basis of the low production cost is related to the nonrequirement of molds 

or costly tools, the nonrequirement of milling or sanding processes and the full 

automatization of the process.  

Another crucial advantage is related to the design of the AM printed parts. Designs 

can easily be created and modified according to any specific change and can be shared so 

that manufacturing can be easily carried out in many different places simultaneously. In 

fact, AM allows for the quick fabrication of prototypes with different versions for lab 

testing without the need of costly retooling. Moreover, replacement parts can be produced 

by third-party providers utilizing the original designs provided by the manufacturer. As a 

result, an inventory is not required that can impose additional costs if finished goods 

remain unsold. 
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Finally, it is worth mentioning that AM offers important improvements in terms of 

environmental implications. AM makes a more efficient use of the materials and permits 

an environmentally friendly design. Typically, lower amounts of energy are consumed in 

comparison to substrative processes.AM does not require addative chemicals and 

facilitates in most of the cases the reuse of the material. 

 

Applications of AM Parts 

AM fabricated parts have found application in many different fields (Figure 2). The 

importance of AM has been steadily growing during the last 20 years and today AM parts 

meet the requirements of many different industrial areas including textiles, aerospace, 

automotive, furniture, electronics, jewelry, sports, tool and mold making, toys/ 

collectibles industry, and more recently they have been implemented in biomedical 

applications including implants/prosthetics, dental, and surgical devices/aids [3, 5]. 

 

 

Figure 2. Utilization of additive manufacturing across various industries. Reproduced with permission from 

ref. [2].  
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Figure 3. AM timeline for different applications. Reproduced with permission from ref. [6]. 

One should also note that the range of applications has evolved during the last 

decades. The AM application timeline suggested by Mawale et al. [6] is shown in Figure 

3. As shown in the Figure, a clear evolution from rapid prototyping to series production 

can be observed. Currently studied applications include aerospace, medical devices, 

implants or nanofacturing. The future of AM should, according Mawale et al., work on 

the efficiency of AM processes to decrease the final price. In terms of applications, the 

present state of the art still requires further investigation within certain areas including 

the development of biomedical devices, in-situ bio-manufacturing or the fabrication of 

full body organs.  

 

 

2) Brief Summary of the AM Technologies  

 

ASTM International has classified AM technologies into seven categories: (a) 

material extrusion, (b) powder bed fusion, (c) vat photopolymerization, (d) material 

jetting, (e) binder jetting, (f) sheet lamination, and (g) directed energy deposition [7, 8]. 

Whilst today a variety of materials are used within AM, which range from thermo-

plastics or photopolymers to ceramics or metallic powders, we will center our attention 

on those techniques which employ polymeric materials. Among these techniques, 

material extrusion, powder bed fusion and vat photopolymerization have employed 

polymeric materials extensively. For this reason, this chapter will focus on the polymers 

employed in these three methodologies.  
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(a) Material Extrusion  

Without any doubt the most extended AM technology is material extrusion, a method 

in which material is selectively dispensed through a nozzle [9]. In general, any polymer 

or polymer-based material can be employed to produce flow through a moving orifice 

when heating and pressure are applied. Mantaining both the pressure applied and the 

noozle speed constant, the material deposited will have a constant cross-sectional 

diameter. As shown in Figure 4, the material or materials (if a supporting material is 

required) is deposited on a support as required by the design. Once a layer is completed, 

the machine will move the noozle upwards, or move the part downwards (typically 100-

300m), so that a new layer can be created on top of the previous one. The steps of a 

common extrusion-based system include [10]: 

 

 Loading of material. 

 Liquification of the material. 

 Application of pressure to move the material through the nozzle. 

 Extrusion. 

 Plotting according to a predefined path and in a controlled manner. 

 Bonding of the material to itself or secondary build materials to form a coherent 

solid structure. 

 Inclusion of support structures to enable complex geometrical features. 

 

There are two primary approaches taken towards using an extrusion process. The first 

technology was initially developed by Stratasys, company founded by Scott and Lisa 

Crump in the late 1980s. In this case, the material was molten inside a heated noozle 

channel permitting the material to flow out through the nozzle and undertake bonding 

with adjacent material before solidifying (Figure 4). This approach, known as Fused 

Deposition Modelling (FDM) is, due to the cheap components employed, the most 

extended AM technology and currently largely employed to fabricate low-cost 3D 

printers.  

The second approach uses non-viscous flowable slurries as material for the extrusion 

and is usually carried out without heating. This alternative has been employed, for 

instance, to extrude food items [11]. Equally, this approach is convenient for the AM of 

biomaterials loaded with living organisms including cells. In this case, the limited 

temperature conditions in which cells can be employed, do not allow the use of the 

previous FDM methodology. Comercially available biomedical cell printers use this 

approach, which in addition feature large-diameter nozzles to minimize shear loading on 

the cells as they are deposited – thus they can enhance cell viability [12]. 
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Figure 4. Fused deposition modeling. Reproduced with permission from ref. [13]. 

FDM presents several advantages including the non-requirement of a chemical post-

processing or resins to cure, the low price of both the machine and materials resulting in a 

more cost effective process [14, 15]. There are, however, disadvantages in the use of this 

technology such as the low resolution both in x-y and z axis limited by the noozle 

dimensions, the low fabrication speed (even when working in the sparse mode, which 

limits the amount of plastic to be deposited) and moreover the anisotropy of the 

fabricated parts [16]. 

 

(b) Powder Bed Fusion  

Powder bed fusion, later called Selective Laser Sintering (SLS) was first 

commercialized by Deckard and Beaman through the DTM Corporation [9]. As is 

schematically shown in Figure 5, in SLS a thin layer of powder is sintered or fused by the 

application of a laser beam. The fabrication process occurs as follows: the chamber, filled 

with nitrogen in order to avoid eventual oxidation and/or degradation, is heated just 

below the melting point of the material. This pre-heating of the powder (which should be 

uniform over the entire surface) is crucial for two different reasons. Firstly, this 

temperature will limit the amount of laser energy required to consolidate the material and 

therefore limit the eventual material degradation. Secondly, large thermal cycles of 

heating and cooling cause proportional expansion and contraction, thus are prone to 

produce undesirable warping of the printed part.  

Once the chamber temperature is controlled, a thin powder layer is applied and 

leveled using a counter-rotating roller. Then, the laser applied fuses the powder at a 

specific location for each layer as specified by the design, forming the slice cross-section. 

The construction bed is then lowered a certain amount depending on the layer thickness 

desired; the laser is then applied again. This process is repeated upon completion of each 

layer.  

For the cross-section formation, as described by Shirazi et al. [17] there are three 

main mechanisms proposed: 
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Figure 5. Schematic setup of the Selective Laser Sintering process. Reproduced with permission from 

ref. [17]. 

 

a) Solid-state sintering is a thermal process that induces the binding upon heating 

between Tm/2 and Tm. 

b) Liquid phase assisted sintering is employed to favor the sintering of the materials 

and involves the addition of an additive to the powder than melts before the 

matrix phase. This method has been, for instance, used in the fabrication of 3D 

ceramic materials.  

c) Full melting (more adapted for metallic and ceramic materials rather than 

polymers) allows the fabrication of highly dense materials upon complete 

melting the powders by the laser beam.  

 

In addition to the material properties, process factors such as part bed temperature, 

laser energy density or layer thickness are important parameters to consider during the 

fabrication of 3D printed parts via SLS [18, 19].  

The main advantages of SLS technology are: 

 

a) Firstly, SLS accomodates the use of a wide range of materials including 

recycling of unused powder.  
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b) Secondly, SLS does not require the use of support structures which are required 

for many other additive processes such as FDM, mainly because the part is 

supported by the surrounding unfused powder.  

c) Finally, SLS produces parts that are tougher and more stable than those obtained 

by for instance SLA. 

 

Among the most important limitations of this technology has to be the limited 

accuracy which is restricted by the size of the material particles, usually circa 50-80m in 

general. Moreover, the process requires a constant temperature held close to the material 

melting point, which is also uniformly distributed throughout the entire chamber. Finally, 

as mentioned previously, oxidation needs to be prevented by using an inert gas 

atmosphere in many cases.  

 

(c) Vat Photopolymerization Processes 

This AM technique involves the use of liquid photopolymers that are spatially cured 

by light-activated polymerization [9]. Chuck Hull, in the mid-1980s, was the pioneer in 

using UV curable materials that when exposed to a scanning laser, produced solid 

polymer patterns. More interestingly, he found that by curing one layer over a previous 

layer, a solid 3D part could be fabricated [20]. He founded the company 3D systems and 

the first commercial AM machine produced was the SLA-1, introduced in 1987.  

This technique is known as stereolithography (SLA) and is depicted in Figure 6, there 

are two different main SLA techniques distinguished by their patterning process [21]: 

 

 Scanning-based SLA (SSLA) or direct writing. In SSLA a laser beam with small 

diameter (∼0.1 mm) scans large areas by small rotations of a mirror. 

 Projection-based SLA (PSLA) that is also called maskless or dynamic mask 

method. PSLA uses a dynamic mask for generating 2D patterns with micrometer-

scale resolution.  

 

 

Figure 6. Schematic diagrams of the approaches to photopolymerization processes: (a) SSLA and (b) 

PSLA Reproduced with permission from ref. [10]. 

(a) (b)
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As mentioned previously, the SLA principle relies on a photopolymerization process 

that enables the conversion of a liquid monomer/oligomer mixture to a solidified polymer 

typically using ultraviolet light. UV light activates a photoinitiator and the polymerization 

reaction starts in those areas directly exposed [22]. A platform is required (as shown in 

Figure 6) to anchor the AM part and support the overhanging structures. Then, the UV 

laser is precisely applied to certain regions of the liquid surface where the resin solidifies. 

When the layer is finished the platform moves downwards, a new layer of liquid resin 

wets the AM part and the process is repeated again [23]. When the process is finished, the 

excess resin is drained (often for reuse) and the AM part is washed typically using 

ethanol [14, 15]. The speed required to fabricate the part prevents complete in situ 

conversion of the photopolymerization reaction and usually a post-curing step is carried 

out thereafter.  

One of the major advantages of this approach is the high resolution of the fabricated 

parts. The depth of cure, which ultimately determines the z axis resolution, is controlled 

by the photoinitiator, the irradiant exposure conditions (wavelength, power and exposure 

time/velocity) and the eventual incorporation of dyes, pigments or other added UV 

absorbers, since these processes typically involve UV sources in the form of UV lasers or 

UV LEDs. The photo-induced layer thickness typically varies between 50–200 µm. The 

step size is selected based on a balance between decreased build times and enhanced 

resolution. A newer version of this process has been developed with a higher resolution 

and is called microstereolithography. This new process features an attainable layer 

thickness of less than 10 µm [24]. Among the drawbacks, most notably the mechanical 

stability of the printed objects is lower in comparison, for instance, with those obtained 

by SLS. Furthermore, there are issues still remaining concerning the biocompatibility of 

the materials employed [25]. 

Other AM techniques are also on the market that similarly uses polymers for the 

fabrication of 3D printed parts. These include, binder jetting or polyjet; information about 

these methodologies can be found elsewhere [1, 13, 26, 27]. 

 

 

POLYMERS EMPLOYED IN FUSED DEPOSITION MODELLING 

 

As mentioned above, fused deposition modeling (FDM) is an additive manufacturing 

process in which a thin solid plastic filament passes through a nozzle/print head in order 

to melt and extrude it. The most widespread materials employed for FDM are hence 

thermoplastic polymers such as poly(lactic acid) (PLA) and acrylonitrile butadiene 

styrene (ABS) materials, which can be used in most of the commercially available FDM 

machines. Nevertheless, other polymers have equally been employed in FDM fabrication 

such as polycarbonate (PC) (including its blends of PC-ABS, and the medical grade PC, 
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i.e., PC-ISO), polyphenylsulfone (PPSF), polycaprolactone (PCL), polyamide (Nylon) or 

high density polyethylene [10]. 

 

 

Figure 7. Scaffolds prepared by Zein et al. using poly(-caprolactone) (PCL) in a FDM 3D printer. 
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FDM is more apt for amorphous polymers rather than highly crystalline polymers 

that are more suitable for SLS processes – as will be depicted. The reason for this relies 

in the fact that FDM is a much better extruder of viscous materials. Amorphous polymers 

do not have a clear melting point and the material becomes softer by increasing the 

temperature. As a result, it is easy to modulate the pressure conditions required to extrude 

the material by finely tunning the temperature of the nozzle. In contrast to amorphous 

polymers, high crystalline polymers present a clear material change upon heating due to 

the fusion of the crystals that are physically observed by an abrupt transition in a precise 

temperature region from a solid state to a liquid state. In this case, a homogeneous 

extrusion will be hardly controlled. While this is the general rule, it is also true that 

crystalline materials such as PCL are currently being employed in FDM. For instance, 

Zein et al. [28] employed the FDM for producing poly(-caprolactone) (PCL) scaffolds 

with different geometrically consistent honeycomb-like patterns and fully interconnected 

porous channels (Figure 7).  

In some cases, the design of a 3D part requires incorporating a support material that 

can be easily removed when the part is finished.. In FDM two polymers have been 

typically employed for this purpose. On the one hand, poly(vinyl alcohol) (PVA) with an 

approximate printing temperature of 170-190°C has been used due to its water-solubility. 

On the other hand, high impact polystyrene (HIPS) is an excellent support material for 

ABS parts as it is very similar to ABS in its properties. HIPS can be dissolved in 

Limonene whereas acetone can be employed for ABS.  

In addition to the pure polymers described above other polymer-based materials have 

been employed that can be classified in three different groups: 

 

 

Figure 8. Chemical structure of Ultem 9085 composed of a blend of polyetherimide resin (PEI) and 

polycarbonate (PC). 

 

+

Ultem 9085: 

Polyetherimide resin (PEI) 

Polycarbonate (PC)
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(a) Polymer Blends 

 

Blending allows for the easy preparation of a wide variety of materials that combine 

the properties of two or more different polymers. An illustrative example of the excellent 

properties of a polymer blend employed for FDM is the commercially available Ultem 

9085 [29]. Ultem 9085 is a blend of a polyetherimide resin (PEI) and polycarbonate (PC) 

as illustrated in Figure 8. This material has unique characteristics that make OSU 55/55 

suitable for aerospace and confined space applications. In particular, Ultem exhibits an 

improved ductility and flow, is transparent, posseses high strength and stiffness and good 

chemical resistance. 

 

 

(b) Microscale Composites 

 

Microscale composites have been prepared using microparticles and ceramic 

powders, fibers or piezoelectric materials [30]. For instance, copper microparticles  

(of ~10 m in diameter) were incorporated into ABS by Nikzad et al. [31]. They found 

that these composites presented an improved storage modulus and thermal conductivity 

as well as a reduced coefficient of thermal expansion. Other microparticles employed 

include iron used to increase the thermal conductivity [32], Al and Al2O3 that reduce the 

frictional coefficient [33] or ceramic particles to prepare materials with improved 

dielectric permittivity [30].  

 

 

(c) Nanocomposites 

 

Similar to the microscale composites, in the fabrication of nanocomposites several 

authors have also employed nano-dimensional particles. For example, Perez et al. [34] 

that with the addition of 5 wt% nanotitanium dioxide (TiO2), a 13.2% increase in the 

tensile strength of printed composite parts was shown in comparison to unfilled polymer 

parts. However, all printed composite parts showed reduced elongation and more brittle 

feature in these cases. 

Moreover, carbon nanotubes and even graphene has also been incorporated into 

thermoplastic filaments and employed for FDM printing. Rymansaib et al. [35] prepared 

carbon nanofibres (CNFs) and graphite flake microparticles that were added to 

polystyrene with the aim of making new conductive blends suitable for 3D-printing. The 

polystyrene/CNF/graphite (80/10/10 wt%) composite provides good conductivity and 

provides a stable electrochemical interface with a well-defined active geometric surface 

area. The printed electrodes formed a stable interface to the polystyrene shell, which gave 

good signal to background voltammetric responses, and were reusable after polishing. 

Complimentary Contributor Copy



Th. Ghigonetto, C. M. González-Henríquez, M. A. Sarabia-Vallejos et al. 

 

368 

POLYMERS FOR STEREOLITHOGRAPHY (SLA)  

 

SLA is a liquid-based process that consists of curing or solidification of a 

photosensitive polymer when an ultraviolet laser illuminates the resin. The photosensitive 

resins are composed of three main components:  

 

a)  A photoinitiator, which absorbs the light and generates the active species. 

b)  A reactive multifunctional monomer or oligomer, or mixture of both that gives 

rise to a crosslinking polymerization. The backbone of the oligomer can be 

varied widely and is designed to confer specific mechanical and physical 

properties to the polymerized material. 

c)  A reactive diluent, the role of which is to adjust the viscosity of the mixture to an 

acceptable level for application to a substrate; it also participates in the 

polymerization reaction.  

 

Eventually, flexibilizers and stabilizers may also be incorporated in the 

photosensitive mixture. Most materials used are conventional epoxy, acrylate resins, or 

thermoplastic elastomers. The original monomers were combinations of multifunctional 

acrylates which formed cross-linked resins [36]. 

 

 

(a) Photopolymerization Processes 

 

Depending on the type of photopolymerization chemistry involved, two different 

types of resins [37] are commercially available nowadays: 

 

(i) Free-Radical Photopolymerization 

In this type of resins, the UV irradiation on the photoinitiator produces a homolytic 

cleavage of a single/double bond and formation of two radicals. This initiation step is 

followed by the propagation or eventual transference, i.e., the incorporation of 

monomeric units; albeit the transfer of the radical to another growing chain. Finally, 

termination occurs by any of the three possible mechanisms; a) Combination: Two chain 

ends simply couple together to form one long chain. One can determine if this mode of 

termination is occurring by monitoring the molecular weight of the propagating species: 

Combination will result in doubling of molecular weight. b) Radical disproportionation: 

A hydrogen atom from one chain end is abstracted to another, producing a polymer with 

a terminal unsaturated group and a polymer with a terminal saturated group. c) 

Combination of an active chain end with an initiator radical.  

Two different types of initiators are employed for free-radical phopolymerizable 

resins. On the one hand, type I photoinitiators are unimolecular free-radical generators; 
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that is to say, upon the absorption of UV-light a specific bond within the initiators 

structure undergoes homolytic cleavage to produce free radicals. Typical type I 

photoinitiators are hydroxyacetophenone (HAP) or phosphineoxide (TPO). On the other 

hand, type II photoinitiators require a co-initiator, usually an alcohol or amine, functional 

groups that can readily have hydrogens abstracted, in addition to the photoinitiator. The 

absorption of UV light by a Type-II photoinitiator causes an excited electron state in the 

photoinitiator that will abstract a hydrogen atom from the co-initiator, and in the process, 

splitting a bonding pair of electrons. 

Not only the type of initiator but the concentration as well as the molar absorption 

coefficient are crucial on the absorption and therefore on the resolution achieved. 

Even if it is outside of the scope of this chapter, it is worth mentioning that other 

important parameters need to be considered since they are directly related to the kinetics. 

Such additional parameters include: the presence of oxygen, the temperature and the UV 

light intensity. 

 

(ii) Cationic Photopolymerization  

Similarly to radical photopolymerization, in the case of cationic photopolymerization, 

a photoinitiator is in charge of the conversion of UV light into initiating species. 

However, in this case, the initiator molecule is converted into a strong acid species (either 

a Lewis or Brönsted acid) that initiates polymerization by UV light absorbtion. Most 

cationic photoinitiators are comprised of a cationic and anionic pair with a distinct role in 

the polymerization. The cationic portion of the photoinitiator molecule is responsible for 

the absorption of UV radiation while the anionic portion of the molecule becomes the 

strong acid after UV absorption [38]. Provided the initiation step occurs, the cationic 

polymerization mechanism proceeds similar to other chain-growth polymerizations 

through propagation, termination and chain transfer steps.  

 

 

(b) Materials Employed for SLA 

 

The ideal monomers used in SLA (typically comonomers and reactive oligomers) 

should have a relatively low to modest overall viscosity and be able to rapidly form 

crosslinked polymers. Acrylates for free radical photopolymerization and epoxy 

monomers for cationic photopolymerization are most commonly encountered as photo-

based printing materials. However, photopolymerizable epoxies offer better mechanical 

properties. In contrast to acrylate resins, they have exceptionally low volume shrinkage 

and good dimensional stability. 
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(i) Polymers Employed 

SLA is a precise, fast and cheap technology to fabricate intricated geometries when 

required, among other exampless, to produce implantable scaffolds for tissue engineering 

applications. However, biomaterials that are biocompatible and biodegradable in the 

human body are required for this purpose. As described by Choi et al. [39] biodegradable 

scaffolding implies that the scaffold is “gradually degraded chemically in vivo leaving the 

desired shape of the regenerated tissue without causing cytotoxicity”. Moreover, 

biocompatibility indicates that “the surface of the scaffold remains chemically compatible 

such that cells attach to and grow on the scaffold without inducing any undesired 

reactions (or immune responses) with neighboring tissues”. In this context, several 

biodegradable and biocompatible materials have been synthesized and adapted for thier 

use in SLA.  

Cooke et al. [40] reported a poly(propylene fumarate) (PPF) scaffold, accomplishing 

the requirements of biodegradability and biocompatibility, when fabricated in a 

conventional SL system [39]. Other examples of using PPF for the fabrication of 

scaffolds were reported by Lee et al. [41]. They used poly(propylene fumarate) (PPF) as 

the biomaterial, diethyl fumarate (DEF) as the solvent and bisacrylphosphrine oxide 

(BAPO) as the photoinitiator. After optimizing the experimental conditions, including the 

resin composition (by satisfying both the viscosity limitation and the mechanical 

requirement), laser parameters such as critical exposure (Ec) and penetration depth (Dp), 

the authors succeded in the fabrication of scaffolds with a high accuracy in the xy-plane 

while minimizing the overcuring of the resin in z-axis. 

Also poly(-caprolactone) (PCL) is an excellent candidate material for 

biocompatible/biodegradable support. PCL is degraded by hydrolysis of its ester linkages 

in physiological conditions (such as in the human body) and has therefore received great 

attention for its use as an implantable biomaterial. In particular it is especially interesting 

for the preparation of long term implantable devices, owing to its degradation rate which 

is even slower than that of polylactide. Elomaa and coworkers [42] investigated a 

photocrosslinkable PCL-based resin which was developed and applied using 

stereolithography. No additional solvents were required during the structure preparation 

process. Three-armed PCL oligomers of varying molecular weights were synthesized and 

then functionalized with methacrylic anhydride; they were then photocrosslinked, 

resulting in high gel content networks. As illustrated in Figure 9, the scaffolds precisely 

matched the computer-aided designs, with no observable material shrinkage. The average 

porosity was 70.5 ± 0.8%, and the average pore size was 465 μm. The pore network was 

highly interconnected. 
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Figure 9. Photograph (a), μCT visualization (b) and SEM images (c and d) of a scaffold built by 

stereolithography using 1500-m macromer. Reproduced with permission from ref. [42]. 

Elasticity and flexibility are also interesting properties of some polymeric materials. 

Processing of these polymers by stereolithography would produce flexible and elastic 

three-dimensional structures that, in comparison with hydrogels may siginificantly 

improve the mechanical resistance of the 3D printed part. With this objective, Schüller-

Ravoo et al. [43] fabricated flexible and elastic poly(trimethylene carbonate) (PTMC) 

structures using a three-armed methacrylated PTMC macromer (obtained by reaction of 

trimethylene carbonate, glycerol, and methacrylic anhydride). Upon seeding of bovine 

chondrocytes into the scaffolds, the cells adhered and spread on the PTMC surface. After 

culturing for 6 weeks, cells with a round morphology were present, indicative of the 

differentiated chondrocyte phenotype. In cartilage tissue engineering, chondrocytes adopt 

a round shape indicating the presence of differentiated cells producing cartilage specific 

proteoglycans and collagen fibrils of high collagen type II over type I ratio.  

The high resolution obtained using SLA permitted the fabrication of a myriad of 

microfluidic devices with high versatilities in terms of design. In addition acrylate based 

resins provide high clarity althouth not complete transparency. Au et al. [44] described 

the fabrication of fluidic valves and pumps that can be stereolithographically printed in 

optically-clear, biocompatible plastic and integrated within microfluidic devices at low 

cost. User-friendly fluid automation devices can be printed and used by non-specialized 

personnel as replacement for costly robotic pipettors or tedious manual pipetting. 
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Engineers can manipulate the designs as digital modules into new devices of expanded 

functionality. Moreover, SL benefits from the possibility of a modular design. Au et al. 

designed a valve in an electronic file that could be digitally connected to other functional 

modules to easily build more complex devices. As shown in Figure 10, the fabricated 

fluidic switch operates by connecting two valves V1 and V2 to a common outlet. 

Different dye outputs are produced by opening the appropriate valves (images c-e). 

 

 

Figure 10. 3D-printed switch. Circuit diagram photograph of the two-valve switch. (c–e) Photographs 

of a dye-filled switch in three different actuation states. Reproduced with permission from ref. [44].  
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(ii) Ceramic and Metal Composites 

It is difficult to obtain good mechanical properties (a high level of hardness and a 

high mechanical resistance to fluid pressure) as well as thermal and electrical 

conductivity when photopolymers are used. As a result, the fabrication of composites by 

dispersing a particular additive (typically ceramic or metallic particles) in the 

photosensitive resin has been extensively employed to improve the final material 

properties. For instance, a printable diamond polymer composite was developed by 

Kalsoom et al. [45] for the fabrication of low cost thermally conducting devices. They 

fabricated the composite by simply suspending the HPHT diamond microparticles within 

the commercial acrylate based resin at concentrations as high as 30% (w/v), avoiding any 

additional chemical reactions or further modifications. A heating system was set at 100ºC 

and used to evaluate the heat transfer performance of the printed sinks. The difference in 

temperatures and heat distribution of the heat sink printed from the basic resin and the 

composite material, each heated for 10 min, was determined using a thermal imaging 

camera. As depicted in Figure 11, the IR images for the AP and APD-30 composite heat 

sinks showed that the temperature of the composite heat sink was almost 5–8ºC higher 

for all three regions (i.e., top, middle and bottom) compared to the basic AP heat sink, 

thus demonstrating that the composite material improved the heat distribution away from 

the heated surface.  

 

 

Figure 11. (a) 3D printed heat sink using commercial acrylate resin, (b) 3D printed heat sink using 30% 

(w/v) composite material, (c) IR images of polymer heat sink heated for 10 min at 100ºC and (d) IR 

image of composite heat sink heated for 10 min at 100ºC.  
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Figure 12. Bioinspired composites with microstructured architectures can be recreated with 3D 

magnetic printing. (a) The Haliotidae sp. Abalone shell exhibits a layered structure of calcite prisms 

topping in-plane aragonite platelets (nacre). This architecture is (b) simplified and (c) 3D magnetic 

printed. (d) The dactyl club of the peacock mantis shrimp exhibits a cholesteric architecture of 

mineralized chitin fibres. This architecture is (e) simplified and (f) 3D magnetic printed. (g) The 

mammalian cortical bone exhibits concentric plywood structures of lamellae-reinforced osteons. This 

architecture is (h) simplified and (i) 3D magnetic printed. All printed microstructures are 

acrylateurethane co-polymers reinforced by 15 volume percent alumina platelets. Scale bar, 5 m in a; 

25 m in c; 15 m in d; 50 m (black) and 20 m (white) in f; 200 m in g; and 5 m (black) and 25 

m (white) in i. Reproduced with permission from ref. [46]. 

In addition to the incorporation of a particular ceramics or metallics, a current 

challenge to the adaption of additive manufacturing technology of reinforced composites 

also involves the ability to provide orientation of the reinforcing co-composites. In 

particular, the orientation of fibres during the printing process. An illustrative example of 
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the efforts in this direction was reported by Martin et al. [46]. By using a 3D Magnetic-

Printing Process they created an SLA-based 3D printing framework capable of printing 

dense ceramic/polymer composites in which the direction of the ceramic-reinforcing 

particles could be finely tuned within each individual voxel of printed material. As shown 

in Figure 12, they were able to recreate choice reinforcement architectures exhibited by 

biologically discontinuous fibre composite systems including the osteon structures within 

the mammalian cortical bone, the layered nacreous shell of abalones and the cholesteric 

reinforced dactyl club of the peacock mantis shrimp. 

 

 

SELECTIVE LASER SINTERING:  

POLYMERS POWDERS AND COMPOSITES 

 

One of the major advantages of SLS is related to the great variety of materials “a 

priori” that could be employed. These include polymers, metals and their combinations, 

combinations of metals and ceramics and combinations of metals and polymers [24, 47, 

48].  

Examples of polymers that could be used are; acrylic styrene, polycaprolactone or 

polyamide (nylon), all of which result in 3D printed parts that show similar mechanical 

properties to parts prepared by injection [47, 49]. It is also possible to use composites or 

reinforced polymers, for instance polyamide with reinforced by fiberglass or with metals 

like copper.  

 

 

(a) Polymer Choice: Semi-Crystalline and Amorphous 

 

Two types of thermoplastics have been typically employed in SLS, i.e., semi-

crystalline and amorphous [50]. From a morphological point of view the main difference 

between the two types of polymers is related to their molecular arrangement. Whereas, an 

amorphous material has the chain molecules arranged in a random manner, a semi-

crystalline material present chains with an ordered structure. This difference confers to 

each type of material and thier different thermal properties which determine, in turn, the 

fabrication parameters in SLS. In both cases, upon heating, a glass transition temperature 

(Tg) can be observed [51, 52]. A majority of semicrystalline polymers have a glass 

transition temperature (Tg) below or close to room temperature (-100 to 50°C) while the 

amorphous polymers typically employed have a Tg of ∼100°C. Moreover, semycristalline 

polymers present a melting temperature (Tm) above 100°C (between 100 and 400°C) at 

which a considerable volume change occurs and the material rapidly changes from rigid 
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to a liquid form. This transition does not appear in amorphous polymers that present a 

progressively rubbery morphology with no obvious transitions [53-55]. 

In addition to the semicrystalline or amorphous nature of the material, both Tg and Tm 

are also related to the molecular weight of the polymer employed. Therefore, an 

optimization of the SLS experimental conditions is required for each thermoplastic 

material. Other processing considerations include the particle size, the powder flow, 

thickness of the deposited powder layer, the power of the laser or the relative humidity 

just to mention a few of them [56]. 

For instance, the power and scanning speed of the laser applied in an SLS system is 

directly related to the mechanical properties of the 3D printed parts. When, semi-

crystalline polymers are employed, the laser heats the material above the Tm. In this 

situation, the material remains hard until an appropriate quantity of heat is absorbed, at 

which point it is rapidily changed into a viscous liquid. To the opposite, amorphous 

polymer powders are consolidated upon heating above the Tg. In comparison to semi-

crystalline polymers, amorphous materials are much more viscous and therefore require 

more intense heating to establish the appropriate particle interconexion [57]. Associated 

to heating and cooling processes, shrinkage is a serious issue in SLS. In particular, the 

use of semicrystalline polymers produces strong material contraction upon with freezing. 

In order to minimize this drawback, the chamber where the 3D part will be construted is 

preheated allowing the powders to be in a furnace below their melting temperature during 

long periods of time (up to a duration of hours) [53]. 

In addition to the laser intensity, decreasing the laser scanning speed leads to the 

production of denser parts as a result of the longer interaction time between the powder 

and the laser beam [58]. A higher laser scan speed results in less energy transferred to the 

materials [59]. 

Semi-crystalline polymers are primarily used with an intrinsic selection criteria 

ideally including: 

 

 a broad process temperature window between polymer melting upon heating and 

recrystallization upon cooling. 

 a narrow melt transition. 

 a high melting enthalpy to minimize unwanted sintering associated with thermal 

conductivity. 

 

 

(b) Polymer and Polymer Blends Employed in SLS 

 

Nylons in their different variants are without any doubt the most extensively 

employed polymer employed for SLS. An illustrative example of the use of Nylon for 

SLS was reported by Das et al. [60] that prepared scaffolds from Nylon-6. They carried 
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out biocompatibility tests that showed that Nylon-6 scaffolds fabricated by SLS can 

support cell viability. To investigate the biocompatibility of scaffolds, cells were either in 

direct contact with the Nylon-6 disks (CoCulture group) or subjected to conditioned 

media (Conditioned Media group).  

Polycaprolactone (PCL) is a semi-crystalline material with high thermal stability and 

a degradation period of approximately two years [61] and has been extensively employed 

for SLS. Due to the good biocompatibility, bioresorbability, and processability of PCL, 

this polymer has found application in tissue engineering [62] and cartilage repair [63-65] 

purposes amongst others. 

Eshraghi et al. [66] studied the mechanical and microstructural properties of 

polycaprolactone scaffolds with one-dimensional, two-dimensional, and three-

dimensional orthogonally oriented porous architectures produced by selective laser 

sintering (Figure 13). 

Amorphous synthetic polymers such as polycarbonate or polystyrene have been also 

employed for SLS. These polymers tend to yield weaker, more porous structures than the 

semi-crystalline polymer powders, although relatively brittle polystyrene parts can be 

strengthened and toughened by substitution with poly(styrene-co-acrylonitrile) or ABS 

[56]. 

Finally, cellulose and its derivates used as coating materials for drugs, drug–releasing 

scaffolds and in other biomedical applications are also projected for incorporation into 

orthopedic implants, and thus have been also employed for SLS. Salmoria et al. [19] 

reported the rapid fabrication of starch–cellulose and cellulose acetate scaffolds by 

selective laser sintering and the evaluation of the laser power, laser scan speed and the 

polymer particle size influence on the scaffold properties. The fine adjustment of process 

parameters was fundamental in order to warranty the processability of biodegradable 

cellulose based polymers by SLS. As depicted in Figure 14, the specimens with lower 

particle size presented a higher degree of sintering, higher mechanical strength and a 

significant level of closed pores, as indicated by the density measurements and 

fractography analyses. 

Blending, as a tool to obtain polymeric materials with variable properties, has also 

been employed to fabricate 3D printed parts by SLS. However, the examples reported are 

rather scarce. An illustrative example of this strategy was reported by Salmoria et al. 

[67], therein they prepared blends of polyamide (PA2200) and high-density polyethylene 

(HDPE) particles with average sizes of 60 and 100 m. PA2200 showed higher 

absorption of laser energy than HDPE during the sintering of blend specimens, with 

subsequent thermal energy transfer to the melting of the HDPE phase. The authors 

reported the formation of heterogeneous microstructures of PA2200/HDPE blended 

specimens with co-continuous and dispersed phases depending on the quantity of HDPE. 
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Figure 13. Scaffolds with one-dimensional, two-dimensional, and three-dimensional orthogonally 

oriented porous architectures produced by selective laser sintering. Reproduced with permission from 

ref. [66]. 

 

Figure 14. The micrographs of the sintered specimen surfaces of starch–cellulose (A) particles of 106–

125 m (B) of 150–212 m and Cellulose acetate (C) particles of 106–125 m (D) 150–212 m. 

Reproduced with permission from ref. [19]. 

 

(c) Composites Prepared Using Micro/Nano Fillers 

 

A large number of investigations have been made to improve the mechanical and 

physical properties of polymeric laser sintered parts by reinforcing them with different 

charges. For instance, the incorporation of ceramics (which are rather brittle) into 

polymers improved the mechanical properties and enabled the shaping of hard ceramins 

[68-70]. In general, polymeric materials employed for SLS have been charged with: 

A B

C D A
B
C
D
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(i) Micron-Sized Inorganic Fillers such as Glass Beads, Silicon Carbide, 

Hydroxyapatite and Aluminium Powder 

Chung and Suman [71] prepared composites of Nylon-11 filled with different volume 

fractions of glass beads (0–30%). The results showed that the tensile and compressive 

modulus increased whilst the strain at break and strain at yield decreased as a function of 

glass bead volume fraction.  

 

 

Figure 15. Micrograph of sintered pure PEEK specimens produced at a part bed temperature of 140C 

and laser power settings of (a) 9 W, (b) 12 W, (c) 16 W, (d) 20 W, (e) 24W, and (f) 28W. Reproduced 

with permission from ref. [72].  
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Table 1. Summary of mechanical and biological properties of laser sintered tissues 

and scaffolds. Adapted from ref. [17] 

 

Material Physical properties Biological properties Image of the final part Ref. 

PCL Porosity: 85% 

Micropores: 40–100 

m 

 

A high density of cells 

was observed on the 

scaffold after 6 days 

 

[65] 

PCL Porosity: 83% 

Micropores: 300–400 

m 

The porcine adipose-

derived stem 

cells (pASC) proliferated 

well and differentiated 

into osteoblasts 

successfully in the 

scaffold  

[74] 

PCL Porosity: 40–84% A confluent monolayer of 

cells with an elongated 

morphology could be 

observed on the wells fed 

with the scaffold extract 

 

[75] 

CP/PHBV 

CHA/PLLA 

Porosity of the PHBV 

polymer scaffolds: 

64.6 ± 2.0% CP/ 

PHBV scaffolds: 

62.6 ± 1.2% PLLA 

polymer scaffolds: 

69.5 ± 1.3% CHA/ 

PLLA scaffolds: 

66.8 ± 2.5% 

All scaffolds were 

facilitated proliferation of 

and ALP expression by 

SaOS- 2 cells. Viability 

assays of SaOS-2 cells 

after 3 days of culture on 

sintered scaffolds 

 

[76] 

HA/β-TCP Porosity: 61% 

Interconnected 

macroporous structure 

of the scaffold with a 

rectangular pore size 

range of 0.8–1.2 m 

MG63 cells exhibited 

elongated and flattened 

morphology on the 

TCP/HAP scaffolds, and 

the cells were connected 

with cellular 

micro-extensions 

 

[77] 

Forsterite based 

scaffolds with 

20% nano- 

58S bioactive 

glass 

Interconnected porous 

scaffold with pore size 

0.5 to 0.8 m 

Cells attached and spread 

well on the 

forsterite/nano-58S 

 

[78] 
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To create the scaffolds, Tan et al. [72] employed rapid prototyping (RP) techniques to 

overcome the limitations encountered with conventional manual-based fabrication 

processes. For that purpose, the authors prepared scaffolds based on polyetheretherketone 

(PEEK) and hydroxyapatite (HA) powders physically blended and processed on a 

commercial SLS system. PEEK has a glass transition at approximately 143°C and melts 

at approximately 343°C. Since PEEK has a much lower melting point than HA, it is 

possible to induce sintering of PEEK at temperatures near Tg, and moreover to bind and 

partially expose the HA particles within the sintered PEEK matrix. However, the laser 

power and the bed temperature play a crucial role on the sintering process (Figure 15). 

On the one hand, the sintering of PEEK is more successful at higher part bed 

temperatures for each of the different laser power settings tested; as evidenced from the 

quantity and prominence of neck formation between particles. On the other hand, when 

the laser power was increased to 12 W and higher at a part bed temperature setting of 

140ºC was used, the sintering results obtained appeared more promising; as can be 

observed from Figure 15c–f. 

In addition, Xia et al. [73] selected hydroxyapatite (HA) as reinforcement and 

fabricated a set of PCL based scaffolds by SLS. Scanning electronic microscopy (SEM) 

showed that the nano-HA/PCL scaffolds exhibited predesigned, well-ordered macropores 

and interconnected micropores and featured a 130% improvement on the compressive 

strength. Human bone marrow stromal cells were seeded onto the nano-HA/PCL or PCL 

scaffolds and cultured for 28 days in vitro. As indicated by the level of cell attachment 

and proliferation, the nano-HA/PCL showed excellent biocompatibility, comparable to 

that of PCL scaffolds. 

A brief summary of examples of scaffolds prepared by SLS reported in the literature 

are included in Table 1. 

 

(ii) Nano-Sized Fillers such as Clay, Carbon Nanofibres, Nanosilica, and Nano-

Al2O3 Particles 

The impact resistance of scintered tissues and scaffholds can also be improved using 

nanocomposites. For instance, Zheng et al. [79] prepared nano-Al2O3 particles coated 

with polystyrene (PS) by emulsion polymerization and used them as fillers to reinforce 

PS based composites prepared by selective laser sintering (SLS). The influence of the 

treated and untreated nanoparticles on the sintering behavior and mechanical properties 

of the laser sintered specimens were investigated. They found that there were many 

uneven holes in the untreated composites. In contrast, for the treated composites, due to 

the nanoparticle surfaces treated by emulsion polymerization, the absorbance of the laser 

light was improved and the nanoparticles dispersed in the polymer matrix with good 

uniformity. As a result, a full dense structure was obtained and the properties were 

enhanced. In particular, the impact strength increased by 50% and the tensile strength 

increased by up to 300% in comparison to the unfilled PS respectively. 
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Figure 16. (a)-(b) Schematic diagrams of the scaffold model in diametric and side; (c) scaffolds 

produced by SLS: (A) PHBV; (B) Ca-P/PHBV; (C) PLLA; (D) CHAp/PLLA. (d) MicroCT image of a 

Ca-P/PHBV scaffold. Reproduced with permission from ref. [76]. 

Nanocomposites have been, similarly to microcomposites, employed for the 

fabrication of scaffolds. For example, Bin et al. [76] prepared three-dimensional 

nanocomposite microspheres based on calcium phosphate (Ca-P)/poly(hydroxybutyrate–

co-hydroxyvalerate) (PHBV) and carbonated hydroxyapatite (CHAp)/poly(l-lactic acid) 

(PLLA) employed, in turn, to fabricate scaffolds (Figure 16). The sintered scaffolds had 

controlled material microstructure, totally interconnected porous structure and high 

porosity. According to the authors, in vitro biological evaluation showed that SaOS-2 

cells had high cell viability and normal morphology and phenotype after 3 to 7 days 

culture on all scaffolds. The incorporation of Ca-P nanoparticles significantly improved 

cell proliferation and alkaline phosphatase activity for Ca-P/PHBV scaffolds, whereas 

CHAp/PLLA nanocomposite scaffolds exhibited a similar level of cell response 

compared with PLLA polymer scaffolds. 
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CONCLUSION 

 

The development of a wide variety of additive manufacturing (AM) technologies 

currently offer versatile platforms for tailor-made fabrication of fully-customized 

products in a decentralized and cost-effective fashion. Besides its initial use, which was 

limited to being a tool for rapid prototyping and small-scale production of customized 

items, additive manufacturing has become an interesting methodology to fabricate 

components with unusual shapes for a wide variety of applications ranging from 

architecture to biomedicine. 

This review has provided a general and introductory overview of the most 

extensively employed methodologies used to fabricate AM parts using polymers as base 

materials in three differen forms, i.e., filaments, liquid resins or powders. A description 

of the particular concerns to be considered in each case has been discussed. Equally, 

recent examples of novel polymeric mateirals developed for AM as well as their 

applications have been thoroughly described. 

Future, novel developments in terms of equipments and materials will offer new 

opportunities for the use of AM printed materials to be applied as functional technical 

parts, medical parts or micro-fabrication; a challenge still remaining for which many 

research groups are actively involved in with the intent to turn AM into production 

technology. 
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ABSTRACT 

 

The scientific and technological progress reached a point that allows for exciting 3D 

printing technologies. Applied to the additive manufacturing industry, said technologies 

offer the possibility to create polymer devices with controlled architectures such as 

personalized prototypes, hydrogels, biomedical and flexible electronic devices, as well as 

sensors and actuators with controlled properties and a specific set of desired 

functionalities. Alongside this advancement, a new class of polymers defined as “smart 

polymer materials”, are described, with a main utility built around the capacity to exhibit 

adaptive properties that fulfill previously impossible functions post application of 

environmental changes. Direct 3D printing of such stimuli-responsive materials allowed 

the development of a brand new 4D printing technology with an outlined time dimension. 

This chapter will cover a comparative review of the two most frequently explored AM 

technologies - fused deposition modeling and stereolithography with a specific focus on 
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the practical use in “smart materials” 3D printing. Potential applications for the printed 

parts and some critical remarks are also mentioned. 

 

Keywords: smart polymers, additive manufacturing, fused deposition modeling, 

stereolithography, 3D-printing, 4D-printing 

 

 

INTRODUCTION 

 

1. From Additive Manufacturing to Smart Materials 

 

Slowly yet steadily, additive manufacturing (AM) technologies have become a major 

player in the fabrication of polymer devices. Private companies, government and public 

sector have openly declared an interest into applying this method in smart devices 

fabrication while pursuing direct practical. AM also known as 3D printing, has been 

herein recognized as a milestone technology for future advances in manufacturing [1-4]. 

Based on a layer by layer fabrication, with resolution in the range in micro- and 

nanometers per layer, the computer-assisted printing significantly speeds up the 

development of custom 3D objects without actually inflating the costs. AM technologies 

using polymeric materials include selective laser sintering [5], fused deposition modeling 

(FDM) [6] and stereolithography (SLA) [7] techniques. While FDM is the most 

promising candidate for fabricating parts out of multi-materials, SLA offers the highest 

versatility with respect to the freedom in material development, scalability and speed of 

fabrication. 

 

Figure 1. Schematic illustration of the 4D printing concept whereas the 3D-printed structure can change 

shape over time given external stimulus [8, 9]. 
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Despite the irrefutable progress made around 3D printing and its unquestionable 

potential benefits, the technique still suffers from rigid and static properties of the printed 

parts and a difficulty with the actuation or transformation to a desirable shape. However, 

the emergence of a new class of polymers defined as “smart materials” has somewhat 

changed the accepted way to conceptualize and design polymer devices. Generally, the 

term “smart material” is used to describe a material capable of responding to an external 

stimulus by changing its shape, volume and physical properties, such as Young’s 

modulus, stiffness, and resistance [10]. By attaching this additional attribute of 

“smartness”, new functional systems are linked to various polymeric devices - sensors, 

actuators and soft-robotics. Combining these stimuli-responsive materials and AM 

techniques resulted in 3D objects that carry unique responses to a variety of external or 

environmental stimuli such as changes in temperature, humidity, pH, solvent vapor, etc. 

[11, 12]. This progress gave birth to the 4D printing technology with a fourth dimension 

defined as the material’s transformation over time (Figure 1) [8, 9]. The key element here 

is the time, where the actuation, the sensor properties and the programmability are 

directly embedded into the material structure and occur in desired time frames. The 

resulting new properties mainly rely on an appropriate combination of “smart materials” 

in the right three-dimensional geometry. Subsequently, shape-changing, self-actuating, 

self-healing or any other multi-functionality can be obtained as an expected response 

triggered by changes in the environment. This approach has immediate potential 

implications in e.g., robotics, biomedical devices, building construction, aerospace, 

electronics and sensors. As an example, the U.S. Army has already virtually adapted the 

technology to produce woodland camouflage fabrics, able to mimic natural or even 

artificial backgrounds by bending the light reflected from the clothing [13]. 

In this chapter, the focus would be on some of the most recent advancements in AM 

techniques, with an accent on 3D printing for the design of “smart polymer” materials. A 

special mention would go to the 4D printing methodology. The discussion would be built 

around FDM and SLA, the two most well-established techniques in the field. More 

information about other currently existing AM processing methods is available in 

Chapter 10 “Polymers for Additive Manufacturing” of this book and readers are kindly 

invited to refer its content. At the end of the chapter, some practical daily life applications 

are described and envisioned, and future perspectives and critical remarks are also 

outlined. 

 

 

2. 3D Printing 

 

2.1. Fused Deposition Modeling 

FDM as part of the AM industry is a fast-growing prototyping technology, offering 

an opportunity to create functional parts with complex geometrical shape within an 
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acceptable time frames. The core of the process is melting a uniform mono-filament to a 

semi-liquid state, followed by a layer-by-layer extrusion onto an adapted platform. The 

adhesion between the layers is guaranteed by a simple contact between the deposited 

filaments solidifying in the final object [14]. FDM usable materials are limited to most 

commonly used commercially available thermoplastic polymers (polylactide - PLA, 

acrylonitrile-butadiene-styrene, polyethylene terephthalate, Nylon®, thermoplastic 

polyurethane and polycarbonate). Main beneficial factors for those are a low melting 

temperature, biocompatibility, resorbability and large scale industrial production. For the 

correct application of FDM, the melt viscosity of the material is of great importance. It 

should be high enough to ensure structural support, while simultaneously being low 

enough to enable the layer-to-layer deposition [15]. Some advantages of FDM-based 

printers are the low cost, high speed and simplicity of the process. However, one 

common difficulty is that the polymer or the composite material should be prepared in 

filament shape with a specific diameter (generally 1.75 mm) and capable of undergoing 

the extrusion process. In cases where nanofillers are loaded in the polymer matrix, their 

homogeneous dispersion ends up being of particular importance for the final properties of 

the printed part. 

Currently, some advances in the development of composite 3D methodology also 

allow for the use of pre-blended materials and polymer nanocomposites. Various 

nanofillers such as carbon fiber [16], carbon black [17], short fibers (including chopped 

carbon fibers) [18], polymer fibrils [19], carbon nanotubes [10], and glass fibers [20] 

were mixed into thermoplastic filaments for direct use. The result was a notable 

reinforcement of the materials in term of mechanical properties. Using 3D printers with 

two or more printer nozzles enables the production of smart polymer systems for 

everyday materials. It should be noted that the process parameters (such as working 

temperature, layer thickness, printing orientation, raster width and angle and air gap) and 

their direct impact on the final device morphology and properties are not in the scope of 

this chapter. Detailed information can be found in the study published by Sood et al. [21]. 

Even though AM through material extrusion is a convenient method for the 

manufacturing thermoplastic components, a key obstacle facing the 3D-printed plastic 

parts is the weak welding between adjacent filaments. Often when using FDM, the 

adhesion between the adjacent filaments in the final 3D-printed device is a result of 

simple surface contact to contact of the molten material. There are several important 

difficulties that need to be dealt with: (i) fast surface cooling of the previously deposed 

filament decreases the possibility to interact with the subsequent deposited molten 

filament, (ii) the formation of crystalline phase in the previously deposited filaments 

during their cooling (decreased mobile amorphous phase of the macromolecules and low 

probability to interact with the subsequent filament) and (iii) an irregular volume 

contraction alongside the deposited filaments resulting in “wave”-shaped profile instead 

of straight one. All these effects could lead to delamination of the filament layers and the 
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subsequent mechanical failure of the final product and limited engineering application. 

These anisotropic mechanical properties often measure different volume strength when 

stress is applied: greater along the filament length deposition and weaker in any other 

direction (Figure 2). In addition to that, some limitations related to the mechanical 

construction of the equipment are present such as: printing direction (x and y) deviation 

and vibrations during the printing process. By combining the knowledge acquired in 

various scientific fields and the expertise of the technological progress linked to the FDM 

machine construction. In this context, several scientific studies were published with the 

goal of increasing the interface between the individual filaments. Some scientific projects 

are focused on the post-treatment of the filament (heating or coating) or on the formation 

of covalent bonds between the filaments, e.g., thermoreversible reactions. 

 

  

A 

 

B 

Figure 2. Different degree of contacts between two adjacent filaments: 1-surface contacting, 2-neck 

growth, 3-molecular diffusion at interface and randomization (A) and SEM microphotograph of the 

cross-sectional area of the filaments (B) [23]. 
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In the literature, several approaches were proposed to improve the strength of FDM 

fabricated parts. The focus is on the bead width, the air gap, the working temperature and 

the faster orientation while goal is to increase the surface contacting the filaments 

interface, its’ the neck growth and molecular diffusion (Figure 2). 

Another promising setup is to perform microwave irradiation assisted FDM. This 

idea has been investigated by Sweeney et al. The experiment used PLA filaments coated 

with multiwalled carbon nanotubes (0.5 - 20 wt%) for their local heating properties and 

percolation network [22]. Specifically, localized nanofillers only at the surface of the 

filaments allowed the production of 3D-printed parts with properties approaching those 

made from conventional manufacturing such as injection-molding. The presence of 

microwave-responsive heating elements on the fibers surface, allowed the local selective 

heat and relaxation of the polymer macromolecules thus increasing their interfaces 

entanglement (Figure 3A). As a result, enhanced adhesion between the filaments and 

improved weld fracture strength by 275% were obtained. The authors successfully 

demonstrated a technique for designing new 3D-printed materials with enhanced 

mechanical properties resulting in nanomaterial networks. 
 

 
A 

 
B 

Figure 3. (Continued). 
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Figure 3. Different approaches for filament adhesion enhancement: cahin interpenetration (A) or 

covalent bonding (B and C) [22, 24, 25]. 

Another possibility to improve the materials mechanical-properties is to explore the 

fibers interface chemistry. Monomers, oligomers and small molecules playing the role of 

crosslinker are a valid path in this scenario. Their functionalization with moieties capable 

of undergoing thermally reversible dynamic Diels-Alder has shown some promising 

results [24, 26]. To address the covalent chemical adhesion at a molecular level, PLA 

functionalized with maleimide moieties and a furan-containing mending agent as 

crosslinker have been used (Figure 3B). The advantage of this approach is that the 

thermo-reversible network in the extruded filament thermally de-polymerizes during the 

heat cycle of the print process and re-polymerizes during the cooling step. When different 

dogbone type patterns (X, Y, Z) were tested, depending on the direction of the deposited 

filaments (Figure 3C), it was established that both strength and toughness end up being 

improved (130% and 460%, respectively along the z-axe). Recycling of the polymer 

matrix was also possible without its additional chemical modifications. Such self-healing 

mechanisms have also been described by Yang et al. where new covalent bonds occurred 

within the polymer structure by using multi-furan monomer and bismaleimide [25]. In 

this case, isotropic 3D thermoset parts in terms of mechanical properties and with more 

than 95% interlayer adhesion were designed. In advantage to the multi-axial toughness, a 

smooth surface of the finished product was obtained. Improvement of the printed parts’ 

mechanical properties can be reached when an inert gas atmosphere is used during the 

print process. Acrylonitrile-butadiene-styrene and polyamide materials demonstrated high 

mechanical load (increase in elongation at break and tensile strength up to 30%) due to 

the absence of the macromolecular chain oxidation processes and related-polymer 

degradation when exposed at high printing temperature [27]. Another possibility to 
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overcome the anisotropic mechanical effect (improved interfilamentous junctions) is to 

introduce crosslinks among the polymer chains by exposing 3D-printed copolymer blends 

to ionizing radiation. Shaffer et al. demonstrated that gamma rays irradiation of 

polymer/radiation sensitizers (i.e., trimethylolpropane triacrylate and triallyisocyanurate) 

blends during the printing process, induce crosslinking of the parts resulting in enhanced 

thermomechanical properties of the final PLA-based material [28]. All these approaches 

ensure good adhesion between the individual filaments, which is of importance for the 

successful producing of 3D-printed parts with sufficient mechanical properties and 

reproducible functionalities in the case of shape memory systems such as actuators. 

Of particular interest are the custom-design polymer devices with predefined 

structure and unique functionality such as self-healing and-deployable structure, 

actuators, origami structures, biosensor, fixation and fitting parts and others. These 

polymers are also suitable for smart robotic mechanisms and soft actuation. For their 

fabrication, a new class of polymers can be used - shape memory polymers (SMPs) 

capable to memorize their original shape, to acquire a metastable temporary one upon 

deformation and to revert back to the permanent shape when exposed to an appropriate 

stimulus. The polymer material’s ability to achieve shape recovery from the fixed 

temporary shape to the initial one is defined as shape-memory effect (SME). This 

property can be quantified using the shape fixity ratio (Rf) or the ability of the material to 

fix the temporary shape and the shape recovery ratio (Rr), which represents the extent to 

get back to the original shape. Usually, the major actuation is directly related to the 

thermal transitions glass temperature (Tg) or melting temperature (Tm) of the polymeric 

matrix. In addition, full shape recovery may be caused by other stimuli such as magnetic 

field, light and electrical current where functional nanofillers (magnetic, plasmonic 

nanoparticles, carbon nanotubes) are incorporated in the nanocomposite material [29]. In 

the present chapter, we will define smart 3D materials as materials produced by a 3D 

technique and capable of recovering their initial shape when exposed to diverse stimuli, 

while 4D materials would be those capable to change their shape over time once they are 

3D-printed and this without external force. 

The emergence of SMPs opens the door to the production of new type of filaments 

from non-commercially available polymers with good processability. Extruded mono-

filaments from ternary blends between styrene-b-(ethylene-co-butylene)-b-styrene, 

polyethylene wax and low-density polyethylene were produced by Chen et al. [30]. The 

3D smart materials had the advantage to memorize at least three temporary shapes at 

specific temperatures via dual, triple and quadruple heating process (Figure 4A). This 

gradual shape recovery was explained with the presence of multiple individual melting 

peaks characteristic for polymer matrix composition (heterogeneous microstructures),  
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A    B 

  

C    D 

Figure 4. Digital images of 3D-printed SMPs by FDM with quadruple shape memory effect thought 

bending test (A) [30], with self-healing properties (B) [31] or for catching and transport of objects (C) 

[33]; Photo-responsive materials with light-triggered shape recovery (D) [34]. 

offering broad thermally switching transitions. As a consequence, it was demonstrated 

that 3D-printed objects for rapid prototyping with tunable SME can be easily prepared 

with specific topological structures, particularly in comparison to other conventionally 

used thermoplastic-shaping techniques (such as casting or molding). Another nanofiller 

used for SMP filaments production was hydroxyapatite (HA, 15 wt%) [31]. In this case 

the porous scaffolds (with an average pore size and porosity of 700 μm and 30 vol%) 

were reinforced by the dispersed HA particles acting as nucleation agents on PLA phase. 

The incorporation of the ceramic particles inhibited the growth of cracks during 

compression-heating-compression cycles revealing the self-healing properties of the 

material (Figure 4B). The authors then established the advantage of FDM as a disruptive 

technique for the production of personalized porous scaffolds and implants as self-fitting 

small bone defect replacements with Rr of 98% and absence of delamination.  
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Themally-trigered parts can be done from filaments made of an ionomeric thermoplastic 

SMP-zinc-neutralized poly(ethylene-co-methacrylic acid) [32]. In this case, the shape-

memory effect is obtained via two networks: nanodomains with long relaxation times of 

supramolecular crosslinks formed by ionic bonds (permanent network) and ethylene 

crystals (temporary network). Printed parts with more complex geometry can be used for 

catching and transporting objects as presented in Figure 4C [33]. In this study, the 

filaments were produced from polyurethanes with various Tg (i.e., form 145°C to 195°C). 

FDM also finds an application in the fabrication of light triggered devices, where the 

chemical stability and properties of the photo-sensible compounds are preserved during 

the printing process by avoiding their UV illumination, as in the case of SLA. Photo-

responsive shape memory (nano)composites from polyurethane as smart polymer with 

advisable Tm and carbon black for its excellent photo-thermal conversion efficiency were 

described [34]. Remote light control (light source or sunshine) of the printed parts was 

demonstrated using complex geometric shapes such as a cubic frame and a sun flower-

shaped structure (Figure 4D). In both cases the original shape recovered fast (within few 

minutes with good Rr) due to the effective conversion of light into heat. This approach 

confirms the potential application of 3D-printed materials as biomimetic solar tracking 

sensors or smart solar cell systems in FDM. 

 

2.2. Stereolithography 

Based on a spatially controlled layer by layer solidification of a liquid resin by photo-

polymerization, SLA allows a high quality surface resolution, dimensional accuracy, a 

variety of material options that includes transparent materials and a growing library of 

compatible materials enabling the fabrication of large-scale 3D objects [7]. The 

advantages of SLA compared to all other AM techniques regarding accuracy and 

resolution as micron-sized structures with sub-micron resolution have been established 

using this setup [35]. Most SLA formulations are based on chain-growth polymerization 

from concentrated solutions of low molecular weight species that typically form dense, 

brittle networks [36]. Among the limited commercial availability of liquid resins suitable 

for SLA, acrylics for their propensity to light-initiated free radical polymerization and 

epoxies for for their propensity to cationic photopolymerization are commonly used in 

SLA formulations, together with their high solubility in many common solvents. Thiol-

ene photo-curable resins was also tentatively implemented in the SLA area [37]. Multi-

functional monomers are then typically used to introduce more crosslinking sites and tune 

the mechanical properties of the resulting cured resins. While the number of available 

photo-curable resins is now rapidly expanding, a customizable manufacturing setup is 

currently being developed, as a way to cover the printability of other range of materials, 

and possibly combining performances of different materials in the resulting 3D objects. 

For example, Tumbleston et al. [16] recently used acrylate photo-chemistry in a newly 

developed continuous liquid interface production (Carbon 3D Inc.). In this study, a 
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modified version of SLA that can print up to 10 cm scale objects in minutes (instead of 

hours) by creating an oxygen depletion zone in liquid resins, was presented. Another 

modified version of SLA includes digital mask projection SLA [38], digital light 

processing [39], micro-SLA [40] and two-photon polymerization [41] to polymerize  

 

 A 

 B 

 
C 

Figure 5. Digital images of SLA printed materials with shape-memory properties for highly elastic and 

conductive hydrogels (A) [42], tissue engineering scaffolds (B) [43] and vascular stents fabrication (C) 

[44]. 
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objects starting from a liquid resin. Scientists are constantly looking for a better solution 

in order to 3D print parts that are not only structurally sound, but get functionalized with 

active materials to impart “smartness” into the resulting objects. 

As part of said “smart materials”, SMPs are a subject of successful SLA printing with 

various applications. New approach for highly elastic, transparent hydrogels obtained by 

SLA was proposed by Odent et al. [42] The composite materials presented dynamic and 

reversible network of ionic interactions resulting in single platform of tunable stiffness, 

toughness, extensibility, and resiliency. In addition, the presence of silica nanoparticles 

resulted in the reinforcement of the mechanical performances of the printed material. The 

electroconductivity of the material conveys a potential application in soft robotics and 

compliant conductors field (Figure 5A). Composite hydrogels with magnetic 

responsiveness were designed by Hassen et al. [45]. Poly(ethylene glycol) dimethacrylate 

was used for its shape-memory properties and the magnetic remote control was provided 

by adding physically embedded carbonyl iron particles. An interesting approach for 

biocompatible 3D scaffolds as tissue engineering for human bone marrow mesenchymal 

stem cells proliferation were proposed by Miao et al. [43]. In this case renewable soybean 

oil epoxidized acrylate was used as a liquid resin conferring the shape-memory properties 

of the porous scaffolds. Their shape-recovery is mainly thermally-triggered with Tg of 

20°C, offering the possibility to easily generate the glass/rubber phases 

(permanent/temporary shape) at a temperature close to the human body one (Figure 5B). 

Cytotoxicity analysis performed on the printed materials had significantly higher cell 

adhesion and proliferation than traditional polyethylene glycol diacrylate, and had no 

statistical difference from the widely used polyesters [PLA and poly(ε-caprolactone)]. 3D 

minimally invasive medical devices such as vascular or tracheal stents with complex 

geometry and shape-memory effect were shaped from methacrylated macromonomers 

(Figure 5C) [44] or methacrylated polycaprolactone precursor, respectively [46]. 

 

 

3. 4D Printing 

 

4D-printing adds the fourth dimension of time, whereas the 3D-printed structure can 

change shape, functionality or properties over time once triggered by an external stimulus 

[11, 12]. Therefore, “smart materials” can be seen as those which provide a means of 

achieving stimuli-responsiveness into the resulting 3D object that would have otherwise 

been lacking. The latter is evident once the fabrication of self-assembling origami, where 

a 2D structure automatically folds into a complicated 3D component is considered [47, 

48]. The development of active materials with desirable properties that are also 

compatible with printers is then crucial for steady advancements in 4D printing. Usually, 

a 4D-printed structure is created by combining several active materials in the appropriate 

distribution into a single, one-time printed structure [49]. At the core of this technology 
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lies a control over two key capabilities: the material design and the structure design 

relates to the transformation of the as-printed object due to the properties of the material 

and design geometric mechanisms respectively. These will be discussed in additional 

details in the following sections. 

 

3.1. Structural Design 

Designing the orientation and location of “smart materials” into 3D-printed objects 

can facilitate their structural changes in response to external stimuli. However, the change 

under these conditions does not always lead to increase their dimensionality - an 

anisotropy, i.e., inhomogeneity with different magnitudes towards any directions is 

therefore required to generate a transformation such as bending and twisting. Self-

transforming materials could then be achieved either by applying gradients of field to 

homogeneous materials or by applying non-gradient stimuli to inhomogeneous materials 

[50]. While self-transforming objects using homogeneous materials is technically 

complicated, a force gradient must be formed and kept for a long period of time, 

inhomogeneous materials easily switching configurations thanks to the difference in 

strength of these constituting components. Herein, it is easily understandable that 3D 

printing technology is one of the most powerful tools to create complex 3D shapes with 

varied material distributions through spatial arrangement. Such a structuring approach 

can be categorized as uniform distribution, gradient distribution and special patterns 

(Figure 6). 

 

 

Figure 6. Approaches for structure design of self-transforming materials using uniform distribution (A), 

gradient distribution (B) and special patterns (C) [50]. 
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3.1.1. Uniform Distribution 

This approach is based on homogeneous active materials having directional 

anisotropy of properties [50]. Among them, shape-shifting materials are probably the 

most well-known 4D systems of this category having the ability to switch its geometric 

configuration from one to another in a fully controllable manner when exposed to an 

appropriate stimulus [51]. In this respect, shape-changing (or so-called actuation) should 

be distinguished from his shape-memory counterpart - the former spontaneously change 

its shape in response to an external stimulus and return to the original shape once the 

stimulus is turned off. On contrary, the shape-memory effect requires a programming step 

through deformation of the permanent shape and its fixation in a temporary one, which is 

retained, until an appropriate stimulus is applied (e.g., moisture, pH change and light) 

[52, 53]. The use of polymers with multi-responsiveness into a uniformly distributed 

printed structure therefore allowed the creation of original designs for self-transforming 

and multi-triggering materials. In this context, details about 4D-printed materials with 

respect to specific stimuli would be discussed hereafter - the authors kindly return the 

reader to the appropriate ‘Material Design’ section. 

 

3.1.2. Gradient Distribution 

The gradient distribution of a single material means that the density of the structure is 

different at various locations. As a result, the material does not uniformly expand or 

shrink but folds and unfolds. Bilayers are probably the first structures with gradient 

distribution - one of the layers is passive, so its properties remain unchanged while the 

second layer is active and its volume or shape is changed when a stimulus is applied [50]. 

The proof of concept is demonstrated on the example of star-like patterned 

polycaprolactone/poly(N-isopropylacrylamide) bilayers, capable of controlled capture 

and release of cells upon heating (Figure 7A) [54]. Fabricating photolithographically 

patterned bilayer in all the three dimensions is therefore a straightforward way to design 

and fabricate actuators for repeated sensing in response to continuous environmental 

change. Several self-folding structures were accordingly created by employing the bilayer 

design [55-60]. The latter include thermo-responsive SMP/elastomer bilayer laminate in 

which the shape-change is actuated by the thermal mismatch strain between the two 

layers upon heating [61]. Likewise, the successful combination of FDM and SLA 

approaches for the manufacture of complex multi-material magnetic scaffolds in the form 

of coaxial and bilayer structures suitable for the regeneration of complex tissues were 

considered [62]. Lastly, Ge et al. investigated the designing variables that are crucial for 

creating laminate architecture by directly imprinting fibers of SMPs into an elastomeric 

matrix [48]. 3D-printed flat layered composite structures consisting of multiple active 

SMP fibers with different Tg in a rubbery matrix to control the transformation of the 

structure were further developed by Wu et al. (Figure 7B) [63]. Utilizing heat-shrinkable 

PLA strips, which are printed by FDM on a fixed sheet, Zhang et al. had fabricated smart 
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3D lightweight structures, whose initial bilayer microstructure can be switched between 

flat and 3D configuration under appropriate thermal stimuli [64, 65]. Inspired by Nature, 

Gladman et al. printed composite hydrogel bilayer architectures with programmable 

anisotropy controlled by the alignment of cellulose fibrils in a soft acrylamide matrix that 

morph into given target shapes on immersion in water [66]. 

 

  
A 

 
B 

Figure 7. Thermoresponsive star-shaped self-folding capsules in the form of photocrosslinked bilayer 

(A) [54], and two-layer laminate designed leading to an active “wave” shape when heated or mimicking 

an insect when immerged in hot water (B) [63]. 

While the approach is very simple and could be one-step fabricated using a single 

material, the formed bilayer structures are, hinge-free, i.e., exclusively leading to rounded 

shapes during the folding. Such limitations pushed researchers to improve the ways to 3D 

print structural elements in an attempt to convey reliable and large curvature actuation, 

which is partially covered by gradient-structures or subsequently by special patterns. 

Usually, gradient materials consist of a layered structure wherein there is a varying layer 

composition along one axis. One example of such a structurally sound design is shown by 
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Tibbits et al. using thin surface disk with a gradient distribution of rigid material from the 

center point to a circumference with full expanding material to fold into otherwise 

unattainable designed structures depending on the duration of immersion in water (Figure 

8) [67]. A method for producing gradient structures with extrusion-type 3D printing was 

later introduced by Giannatsis et al. following three main steps: (i) defining the geometry 

and material distribution of each layer in the form of a grayscale image, (ii) generating a 

set of points distributed according to the gray tone of the image and (iii) constructing a 

continuous path through the points for guiding material deposition by the 3D printer [68]. 

Unlike bilayer materials, gradient materials have a continuous change of composition and 

microstructure along one direction, which helps with avoiding problematic sharp 

interfaces between discrete layers, a common cause of failure in many engineered parts 

[69]. Photolithography is a common technique to crosslink and thus permanently preserve 

a gradient structure. SLA should then outmatch other AM techniques with respect to the 

fabrication of gradient-structured materials, whereas the time of exposure and the 

crosslinking density would govern the direction of the gradient. 

 

Figure 8. Gradient-structured material and the results of its immersion in water over time [67]. 

 

3.1.3. Special Patterns 

The approach is based on the use of patterned components of the passive polymer 

with insertion of an active one. The object’s transformation thereby depends on the 

collective action of those building blocks. For instance, Tibbits et al. combined rigid 

plastic and active expandable polymer materials in various spatial arrangements in their 

experiments - the rigid material gives the structure and angle limits for folding while the 

active material swells after encountering water, forcing the rigid material to bend in its 

final-state 3D configuration (Figure 9A) [8, 9, 67, 70]. Embedding certain targeted smart 

hinges inside the structure thereby enable reliable self-transforming behavior. Ge et al. 

designed self-evolving structures that can be programmed to sense the environment and 

actively self-deform when exposed to water [47] or even thermomechanically 

programmed to get complex 3D configurations [48]. Using different combinations of 
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flexible hinges and rigid segments of metal and polymer thin films, Bassik et al. 

successfully constructed complex and highly-defined 3D patterned structures [71]. 

Fabricating such designs is however technically complicated as it might require mask 

alignment during several steps of photolithography but it also allows fabrication of the 

broadest range of self-folding structures [72]. Even so, origami-inspired self-folding 

structures have been recently designed and reviewed by Peraza-Hernandez et al. [73]. 

Among them, Santangelo et al. focused on understanding the mechanics in which an 

origami structure can be designed to fold [74]. Kwok et al. presented a design 

optimization framework for using AM to fabricate flat origami structures that can be self-

folded into a target 3D shape [75]. Felton, Tolley et al. conjointly developed a novel 

method of self-folding hinges and models to rapidly fabricate origami using shape-

memory composites and predict the final geometry of the folding state and the overall 

folding torque (Figure 9B) [76, 77]. A model was also successfully used to predict the 

bending characteristics, e.g., bending curvature and bending angle, of a series of 3D-

printed hydrogel-based inks capable of reversible shape deformation in response to 

hydration and temperature [78]. 

 

  
A B 

Figure 9. 4D-printed special patterns made of rigid plastic and active expandable polymer materials 

which expands when exposed to water (A) [9], and origami-inspired self-folding structure using current 

as a stimulus (trought the related heating Joule effect) (B) [76]. 

While such structural designs have not been yet fully exploited through solid 

freeform fabrication technology due to the difficulty of implementing multiple materials 

in a single geometry, SLA has probably been the primary technology focus on creating 

multi-material structures [79]. Although this technique would not typically be considered 

a strong candidate for using multiple materials, as it would require the management of 

possible contamination between multiple viscous resins, it still offers the highest 

resolution and accuracy with a variety of materials options and easy access to the 

building chamber. Strategies for building multi-material structures were then conceived 

to have finally been the focus of recent researches [80-83]. During these developments, 
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others 3D printing techniques such as direct inks writing or even hybrid manufacturing 

systems were exploited to build multi-material parts [84, 85]. They are myriad issues, 

ranging from the processing of different materials to the combined performance of the 

materials in the final object, that are still challenging with the building of multiple 

materials in AM but it probably offers novel ways to fabricate, assemble, and morph 

structures in the right spatial arrangement. 

 

3.2. Material Design 

Designing novel active materials having configuration-changing abilities given 

environmental conditions has been widely used in 4D printing. Shape-morphing is 

probably one of its main descendant, allowing for a global deformation, which can 

stretch, fold and bend given environmental/external changes. Stimuli-wise, 4D printing 

can be categorized as induced by temperature, humidity, pH, light or magnetism [86]. 

 

3.2.1. Temperature 

An advantageous activation method for 4D printing is the use of heat to trigger the 

“smart material” for shape-change purposes. So far, the most extensively investigated 

group of thermo-responsive materials are SMPs, which can revert its shape from a 

temporary to a permanent one by absorbing thermal energy. In this respect, Choong et al. 

used a thermally responsive network based on a dual-component phase switching 

mechanism to build parts of complex geometries having shape-memory behavior using 

SLA technology (Figure 10A) [87]. In additional research, SMPs fibers were precisely 

printed into an elastomeric matrix by Ge et al. in order to create an active composite 

capable of origami folding patterns [47, 48]. Other examples by Ge et al. included the use 

of a family of photo-curable methacrylate based copolymer networks to demonstrate a 

new 4D-printing approach that can create high resolution multi-material SMP 

architectures (Figure 10B) [88]. Liu et al. used 3D-printed thermally responsive SMPs to 

create actively deployable tensegrities that respond to environmental stimuli in a 

sequential fashion [89]. Mao et al. also created sequential self-folding structures by 3D-

printing hinges with different digital SMPs into components [90]. The latter rapidly self-

folds to specified shapes in controlled changing sequences when subjected to a uniform 

temperature. Multi-shape active composites consisting of families of SMP fibers with 

different Tg were printed by Wu et al. to control the transformation of the structure [91]. 

As a result, after being programmed into a temporary shape by a simple thermal-

mechanical training program, the printed composite is able to change into multiple 

geometries and then recover the flat permanent state when stimulated by temperature. 

Conventional thermo-responsive SMPs can also result in heat-shrinkage. In this respect, 

Zhang et al. exploited uniform internal strain stored in printed material to fabricate heat-

shrinkable polymer, which possesses controllable thermo-structural response and 

spontaneous pattern transformation under heating [64, 65]. Adaptive structures capable of 
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self-expanding and self-shrinking by means of four-dimensional printing technology 

were further developed by Bodaghi et al. [92]. Bakarich et al. here described relatively 

fast and reversible skeletal muscle-like linear actuation in 3D-printed hydrogels that are 

both mechanically robust and thermally actuated for their incorporation into a smart valve 

[93]. To that purpose, they used a thermally responsive covalent crosslinked network of 

poly(N-isopropylacrylamide) to function as both - the toughening agent and the provider 

of actuation through reversible volume transitions. 

 

 A 

 B 

Figure 10. Folding/unfolding cycle for 4D-printed thermally-responsive buckminsterfullerene SMP (A) 

[87] and SMP gripper that reversibly grabes and releases the objects (B) [88]. 

3.2.2. Humidity 

Hydrogels that swell when solvent molecules diffuse into polymer network is 

probably the second mainly used system to realize 4D-printing. Tibbits et al. described 

3D-printed “smart materials” that expand to induce the transformation when exposed to 

moisture [8, 9, 67, 70]. His group even controlled the bending angle and direction of the 

expanding materials by placing rigid components in select areas that prevent the 

hygroscopic material from expanding in unintended directions. For instance, Tibbits et al. 

addressed the challenge of designing active printed materials for complex self-evolving 

deformations by utilizing hydrophilic materials that expand when submerged in water to  

 

Complimentary Contributor Copy



Jérémy Odent, Antoniya Toncheva, Philippe Dubois et al. 

 

410 

 
A 

 

 
B 
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Figure 11. Complex flower morphologies generated by printing bilayers architectures that morph into 

given target shapes on immersion in water (A) [66], exemple of active ladder capable of two-way 

actuation upon the swelling of hydrogel hinges and the heating of SMP hinges (B) [95] and ionic 

hydrogel composite-based multi-armed gripper, as designed, and printed to rapidly swell from initially 

flat and open to curved and enclosed when immerged in water (C) [97]. 
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induce various programmed shape changes [70]. Inspired by biomimetics, Gladman et al. 

created a 4D printing system composed of stiff cellulose fibrils embedded in a soft 

acrylamide hydrogel ink to programmably fabricate plant-inspired architectures that 

change shape on immersion in water (Figure 11A) [66]. Huang et al. recently reported 

ultrafast digital printing of multi-dimensional responsive polymers including hydrogels 

and SMPs having variable degree of monomer conversion and cross-linking density [94]. 

In essence, the subsequent immersion in water induced differential swelling in the 

pixelated polymer networks, turning the 2D polymer films into a 3D object. Active 

materials capable of two-way actuation were further demonstrated by Mao et al. upon the 

combination of SMPs and hydrogels in 3D-printed architectures [95]. This approach used 

the swelling of a hydrogel for the shape change and the temperature-dependent modulus 

of a SMP to drive the shape-change in a prescribe way (Figure 11B). Duigou et al. used 

the hygroscopicity of natural wood fibres for the production of original self-bending 

devices that actuate in a moisture gradient [96]. By controlling the orientation of particles 

in materials during printing using an external magnetic force, Kokkinis et al. managed to 

align fused silica particles into the materials to fabricate shape-changing objects [84]. 

Finally, Odent et al. demonstrated novel 3D-printed ionic composite hydrogels that 

allowed for fast diffusive swelling for practical implantation of large osmotically driven 

actuators [97]. 

 

3.2.3. Other Stimuli-Responsiveness 

While the most common activation method for 4D-printing utilizes temperature and 

water to trigger shape change, other stimuli such as pH, light and magnetism, although 

still poorly exploited, have been recently considered in 4D-printing and present new 

opportunities for designing smart devices. For instance, Nadgorny et al. 3D-printed 

poly(2-vinylpyridine) objects that exhibited dynamic and reversible pH-dependent 

swelling. The printed hydrogels also acted as flow-regulating valves, controlling the flow 

rate depending on the pH [98]. The key to their formulation is the pyridine chemistry 

combined to a post-printing functionalization approach, which provide a fine-tuning of 

the degree of swelling by a precise choice of quaternizing reagents and their 

stoichiometry. Focusing on materials that could be reconfigured multiple times into 

different shapes with the use of different stimuli, Kuksenok et al. designed a composite 

that integrates functionalized photo-responsive fibers with thermo-responsive gels [99]. 

In particular, the single composite can display multiple functionalities as the application 

of light and heat produces distinctly different responses in these gel-fiber composites. In a 

new investigation, the sequential folding behavior of polystyrene sheets using the degree 

of transparency of line pattern was studied by Liu et al. as well as Lee et al. for their use 

in the design and manufacture of self-folding origami structures [100, 101]. This 

approach to self-folding then employed localized absorption of light on an otherwise 

compositionally homogeneous substrate into a hinging response (Figure 12A). Finally, 
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and in order to ensure optimal part design for potential magnetic applications, Bollig et 

al. investigated the effects of common 3D-printed structural features on the magnetic 

properties of the final printed object constructed from a magnetic iron-thermoplastic 

composite [102]. Magnetic iron oxide III nanoparticles were further employed by Ji et al. 

to develop digital light processing 3D printing resin, which enabled the free-assembly 

manufacturing of soft actuators with complex architectures [103]. As proof of concept, a 

flexible gripper allowing for remote control of gripping and transferring cargo in the 

presence of magnetic field was demonstrated. 

 

 

Figure 12. Icosahedral shape deformation of polystyrene sheets using sequential folding behavior (A) 

[101]. 

 

PERSPECTIVES AND CONCLUSION 

 

Over the last years, 3D printing technology has been leading a revolution in the 

materials science research and manufacturing in term of object design with complex 

geometry and composition, as well as the fabrication of smart polymer systems with 

astonishing properties and rapid prototyping. Based on the technological progress, it is 

now possible to combine different methods such as FDM or SLA with the goal of 

achieving unique material properties and functionalities. Despite the great advantages of 

the here listed approaches and the promising application of the produced devices, major 

challenges in the 3D prototyping are still remaining: 
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FDM Challenges 

 

1) Except for the commercially available polymer filaments based on PLA, ABS, 

PET and others, the production of new polymer (or composite) filaments is 

challenging due to the relatively low quantity of the synthesized polymers and 

the homogeneous dispersion of the nanofillers. In addition to this, new demands 

on the reactive extrusion processing were defined such as: facilities for filaments 

fabrication with precise diameter (1.75 mm), their collecting during the cooling 

step and eventual surface coating. 

2) FDM faces some problems regarding the large-scale fabrication of mechanically 

robust 3D-printed parts along with some difficulties related to the slow speed and 

single material printing. New trend in this aspect is the manufacturing of 3D 

printers with multiple nozzles while filaments with different composition are 

used. 

3) As discussed in this chapter, the problem with the anisotropic mechanical 

properties of the printed parts needs quick solutions. A potential solution is a post 

treatment of the surface (plasma, coating, solvent vapor exposure). The 

materials’ surface morphology (roughness and distance between the deposited 

filaments) affecting directly the device properties can be additionally controlled 

by the use of printing nozzles with different diameter: the smaller is the diameter, 

the greater should be the resolution of process. Another set of challenges with an 

effect on the multi-axial mechanical loads of FDM printed parts are the presence 

of residual stress (warping and delamination of the printed components when an 

appropriate post processing steps are not taken) and dimensional errors (the parts 

are no longer meeting the dimensional specifications). 

 

 

SLA Challenges 

 

1) Despite the possibility to produce polymer devices by SLA from a great range of 

photo-sensible polymers, initiators and cross-linking agents, one main limitation 

of this technique is related to the poor mechanical properties of the final parts. 

Therefore, the major obstacle here would concern the reinforcement of the 

materials via incorporation of nanofillers or additional generation of 

supramolecular structures. This imposes the development of new types of liquid 

resins and photo-sensitive low molecular weight polymers suitable for SLA with 

desired functionalities to fit specific applications. 

2) Even if the resolution of the SLA technique is superior to the one of the FDM 

(100 nm compared to 0.1 mm, respectively), the main way to prepare the 

monomers is in solution. This restricts the fabrication to soft materials, limiting 
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the exploration of new horizons for thermoplastic polymers (mostly soluble in 

organic solvents). A possible solution could be found in more complex solvent 

mixtures, but the risk of the printer damaging (solvent vapors) and the question 

of work security are unsolved. 

3) Today as part of the AM techniques, 4D-printing has several unique advantages 

over 3D-printing that may lead to widespread implementation. Depending on the 

potential application dual-, triple- or multi-responsive materials can be designed. 

The main difficulty in this field is the speed and degree of responsiveness of the 

“smart materials”. Some of them can sense stimulus but only provide minimal 

actuation or only respond after a very long time. 
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