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Abstract 

 

          Temperature-responsive shape memory polymers (SMPs) have gained significant 

attention for their use in various fields, including biomedical, aerospace, textiles, sensors, and 

actuators due to their low cost, easy processing, low density and large recoverable strains. In 

addition, improvement of their stiffness can be achieved by combining a shape memory 

polymer with various fillers leading to shape memory composites. Advantageously, the 

judicious selection of conductive or magnetic fillers also allows triggering the shape memory 

effect by internal resistive Joule heating or by the application of a magnetic field. Such 

remotely actuated SMPs are especially of interest for applications where the actuation by 

heating via increasing the temperature of the surrounding environment is not feasible, e.g., in 

implanted biomedical devices, or self-deployable aerospace structures. However, challenges 

remain, such as controlling fillers dispersion and interfacial strength, so as developing 

recyclable polymer materials and reprocessable networks in order to be part of an 

ecoresponsible and sustainable development fitting applications relevant for the future 

generation. 

The objective of this thesis is to design high-performance shape-memory composites 

that can be reprocessed and/or recycled and internally actuated by Joule or magnetothermal 

effects. The strategy involves functionalizing the chain-ends of star-shaped poly-(ε-

caprolactone) (PCL) by furan and maleimide moieties in order to reach a covalent adaptable 

network by the thermoreversible Diels-Alder addition. By adding fillers, i.e., multi-walled 

carbon nanotubes (MWCNTs) or Fe3O4 nanoparticles (NP) during blending, conductive or 

magnetic composite networks are obtained exhibiting a shape recovery actuated by Joule 

effect or magnetothermal effect. Semi-crystalline PCL was selected for its biocompatibility and 

remarkable mechanical and shape-memory properties. The impact of the diene nature (furan 



 

or anthracene) and of the type of filler on the shape memory performances of composite 

stripes has been deeply investigated. 

In addition, a solvent-free batch foaming process utilizing supercritical carbon dioxide 

(scCO2) has been developed to produce recyclable shape-memory foams starting from the 

furan/maleimide PCL stars. Thanks to the thermal control of the PCL network density 

throughout the foaming process, foams with an unprecedented low density and exhibiting 

shape memory properties with high fixity and recovery ratios have been achieved. 

Additionally, these PCL shape memory foams are fully reprocessable. Application of these 

foams as self-deploying implant for vessel occlusion has been demonstrated in this work. 

  



 

 

Résumé 

 

Les polymères à mémoire de forme sensibles à la température ont fait l'objet d'une 

attention particulière pour leur utilisation dans divers domaines, notamment le biomédical, 

l'aérospatial, les textiles et les capteurs en raison de leur faible coût, de leur facilité de mise 

en œuvre, de leur faible densité et de leurs grandes déformations réversibles. En outre, il est 

possible d'améliorer leur rigidité en combinant un polymère à mémoire de forme avec 

diverses charges, ce qui permet d'obtenir des composites à mémoire de forme. De plus, la 

sélection judicieuse de charges conductrices ou magnétiques permet avantageusement de 

déclencher l'effet de mémoire de forme par chauffage interne par effet Joule ou par 

l'application d'un champ magnétique. De tels composites à mémoire de forme actionnée à 

distance sont particulièrement intéressants pour les applications où l'actionnement par 

chauffage via l'augmentation de la température du milieu environnant n'est pas réalisable, 

par exemple dans les dispositifs biomédicaux implantés ou les structures aérospatiales auto-

déployables. Toutefois, il reste des défis à relever, tels que le contrôle de la dispersion des 

charges et de la résistance interfaciale, ainsi que le développement de matériaux recyclables 

et de réseaux remodelables pour s’inscrire dans un développement écoresponsable et durable 

et ainsi s’adapter à des applications pertinentes pour la génération future. 

L'objectif de cette thèse est de concevoir des composites à mémoire de forme de haute 

performance qui peuvent être retraités et/ou recyclés et actionnés en interne par des effets 

Joule ou magnétothermiques. La stratégie consiste à fonctionnaliser les extrémités des 

chaînes de poly-(ε-caprolactone) (PCL) en forme d'étoile par des groupements furanes et 

maléimides afin d'obtenir un réseau covalent adaptable par addition de Diels-Alder 

thermoréversible. En ajoutant des charges, à savoir des nanotubes de carbone ou des 



 

nanoparticules de Fe3O4 pendant le mélange, on obtient des réseaux composites conducteurs 

ou magnétiques capable de retrouver leur forme via un effet Joule ou un effet 

magnétothermique. La PCL semi-cristalline a été choisie pour sa biocompatibilité et ses 

remarquables propriétés mécaniques et de mémoire de forme. L'impact de la nature du diène 

(furane ou anthracène) et du type de charge sur les performances de mémoire de forme de 

rubans de ces composites a été étudié en profondeur. 

De plus, un processus de moussage sans solvant utilisant du dioxyde de carbone 

supercritique (scCO2) a été mis au point pour produire des mousses à mémoire de forme 

recyclables à partir des étoiles de PCL fonctionnalisées par les furane/maléimide. Grâce au 

contrôle thermique de la densité du réseau PCL tout au long du processus de moussage, des 

mousses inédites d'une faible densité et présentant des propriétés de mémoire de forme avec 

des taux de fixité et de récouvrance élevés ont été obtenues. En outre, ces mousses à mémoire 

de forme PCL sont entièrement recyclables. L'application de ces mousses en tant qu'implant 

auto-déployable pour l'occlusion de vaisseaux sanguins a été démontrée dans ce travail. 
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Chapter I: Introduction 

 

Covalent Adaptable Networks: bringing a new 

dimension to shape memory polymers and composites 

 

I.1 Basics on shape memory effect in polymers 
 

Stimuli-responsive materials are considered as smart because they can sense their 

surroundings and produce direct and straightforward responses1. Shape memory materials 

were discovered in 1932 by Olander Sweden who observed a gold-cadmium with shape 

memory properties. Once deformed, the alloy was capable of automatic recovery of its 

original shape when heated above a critical temperature. Shape memory polymers (SMPs) on 

the other hand were first mentioned by Vernon et al. in a dental patent in 19412 and mostly 

provoked interest since the 1960s. The first commercial product of SMPs, thermal-shrinkable 

polyethylene pipe, came out at that time. A decade later, the National Aeronautics and Space 

Administration launched the application of SMPs in aerospace industry, and started a research 

program for it. SMPs are part of this unique class of active smart materials capable of a 

controlled and reversible shape-change by the exposure to a specific external stimulus3. SMPs 

can “memorize” a manufactured permanent shape then be deformed in a macroscopic 

temporary shape, which can be freely designed, and come back to the initial permanent shape 

by the application of an appropriate trigger. The shape memory effect has been found in a 

variety of polymers including amorphous polymers4,5, semi-crystalline polymers6,7 and liquid 

crystalline elastomers (LCE)8 and has been a growing interest for the past couple of decades 

as demonstrated on figure I.1. They are used in a broad range of applications such as smart 

textiles9,10, smart medical devices11,12, thermal sensors and actuators13,14, aerospace 

applications15,16, soft robotics17,18 or 4D printing19,20. 
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Figure I.1 – Publication trends of research on SMPs sorted by past decades. The data were obtained 
from Google Scholar on May 23rd 2022 by researching publications and patents with the term 
”Shape memory polymer”. 
 

Herein, we will introduce the basics on shape memory polymers. The concepts required 

to understand the shape memory effect in polymers will first be summarized, followed by the 

description of one-way, two-way, and multiple ways SMPs. Focus will then be made on 

reversibly crosslinked shape memory polymers in section I.2 and their advantages. Insights 

into the design of shape-memory polymer composites (SMPCs) with improved performances 

and controllable activation will then be given evidencing the main parameters influencing the 

shape memory behavior. Shape memory actuation methods as electrical current, magnetic 

field, light, and water will be illustrated so as recent progresses in shape memory applications. 

 

I.1.1. Mechanism of the shape memory effect in polymers 

 

The shape memory effect observed in polymers able to switch upon an external trigger 

from a programmed shape back to the original memorized shape, as represented in figure I.2, 

is a specific mechanical phenomenon finding its essence in the combination of two interacting 

domains21; one is elastic while the other is reversibly switchable from hard to soft22. A network 

either covalently (covalent bonds) or physically (intermolecular secondary interactions) 

crosslinked is required to observe the shape memory process. This network insures the 

memorization of the original shape. This first macroscopic original shape (figure I.2) is the 

starting point of this process. This shape can be deformed and fixed in a deformed state called 
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“programmed shape” (figure I.2). Under the right external stimulus, the material recovers the 

original shape ending the shape-memory cycle. Polymer networks exhibiting this shape 

memory cycling are called shape memory polymers (SMPs). 

 

 
 

Figure I.2 – Description of a shape memory cycle. 

 

The first step of the shape memory cycle consists in programming mechanically another 

shape.  It requires first to switch the switching domain from hard to soft under the appropriate 

stimulus, most of the time by increasing the temperature23. Other stimuli such as light24 or 

microwave25, solvent vapors exposure26, pH27 or pressure variations28 are also reported to 

trigger switching domains of different natures. The switching domain controls the morphing 

ability of the SMP. Under the right stimulus, this domain switches from a hard to its soft 

flexible state allowing macroscopic elastic deformation of the SMP. Increasing the 

temperature above glass transition temperature (Tg) for amorphous polymers or melting 
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transition temperature (Tm) for semi-crystalline ones switches the material to a rubbery state, 

which makes the crosslinked rubber easy to deform in a desired programmed shape also called 

temporary shape by application of the required stress (external forces). This shape is fixed by 

decreasing the temperature which reversibly hardens the switchable domain that prevent 

macroscopic elastic relaxation of the SMP upon stress release. This phenomenon stores the 

mechanical stress applied to previously deform the elastic material up to its programmed 

shape. Thanks to the crosslinking, irreversible deformation of the material is prevented during 

this programming step. Therefore, application of the physical or chemical trigger that softens 

again the switching domain allows the SMP to come back to the original shape by spontaneous 

stress release of the stored entropic energy in the deformed elastomer. Besides 

crystallization/melting transition23 and rubber/glass state transition29, liquid crystal 

anisotropic/isotropic transition30 or supramolecular association/disassociation31 can be found 

to actuate the shape memory process. In some cases, a shape alteration during shape 

programming is observed, for example, when a polymer is swelling in a good solvent. In this 

case, the polymer will be referred as a shape changing polymer (SCP) rather than an SMP32.  

For SMP, the procedure of programming/relaxation is qualified as an ‘induced shape-memory 

effect’ or ‘shape-memory cycle’33. A combination of a well-defined molecular polymer 

network (elastic domain) and a reversible switching transition sensitive to external stimulus 

(transition domain)3 allows this unique behavior as depicted in figure I.2. The programming 

process can be repeated multiple times; therefore, SMPs can be programmed in many 

different temporary shapes while returning always to a unique permanent shape. 

 

The shape memory cycle can be used to evaluate the quality of a shape memory effect 

generally by describing some representative parameters of the cycle, namely the fixity and 

recovery ratios. The elasticity of the polymer network is responsible for the recovery of the 

original shape by recoiling of the polymer chains. Recovery properties of SMPs are thus 

dependent on the network properties such as crosslinking density and strength, length or 

entanglement of the chains. On the other hand, the transition domain is responsible for the 

fixity of the temporary shape. By switching from a soft to hard stiffness, it allows to store 

entropic energy in the programmed shape of the material. Shape fixity is defined as the ability 
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of the SMP material to keep the programmed shape when the programming load is released, 

i.e., the ability to sustain and store the entropic energy while the recovery ratio is the ability 

of the material to recover its permanent shape after the SMP cycle. Considering a one-

dimensional case, the fixity (Rf) and recovery (Rc) ratios are expressed according to equation 

I.1 and equation I.2. 

 

Rf  =

strain after hardening of the transition domain 
and stress release 

strain after hardening of the transition domain 
without stress release 

∗ 100  (I.1) 

  

Rc  =

strain after softening of the transition domain
at the end of the SM cycle   

strain after softening of the transition domain
at the end of theprevious SM cycle 

∗ 100  (I.2) 

  

It should be noted that the decrease of the fixity ratio is induced by two factors; the 

restoring force of the stretched elastomer which tends to recover the original shape when the 

load is removed at the end of the programming step of the SMP cycle and a so-called cold 

recovery observed after long-term storage. Cold recovery is related to the material relaxation 

upon storage conditions. This relaxation process depends on temperature, internal forces 

stored in the material, external force that could be applied to the material during storage, 

time and chemical environment3. The higher the temperature and the greater the stored 

energy, the more rapidly cold recovery can occur. 

 

 Multiple programming processes can be applied to the SMP material if multiple hard 

domains are present, allowing multiple programming of the material in different temporary 

shapes and their stepwise recovery during the shape-memory cycles. Most of the SMPs are 

dual-shape materials, also called one-way SMP, which means that two different shapes are 

involved during the thermo-mechanical process. Recently, multi-shape polymers capable of 

fixing two or more tunable temporary shapes have been introduced34. 
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Considering the nature of the switchable segments, the netpoints and the different 

triggers involved in the shape memory process, SMP can be classified as follows: 

 

➢ One way shape memory polymers 

One-Way SMPs based on thermal state transitions 

One-Way SMPs based on reversible bonds 

 

➢ Two-way shape memory polymers 

Two-way SMPs based on semicrystalline polymers  

Two-Way SMPs based on liquid crystal elastomers 

Two-Way SMPs based on interpenetrating networks 

Two-Way shape memory laminates 

 

➢ Multiple way SMPs 
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I.1.2. One way shape memory polymers 

 

 One-Way SMPs triggered by the temperature  

One-way SMPs (1W-SMPs) based on thermal transition (melting or glass transitions) as 

switching domain are the most commonly found thanks to their ease of production35. They 

consist of polymer chains with varying motion states across temperature as switchable 

segment22. Conventional thermoplastics; such as polyethylene (Tm ~ 160 °C), poly--

caprolactone (Tm ~ 60 °C), polypropylene (Tm ~ 160 °C) or polyvinyl chloride (Tm ~ 180 °C); 

covalently crosslinked or not have been developed for numerous commercial applications, 

thanks to their easily achieved switching temperature that is close to the body temperature 

for some of them. These SMP materials are characterized by the high deformation that can be 

achieved for the temporary shape. Therefore, these SMPs find applications as heat-shrinkable 

tubes36, self-deployable stents37 or self-tightening sutures38. Addition of different 

reinforcement fillers allows the production of shape memory composites with high 

mechanical performances and remote shape memory actuation capability (see section I.3). 

 

 

One-Way SMPs triggered by UV light  

Common methods to actuate SMPs with light while keeping constant the temperature 

are based on the use of reversibly photocleavable covalent bonds as additional crosslinks of 

elastomers. In 2005, Lendlein et al.21 demonstrated that elastomers containing cinnamic 

groups can be deformed in a temporary shape and fixed by ultraviolet (UV) light irradiation. 

Indeed, the photoresponsive cinnamic groups dimerize when irradiated under UV light that is 

above a wavelength (λ) of 260 nm, forming additional crosslinks to fix the temporary shape. 

These dimers being thermally stable, the temporary shape is stable at temperature reaching 

50 °C. Recovery is insured at room temperature when exposed to ultraviolet light of a 

wavelength below 260nm that reversibly cleaves the dimers and restores the initial elastomer 

network (figure I.3). As compared to thermal triggered SMPs, these systems exhibit lower 

fixity ratios due to the limited efficiency of the UV light induced dimerization. As elastomers, 

they are also characterized by lower stiffness as compared to thermoplastics.  
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Figure I.3 - Photoresponsive cinnamic acid and cinnamylidene acetic acid grafted on a permanent 
network as switchable segments for UV light shape memory actuation (Adapted from Lendlein et al. 
200521).  

 
  

Besides, another athermal light-triggered SMPs was developed by Yanlei Yu et al.39 by 

inserting azobenzene moieties in a polymer network. The photoreversible cis-trans 

isomerization of these moieties allows the glass transition temperature of the material to be 

shifted above and below the room temperature as illustrated in figure I.4.  

 

 

Figure I.4 – UV light actuated SMP shape memory cycle based on the shift of the Tg associated to the 
cis or trans isomers (Reproduced from ref42).   
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Other related light-triggered processes based on such light-induced isomerization were 

developed by Bowman40,41, and Lendlein42, where the trans-cis-trans rapid (˂ 5 min) 

reorientation of azobenzene chromophores induces twisting or uniaxial contraction and 

expansion of the macromolecular system leading to decrease of the Tg. These systems 

combine advantageously the high fixity and recovery insured by crossing the glass transition 

at constant the temperature using light as a trigger. 

 

 

I.1.3. Two-way shape memory polymers 

Reversibility of shape shifting can be a necessary requirement for some applications43. 

While 1W-SMPs consist of one-shot irreversible shape recovery and require subsequent 

reprogramming38, two-way SMPs (2W-SMPs) exhibit self-contained and reversible shape 

change between the temporary and permanent shape simultaneously with temperature 

cycling. The term 2W-SMPs refers thus to smart materials capable of remembering two 

different shapes, each stable at different temperature allowing reversible switching by simple 

control of the temperature. Different strategies allow getting this interesting behavior as 

described below.  

 

Two-way SMPs based on semi-crystalline networks  

 

Semi-crystalline networks (SCN) conventionally used for 1W-SMP applications also 

exhibit 2W-SM properties. As firstly reported by Mather et al. in 200844,  this property relies 

on the application of an external stress along one axis that induces an anisotropic arrangement 

of the chains under stress which modifies the crystallization process upon cooling. Under 

constant stress, the chain alignment of a crosslinked poly(cyclooctene) (PCO) network leads 

to an anisotropic crystallization upon cooling responsible for an increased elongation in the 

stress direction45. The resulting elongated material defines the new temporary shape. 

Elongations up to 20 % are generally achieved for such materials. Subsequently, a melt-

induced contraction (MIC) is observed upon heating whereas the tensile stress remains 
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constant, leading to reversible shape switch. Under constant stress, crystallization induces a 

strain increment while melting induces a contraction, hence the 2W-SMP. Remarkably, this 

PCO based SMP exhibits both the 2W-SM and the 1W-SM behavior, as schematically 

presented in figure I.5. In stress-free recovery condition, the PCO behavior can be referred as 

a 1W-SME. Removing the external loading after programming allows full recovery and return 

to the original shape. The two-way actuation relies on crystallization induced elongation (CIE) 

and MIC under constant stress conditions allowing repeated shape memory behavior. 

Nevertheless, this 2W-SM strategy requires the constant application of an externally applied 

stress to be observed.  

 

 

Figure I.5 – Comparison between 1W-SMP and 2W-SMP. 

 

Later, 2W SMPs operating in stress-free conditions were developed notably by Leindlein 

et al.46. Multiphase copolyester-urethane networks containing two different types of 

crystallizable chain segments, namely poly(pentadecalactone) (PPD) (Tm-PPD ~ 64 °C) and 

poly(ε-caprolactone) (PCL) (Tm-PCL ~ 34°C) were designed with purposely two separated 

domains: the geometry-determining domain and the actuator domain. Crystallization of PPD 

segments acts as an internal stress application function and determines the geometry of the 

sample, while the PCL crystallization (actuator domain), acts as a trigger of the shape memory 
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effect. This 2Wmulti-phase SMP requires firstly programming above Tm-of PPD to implement 

the shape shifting geometry (figure I.6 – a). The determining domains formed by crystallized 

PPD segments (figure I.6 – a, red) after cooling will ensure the internal stress during shape 

memory (SM) cycling. From that point, the multi-phase polyester acts as the previously 

described 2W-SMP. PCL segments will expand during cooling through CIE and collapse during 

heating through MIC (figure I.6 - a, green) in the direction influenced by the geometry-

determining domain of PPD. Two different programmed shapes are thus obtained. 

Remarkably, Lendlein's work has overcome the external stress application concern while also 

allowing re-shaping of the temporary shape through heating above the melting temperature 

of the geometry-determining domain (T reset, figure I.6). Sample pictures showing the 

reversible SM effect is depicted in figure I.6 – b. 

 
Figure I.6 – (a) Illustration of repeatedly reversible shape memory effect between shape A and B of 
PPD-PCL copolymer: the PPD crystalline domains (red) fix the shape A, and the reversible 
crystallization (dark green) and melting (light green) of PCL allows the back-and-forth switch to shape 
B. The black dots are crosslinks nodes; (b) Sample pictures showing the reversible SM effect 
(Reproduced from ref 46).  
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Two-Way SMPs based on liquid crystal elastomers 

Liquid crystalline elastomers (LCE) were synthesized for the first time by Finkelmann 

group in 198147 and the first reports of their shape memory abilities appeared in the 1990s48,49. 

LCEs exhibits remarkable thermo-mechanical behaviors thanks to the combination of the 

entropic elasticity of a crosslinked polymer network and the liquid crystalline (LC) anisotropy 

properties brought by their main-chain or side-chain groups, called mesogens. The principle 

behind the shape change relies on alignment directions during anisotropic phase transitions50. 

The mesogens can experience reversible mesomorphic to anisotropic phase transitions43,51.  

This thermally induced order–disorder of the mesogens is responsible for the thermal 

actuation of LCE based 2W-SMPs52.  

In stress free condition, those mesogens are disorderly oriented with respect to each 

other. This configuration is called LC poly-domain state (figure I.7, A) and represents the 

permanent shape of the SMP. Any external factor changing the underlying order parameter 

induces a transition from poly-domain to mono-domain LC phase (P-M transition), in which 

the LC domains align along the stress axis43. This anisotropic alignment leads to a 

crystallization-induced elongation upon cooling53 (figure I.7 – B). As for 2W-SMPs based on 

SCN, the temporary shape is defined by the resulting macroscopic elongation. The reverse 

transition from mono-domain to poly-domain (M-P transition) induces a melt-induced 

contraction upon heating over the isotropization temperature. Impressive elongations are 

reached thanks to the LC network soft elastic property54, exceeding 200 to 300 %, which can 

be actuated not only by temperature but also by light irradiation and solvents exposure55.  

 

  

Figure I.7 - Mechanism of liquid crystal elastomer shape change of the polymer chains influenced by 
the anisotropic/isotropic deformation to its retracted configuration during M-P / P-M transition.  
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Two-Way SMPs based on interpenetrating networks 

While 2W-SMPs based on SCN and LCE rely on single covalent networks, 2W-SMPs based 

on interpenetrated networks (IPNs) is based on physical embracing of two different networks 

and were introduced by Wu et al. in 201453.  The principle of these SM materials relies on a 

“switch-spring” composition. Classically, they are composed of one crystalline network 

(switch) and one elastomeric one (spring), which are respectively the geometry-determining 

and actuator domains. Phase separation can be observed between the two networks as they 

present physical entanglement but no chemical crosslinks between them56. The complex IPNs 

macromolecular architecture results from this kinetically entrapped mixing and 

thermodynamically driven phase separation57. 

In Wu et al. work, switch domains are ensured by a PCL crystalline network while a 

poly(tetramethylene ether) glycol (PTMEG) elastomeric network acts as the spring, bypassing 

the need for traditional external load application in 2W-SMPs cycling. Pre-programming is 

however also compulsory during the IPNs preparations. Figure I.8 schematically describes the 

sequential synthesis process used for the creation of a built-in force during preparation. 

Firstly, the PCL network is created and external load is applied. The elastomeric inter-

penetrating PTMEG network is then synthesized in this elongated shape. By heating the 

system above the PCL transition temperature, compression is induced by the PCL shrinkage in 

the PTMEG network which compresses it as a spring. During cooling, the crystal-induced 

elongation of the PCL is driven in the spring direction by the elastic recovery of the PTMEG 

resulting in a permanent 2W-SMP without any need of external load or additional 

programming.  

 

  

Figure I.8 - Sketch of 2W-SMP based on interpenetrating network preparation and shape memory 
cycling (Reproduced from ref53).  
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Easy and inexpensive to synthesize, sequential synthesis can be used to prepare IPNs 

through different methods. While the majority of IPNs consist in covalently crosslinked 

interpenetrated networks, other works report on the preparation of “semi-IPN”, consisting in 

a linear physically entangled polymer network in a second chemically crosslinked network58. 

Double crystalline networks presenting sufficiently different crystallization temperature can 

also be used for IPNs preparation. IPNs presenting low transition temperature, do not lose 

their 2W-SME at high temperature (as compared to LCEs) and have no need for an external 

force application for SM programming.  

Two-Way shape memory laminates 

 

2W-SM effect can also result from the macroscopic association of two different 

materials. This is the case of shape memory laminates (2W-SMLs) composed of a bilayer of 

two polymer networks, generally held together with the help of adhesives. In 2008, Chen et 

al reported on a method of lamination for an elastomeric film on an SM polyurethane film59. 

Classically, those composites are composed of one 1W-SMP layer combined to an elastomer 

layer. As for 2W-SMPs based on IPNs, a pre-programming step is required during the laminate 

preparation (figure I.9). The 1W-SMP layer is shaped over its transition temperature and 

cooled down through a classical shape memory programming. The elastomer layer is then 

laminated on top of the first layer using adhesive. Upon heating, the first SMP layer tends to 

recover its initial shape, supplying a compressive force to the top elastomeric layer, resulting 

in the overall bending of the laminate60. A similar “switch-spring” phenomenon is ensured as 

for IPNs-SMPs. Under cooling, the elastomeric top layer expands due to crystallization and 

acts as a tensile force orienting the crystallization of the first layer, resulting in a reversible 

bending61.   

 

Figure I.9 - Sketch of two-way shape memory laminate preparation and shape memory cycling. 
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2W-SMLs are the easy and cheap ways to produce 2W-SME since the synthesis of each 

layer is straightforward and applies to many materials. Control over the processing 

parameters as layer thickness or initial 1W-SMP deformation allows the modulation of their 

physical properties and shape memory effect. The limitation results from the layer 

morphology that requires strong interfacial bonding to avoid alteration of the shape memory 

performances.  

 

I.1.4. Multiple SMPs  

Most SMPs are dual SMPs, switching from their temporary to permanent shape. 

However, some polymers are capable of memorizing more than one temporary shape in each 

shape memory cycle, they are called multiple SMPs (m-SMPs). They rely on polymers with 

multiple different segregated switching segments. The fixation of different temporary shapes 

is referred as multi-step programming and traditionally is based on separated phase 

transitions, broad phase transition and molecular switches domains.  

Separated transition temperatures in a polymer blend or copolymers is the easiest way 

to prepare m-SMPs62,63. As previously described, multiple temporary shapes can be fixed 

through thermo-mechanical programming at different temperatures. Different temperature 

triggering over the involved temperature range will result in a triple, quadruple or other 

multiple-shape memory effect from the polymer.  

In a similar way, a polymer presenting a broad Tm region can also exhibit some multiple-

shape memory effects64,65. A broad thermal transition occurring on a large range of 

temperatures can be divided in several transitions in narrow temperature windows. As long 

as partial molecular mobility is activated in each temperature window, the m-SMP is able to 

exhibit some shape memory effect so that a different shape can be programmed for each 

window of temperature. 

Finally, the use of several molecular switches in a same SMP or in combination with 

other 1W-SMPs also leads to m-SMPs66. The synergic combination of multiple photo-sensitive 
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units (sensitive at different wavelength), thermo-sensitive units (sensitive at different 

temperature) or the combination of one of them with a different photo-, water-, thermo-

sensitive units all lead to the formation of m-SMPs. The use of polymer laminates with layers 

of different transition temperature67 can also provide m-SMPs. 

As illustrated on figure I.10, a trilayer laminate with layers exhibiting different Tg and 

thickness can store three temporal shapes and progressively recover the permanent shape by 

controlling the temperature. At a temperature of -25 °C, the thickest 250 μm middle layer 

holds the compressed spring shape – i.e., temporal shape III. Then, the spring unfolds into 

temporal shape II at 0 °C, i.e., the shape maintained by the 100 μm thick layer. At 45 °C 

temporal shape I (a reversed spring) is recovered as programmed within the last, thinnest 

layer. At 75 °C the recovery track is completed when the permanent shape is recovered. 

 

Figure I.10 – Scheme of quadruple shape recovery cycle in a trilayer laminate (Reproduced from         
ref 46). 
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I.2     SMPs based on dynamic covalent interactions 

 

Covalent networks SMPs materials are improved by the resulting three-dimensional 

network formed. This results in an increased glass temperature and prevents the material 

from flowing at any temperature, thus enhancing the mechanical properties, particularly the 

elastic behavior when subjected to strain deformations. However, although this property is 

highly desirable for some applications, it also limits their processing and completely prevents 

recycling, since crosslinked polymers become insoluble and infusible. To address these 

processing limitations of polymer networks while preserving their remarkable properties, 

polymer chemists have developed several strategies. One of these involves creating covalent 

networks that include stimuli-reversible bonds. In 2010, C. Kloxin and C. Bowman68 introduced 

the concept of covalent adaptable networks (CANs) as a family of materials that possess 

reversible covalent bonds in their structure. These bonds can repeatedly form and break via a 

reversible rearrangement reaction triggered by an external stimulus, such as changes in 

temperature or light irradiation. The stimulus-triggered rupture of these dynamic covalent 

bonds (DCBs) provides powerful properties brought by the possible topological network 

rearrangements, i.e., reshuffling of the network joints. Beside possible reprocessing, self-

healing, welding and permanent shape reconfiguration can be considered while still 

promoting high fixity, high controllability by external stimuli and ease of programming69. The 

design of various original shapes and subsequently complex shape recovery pathways are also 

two of the main leading interests that triggered the development of this SMP class. With such 

reconfigurable networks, the design of permanent shapes with complex 3D geometries is 

easily achieved without the need to design complex molds. Furthermore, beside rigids DCB-

SMPs, DCB-SM hygrogels have also drawn lots of attention recently thanks to their unique 

biocompatibility and structure with a wide variety of applications in medicine as biosensors 

and biomimetic systems70. Finally, novel 3D printing techniques are emerging nowadays with 

convenient and programmable design for which DCB-SMPs are perfectly suited. 

Naturally, the inherent counterpart of those dynamic covalent bonding would be 

supramolecular bonding. Interactions of non-covalent bonds are generally much faster and 
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require less intensive stimuli (ex. lower temperature) to be triggered. But the slow kinetics of 

DCB allows for a much more stable thermodynamic equilibrium, in comparison to the 

relatively fragile assembly provided by non-covalent interactions71. Not surprisingly, higher 

performances can be expected by dynamically covalently bonded systems over 

supramolecular bonded systems which are commonly less stable leading to creep72. 

Supramolecular interactions being deeply described in other works73,74, we will here discuss 

which and how dynamic bonds and dynamic exchange can be used for the design of shape 

memory materials. 

DCBs-SMPs are stable in ambient conditions but have a dynamic behavior under stimuli 

resulting in bond exchanges either by associative or dissociative pathways (figure I.11). An 

associative substitution mechanism is a type of organic chemical reaction in which a new bond 

is formed before the rupture of the initial one. On the other hand, a dissociative substitution 

first requires the rupture of a bond before creating the new one.  

 

Figure I.11 - Associative and dissociative exchange pathways. 

Crosslinked SMPs based on dissociative mechanism can be returned either to a 

thermoplastic-like behavior or back to the original monomer/oligomer thanks to the linkage 

dissociation in separated units. They present a sudden change from solid (amorphous I) to 

liquid (amorphous II) when T>Tg (figure I.12 - A). Those based on associative mechanisms 

exhibit constant crosslink density leading to a glass-forming behavior at the processing 

condition75,76. The latter are designed as vitrimers because of the resemblance of their thermal 
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properties to that of vitreous silica. Vitrimers design principle is based on the concept of 

reversible network topology freezing77. Through bond exchange reactions, the network can 

change its topology, which enables the material to relax stresses and flow, while maintaining 

a constant number of bonds that does not fluctuate over time. As a result, the material 

exhibits properties similar to those of a viscoelastic melt (similar to a glass-forming behavior). 

In vitrimers, exchange reactions are thermally activated, and upon cooling, the relaxation time 

and viscosity controlled by exchange reaction rates increase slowly and follow an Arrhenius 

law (figure I.12 - B). At a temperature Tv, the mechanical relaxation time controlled by the 

exchange reaction rate becomes much longer than the experimental time scale, and the 

network topology is frozen on this time scale. Consequently, the material appears as an elastic 

solid with an elastic modulus depending on the cross-link density. This gradual change of 

volume and thus viscosity (figure I.12 - B) differs from traditional thermosets in that they 

demonstrate a certain type of malleability75. This unique feature of the vitrimers allows 

reprocessing by stress relaxation. Moreover, it has been demonstrated that mechanical 

activation can also induce stress relaxation by the same pathway78. The incorporation of both 

thermal and mechanical activation in vitrimers provides a novel and advantageous 

reprocessing mechanism that enhances the usability of repairable polymer networks and 

broadens the range of chemical transformations possible with these materials. 

 

 

Figure I.12 - (A) Volume vs. temperature characteristics of a thermoplastic with a sudden change 
from solid (amorphous I) to liquid (amorphous II) when T>Tg; (B) Volume vs temperature 
characteristics of a vitrimer with gradual change in viscosity when T crosses Tg then Tv; at Tv the 
viscoelastic solid becomes a viscoelastic liquid. 
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The various reversible covalent bonds used in DCBs-SMPs based on both dissociative 

and associative pathways are summarized in figure I.13. The following will illustrate and 

discuss them when applied to SMPs.  

 

 
Figure I.13 - Reversible covalent bonds used for the preparation of DCB-SMPs.  
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I.2.1 SMPs including dissociative dynamic covalent bonds 

The formation of Diels-Alder (DA) adducts is a representative example of a reaction 

allowing the introduction of dissociative dynamic bonds. First reported by Otto Diels and Kurt 

Alder in 1928 for which they were awarded in 1950 the Nobel Prize in Chemistry, this 

cycloaddition between furan and maleic anhydride is suitable for the formation of carbon-

carbon bonds in a six membered ring with high stereochemical control (figure I.14). This DA 

cycloaddition thus proceed between a conjugated diene and an electro-deficient dienophile, 

leading to the formation of a six-membered ring via [4+2] cycloaddition. Characterized by an 

equilibrium, the forward reaction for the furane maleimide couple already occurs at room 

temperature (R.T.) and is dominant below 100°C while the retro-reaction occurs above 100 

°C79. This DA adduct formation and cycloreversion (retro-DA) proceed thus in a convenient 

accessible temperature range to allow easy reprocessing of polymer network by increasing 

the temperature, while keeping a stable network in the conventional temperature range 

observed for shape memory thermoplastics. Additionally, the DA reaction is classified as a 

“click” reaction due to its excellent selectivity and efficiency80. Therefore, furan diene and 

maleimide dienophile were widely used to reversibly crosslink thermoplastic SMPs81–91.  

 

Figure I.14 – Thermoreversible DA reaction between furan and maleimide via concerted mechanism. 
 

Stevens and Jenkins were the first to use the furan/maleimide addition to cross-link a 

polymer matrix in 197992. Polystyrene with pending maleimide groups was used to react with 

a low molar mass bis-furan. Nowadays, the furan/maleimide DA reaction has been introduced 

in a wide variety of matrices such as poly(ε-caprolactone)88., poly(lactic-acid93), 

polyurethane94, polyamides95, polyketones96, ethylene/propylene/diene rubbers97 and epoxy 

resins98. It is worth also noticing that furan and furan derivatives can be produced from 

renewable resources which is particularly appealing in developing sustainable approaches.  
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Lately, our group participated in the preparation of star-shaped poly(ε-caprolactone) 

networks, already known to exhibit shape-memory properties when chemically or physically 

crosslinked, to create a new class of shape-memory polymers88,89. Using the thermoreversible 

Diels-Alder cycloaddition, this new DCB-SMP combines the advantages of both chemical 

crosslinked SMPs (CC-SMPs), such as excellent fixity and recovery ratios with minimal training 

cycles, and physically crosslinked SMPs (PC-SMPs), such as reprocessing and recyclability. The 

two functional polymers, respectively 4-arm star-shaped PCL end-capped by either maleimide 

or furan moieties (figure I.15), can be melt-blended together without significant torque 

increase when processed at a temperature favoring retro Diels-Alder reactions (125 °C). Curing 

the resulting blend at a lower temperature (65 °C) promotes Diels-Alder cycloaddition 

between furan and maleimide end groups, resulting in the formation of a PCL-based polymer 

network (figure I.15). 

 

Figure I.15 – DA reaction between furan and maleimide chain-end of PCL-4MAL and PCL-4FUR 
forming a thermoreversible PCL network showing shape memory properties (Reproduced from 

ref89). 

 

The resulting semi-crystalline crosslinked material exhibits excellent shape memory 

properties, with very high fixity ratios (above 99%) and excellent recovery ratios (88% for the 

first cycle and around 99% for subsequent cycles), both recorded by cyclic thermomechanical 

analysis (figure 15 - a). Unfortunately, the intrinsic dynamic behavior of the Diels-Alder bond 

leads to drawbacks in terms of mechanical properties. Indeed, just as previously described for 

vitrimers, induce stress relaxation by bond breaking through mechanical activation can occur 

causing a stress relaxation behavior during mechanical cycling. This behavior can be observed 

on the cyclic thermomechanical analysis where the mechanical properties of DCB-SMPs 

gradually decrease through cycling, resulting in a more ductile material after each cycle. A 
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consistent and significant rise in maximal strain for the same stress applied throughout the 

multiple cycling is observed and can be attributed to this presence of retro Diels-Alder 

reactions during testing (figure I.16 - a). This behavior, which is not present with a not 

dynamically crosslinked sample, may be presented as a disadvantage but represents a small 

price to pay to impart the sample with recyclability. 

 
Figure I.16 – Shape-memory properties evaluated by thermomechanical cycling of (a) the initial PCL-
4FUR/PCL-4MAL network; (b) the recycled PCL-4FUR/PCL-4MAL network (stress ramp:                          
0.06 MPa.min-1 ; temperature ramp: 3 °C .min-1 on heating and cooling (Reproduced from ref89). 

 

Speaking of recyclability, the thermoreversible nature of the Diels-Alder adducts linking 

the star-shaped PCLs allows for easy disruption of the formed network by thermal treatment 

at 130 °C, enabling reprocessing of the SMP. Since the Diels-Alder chemistry follows a 

dissociative exchange pathway, the network can be reverted to the original monomers. Once 

returned to its low viscosity melt, the material can be reprocessed over and over again by the 

same initial method which is a huge benefit from the DCB chemistry. Upon curing the recycled 

material at 65 °C, the resulting recycled-SMP still exhibits excellent fixity and recovery ratios 

(figure I.16 – b) despite the same rise in maximal strain attributed to the presence of retro 

Diels-Alder reactions during testing. Using thermoreversible reactions to crosslink semi-

crystalline polymers, such as PCL, has proven to be a highly effective technique for creating 

recyclable SMPs. This approach produces a material similar to CC-SMPs, but with the added 

benefit of recycling that is typical of PC-SMPs. The availability of various diene and dienophile 

pairs, which possess a broad range of Diels-Alder and retro Diels-Alder temperatures, enables 
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tuning of the thermoreversible bond equilibrium temperature. Coupled with a wide range of 

polymers that exhibit shape memory properties, this expands the potential applications of this 

innovative class of SMPs. 

Another benefit of this SMP class was demonstrated by Du Prez’s group who evidenced 

that the DA reaction reversibility allows shape memory assisted self-healing (SMASH)94,99–101 of 

such damaged material. Indeed, they observed that when a crack occurs in a polyurethane 

network based on PCL and furan-maleimide DA linkages (figure I.17)94, the heating of the 

material induces a shape memory response leading to a shrinking of the wounded area 

promoting contact between the damaged surfaces. Consequently, both reactive furan and 

maleimide moieties are brought in close contact so that the formation of the DA adduct is 

facilitated, hence the consequent healing of the material. The crack closure resulting on the 

account of shape memory function and the dynamic reaction resulting in healing is a common 

property observed for DCB-SMPs and is thus reported for a broad range of systems besides 

DA adducts chemistry. Other DCB-SMPs including a dissociative dynamic system exist relying 

on different chemistries such as alkoxyamine exchange or oxime bonds 

  

Figure I.17 – Shape memory assisted healing of damaged material based on PCL and furan-maleimide 
based DA linkages; (B) SEM images of (i) the original scratch, (ii) scratch after healing at 50 °C for 24 
h, and (iii) scratch after heating at 100 °C for 1 h and healing for 24 h at 50°C (Reproduced from ref94).  
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Alkoxyamine exchange is a thermoreversible formation and dissociation proceeding via 

free radicals widely used in dynamic polymers synthesis. Crossover recombination of 

alkoxyamine (C-ON) bonds can occur by dissociation into nitroxide and carbon-centered 

radicals (figure I.18 – A). These inspired the controlled radical polymerization (CRP) and were 

extensively used in nitroxide mediated polymerization (NMP)102. Otsuka and Zang’s groups 

were the first to report alkoxyamines as exchangeable sites for the preparation of self-healing 

polyurethane103,104. They discovered that this reversible reaction is sensitive to oxygen which 

requires the use of an inert gas such as argon to achieve high self-healing efficiency and thus 

limits possible applications of this chemistry as part of SMPs systems. Later, Zhang et al. 

proposed a new alkoxyamine based on 5-hydroxy-2-(4-hydroxy-2,2,6,6-tetramethylpiperidin-

1-yloxy)-2- methyl pentanenitrile (CTPO) which contains a nitrile group attached to the carbon 

atom of the C−ON alkoxyamine bond (figure I.18 – B) allowing air insensitivity due to electron 

withdrawing ability of the nitrile that keeps the carbon radicals stable 105. Just as CRP, these 

networks are living networks in the sense that monomers can be further incorporated through 

TEMPO mediated CRP allowing a modulation of the network mesh size and crosslinking 

density106 . The use of this alkoxyamine exchange reaction can thus be particularly appealing 

for specific systems requiring this modulation. 

 

  
Figure I.18 – Thermoreversible homolytic rupture of an alkoxyamine bond: (A) classical air sensitive 
alkoxyamine (B) Oxygen stable CTPO. 

Recently, by making use of this C-ON dynamic equilibrium, a 2W-SM behavior has been 

developed in a polyurethane (PU) network by Fan et al. 107. The bond rupture / radical 
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recombination of a C-ON based PU leads to uneven stress relaxation through a whole SMP 

sample (figure I.19 - A & B).  This heterogeneity induces a different relaxing behavior during 

the more classical 1W-SM cycling of the PU through induced melting/recrystallization. Nearly 

unrelaxed portions tend to recover their original shape in opposition to relaxed portions that 

maintain the extended status. In stress-free conditions, this internal stress ensures the 2W-

SM behavior just as previously described in Leindlein et al. work46 (section I.1.3). Moreover, 

reversibility of the C−ON bonds can be used for self-healing after crack through SM 

retractation108 and endow recyclability to the material. 

 
Figure I.19 – (A) Operation principle of the two-way shape memory effect of the programmed 
crosslinked PU; (B) Programming of the crosslinked PU towards the two-way shape-memory effect 
(Reproduced from ref 107). 
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More recently, oxime-carbamate bonds have drawn lots of attention as a new kind of 

DCBs109,110. The fast reversibility of heat activated oxime-carbamate bond rupture (figure I.20) 

is particularly appealing to construct thermoreversible networks111. This reaction was thus 

successfully applied to develop reusable adhesives112 or recyclable elastomers113. 

 

 

Figure I.20 – Thermoreversible formation of an oxime-carbamate bond (Reproduced from ref111). 

 

 

 Wang et al. recently developed a novel thermoplastic polyurethane by introducing 

dynamic oxime–carbamate bonds into PCL chains with the goal of enhancing mechanical 

properties of 3D/4D printed objects110 (figure I.21 - A). Thanks to the rapid photothermal 

activation of the dissociation of these bonds, they achieved support-free printing of the 

material that exhibits excellent mechanical properties and possible healing of damaged 

printed products thanks to self-healing (figure I.21 – B). Moreover, as the printed products 

exhibit shape-memory properties by NIR irradiation or direct heating, potential in 4D 

applications were considered by the authors. 

 

 

Figure I.21 – (A) Schematic of the self-healing process; (B) Schematic of the enhancement of the bond 
strength between the deposited layers of the 3D printed products (Adapted from ref110). 
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I.2.2 Shape memory vitrimers 

Transesterification (TE) is one of the most representative reactions used in vitrimers114. 

This dynamic exchange-reaction consists in a substitution between an ester and an alcohol via 

an addition-elimination mechanism, i.e. an associative mechanism (figure I.22). The rate of 

this dynamic equilibrium is increased by rising the temperature and in most cases, it is 

activated by an acid or a base catalyst 115. Transesterification as tool for producing DCBs-SMPs 

was firstly reported by Leibler et al. in 2011 who implemented TE in polyester materials 

crosslinked with epoxy acid or epoxy anhydride units by means of zinc acetate catalysis116. TE 

being an associative-based reaction, materials where these reactions are occurring, combine 

the mechanical advantages of thermosets with the reprocessing/recyclability of 

thermoplastics. TE vitrimers thus draw lots of attention in the recent years 117–122. 

 

Figure I.22 – Mechanism of the thermo-activated equilibrium of associative bond exchange between 
ester and hydroxyl moieties through transesterification. 

The main obstacles to the use of TE for SMPs are the potential hydrolysis of the esters, 

their degradation due to the high temperature required for the relaxation or the leaching of 

the catalyst. Interestingly, these are not always considered as drawbacks, temperature is no 

longer an issue with thermally stable materials, such as polycondensates, or the hydrolysis can 

be used for self-degrading implants. Interestingly, An-Chang Shi et al. recently took advantage 

of the needed Zn2+ catalyst to impart additional crosslinking to TE vitrimer network123. 

Copolymers obtained by radical polymerization of a vinylic monomers mixture containing 

carboxylic acid and zinc carboxylate groups, are converted into vitrimers in a single step by 

curing with diglycidylether of bisphenol A (figure I.23 – A). The added Zn2+ ions act not only as 

TE catalyst but also as crosslinking agents through ionic coordination with carboxylate groups, 

so that two different temporary shape can be programmed in the material (figure I.23 - B) 123. 

Other multiple shapes TE-based SMPs materials have been developed on the same concept 
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from epoxy resins to bio-based elastomers targeting applications in various fields124–128. 

Similar materials have been obtained by urethane and urea-based vitrimers undergoing 

analogous exchange mechanism129,130.  

 

Figure I.23 – (A) Synthesis pathway of ionic cross-linked vitrimer Zn-PABAM; (B) Illustration of the 
triple shape memory effect of 7.5% Zn-PABAM vitrimers (Reproduced from ref 123). 
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In terms of shape memory performances, considering similar matrices, SM vitrimers 

offer similar shape reconfiguration and recycling abilities as DCBs-SMPs based on a 

dissociative mechanism at the only condition that the temporary shape storage time scale is 

set much shorter than the mechanical relaxation time controlled by the exchange reaction 

rate. Indeed, the latent plasticity of vitrimers might affect the temporary shape fixity and thus 

shape recovery process. Another main difference between those two systems can rise from 

the exogenous catalysts typically needed to catalyze the curing reaction and activate the bond 

exchange process in vitrimers. As example, Zinc (II) salts are frequently used as a catalyst for 

transesterification reactions in epoxy vitrimers. According to Leibler et al., adjusting the 

amount of zinc acetate can significantly modulate the transesterification reaction rate in soft 

epoxy resin networks77. Nevertheless, adding a catalyst may cause adverse effects, such as 

bringing some toxicity, altering the mechanical properties at high catalyst loading levels, as 

well as decreasing the thermostability. Consequently, significant efforts have been directed 

towards the development of catalyst-free vitrimers. 

Initially viewed as substitutes for transesterification, transamidation (figure I.24 - A) and 

transamination (figure I.24 - B) have gained significant interest after Du Prez's team 

investigated the catalyst-free transamination of vinylogous urethanes as a vitrimer exchange 

reaction131. Bulk polymerization of cyclohexane dimethanol bis-acetoacetate with excess of 

m-xylylene diamine and tris(2-aminoethyl)amine gave the concerned vinylogous urethane 

(figure I.24 – B). Vinylogous urethane are more thermodynamically favored and less sensitive 

to hydrolysis as compared to esters and can still undergo bond exchanges through an 

intermediate nucleophilic addition of an amine groups at elevated temperatures without any 

catalyst (>120 °C). Short relaxation times are observed and reprocessing at 150°C for 30 

minutes gave recycled material without any degradation of the mechanical or chemical 

properties. Furthermore, poly(vinylogous urethane) networks are made from easily accessible 

chemicals. Since its introduction, academic interest in vinylogous urethane chemistry has 

rapidly increased with exploration of numerous applications from simple vitrimers 

preparation132–137 to SM vitrimers138–141.   
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Figure I.24 – (A) Thermoreversible transamidation; (B) Thermoreversible transamination of 

vinylogous amides (X=CH2) or urethanes (X=O) (Reproduced from ref131). 

 

Since then, other examples of catalyst-free vitrimers based on fast exchange reactions 

were proposed such as hydroxy-urethane78, hemiacetal esters142, trialkylsulfonium salts143
 and 

imines144. Moreover, instead of relying on a specific fast exchange reaction, some vitrimers 

were also synthesized with a catalyst site embedded in the network. Ladmiral et al.123 recently 

described the use of α-difluoromethylene as activating group positioned close to the ester 

bonds. The strong electronegativity of CF2 groups activates the TE on adjacent esters and avoid 

thus the use of metallic or organic exogenous catalyst. Highly recyclable materials with lower 

additive or contaminant content is surely an upcoming goal and very promising property for 

new emerging materials, even if it appears that the bond exchange reaction in vitrimers is 

tolerant to a few unknown additives or contaminants145.  

Analogous to the TE reaction, transthioesterification (TTE) involving an exchange 

between a free thiol and a thioester (figure 24 – A) or hydroxyl-thioester exchange (figure I.25 

– B) is vastly used to endow epoxy or hydrogel materials with reprocessability146. Recently, the 

Bowman group deeply studied TTE in organic media and reported that an easy integration into 

dynamic polymer networks such as vitrimers was possible147. They used TTE for the 
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preparation of dynamic hydrogels, which can exhibit modulated dynamic behavior through 

the introduction of acid or base148. Vitrimers derivated from this chemistry can be easily 

develop considering the mild conditions for the exchange.  

  

 

Figure I.25 – (A) Thiol-thioester exchange; (B) Hydroxyl-thioester exchange.  

Zhang’s team lately introduced thioester groups into epoxy resins which can under 

appropriate conditions, exchange with the hydroxyl groups present in the epoxy and produce 

thiol and ester groups. The thiol-thioester exchange can later be triggered subsequently 

(figure I.26 - A)146. This epoxy resin has excellent mechanical properties and in contrast to 

transesterification generally needing a strong base such as TBD or zinc acetate as a catalyst, 

catalyst free reprocessing of these thioester-containing epoxy resins was achieved by hot-

pressing epoxy granules at 120 °C for 5 h under 5 MPa. These reprocessable materials having 

a Tg at 100°C demonstrate shape-memory abilities. As shown in figure I.26 - B, various 

temporary shapes can be programmed by simply shaping at 100°C and fixing at ambient 

temperature for 5 min. These shapes are stable without thermal stimulation and return to the 

original shape within 20s when the temperature reaches 100°C. Moreover, the initial shape 

can be curved as an arc (figure I.26 – B, E) and when the temporary shape is reshaped into a 

reverse arc, it can be restored to the original arc shape after thermal stimulation. In addition, 

due to the excellent mechanical properties of the epoxy resin, it can withstand 2400 times its 

own weight even after 10 times of reshaping. This demonstrates the excellent shape memory 

properties of the material expected to be used in aerospace and other fields.  
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Figure I.26 – (A) Starting compounds and schematic diagram of the reprocessing of thioester-
containing epoxy resin (B) Shape memory properties of the epoxy material. (A–E) The epoxy resin 
material was folded into different shapes and then heated at 100°C to recover the original shape 
(Reproduced from ref149). 

 

 
Polyurethanes are one of the most commonly used polymers for shape memory 

materials. Recent researches to produce them in a greener and safer way led to innovative 

polyhydroxyurethanes (PHU)150. Interestingly, in 2015, Hillmyer et al. investigated the 

reprocessability of PHU networks and concluded that the presence of hydroxyl groups allows 

transcarbamoylation (TCM) which imparts PHU networks with dynamic behavior151. They 
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reacted a bis-(six-membered cyclic carbonate) compound with a polyfunctional amine to 

prepare a PHU vitrimer without the use of catalyst (figure I.27 – A). This isocyanate-free 

reaction generates a carbamate linkage and a hydroxyl group similar to hydroxyl esters in 

epoxy vitrimers. In this material, stress relaxation was observed and attributed to an 

associative transcarbamoylation process (figure I.27 – B). Associative TCM of carbamates or 

dissociative reversion to isocyanates and alcohols typically occurs at high temperature                

(> 200 °C) and produces unwanted side reactions. The activation energy measured in the 

present polymer being lower than expected from molecular modeling and density functional 

theory calculations, the developed PHU network was able to undergo stress relaxation and 

reprocessing at a temperature of 160 °C and a pressure of 4 MPa in the absence of an external 

catalyst. This behavior was attributed to mechanical activation of the transcarbamoylation by 

high pressure.  

  

Figure I.27 – (A) Polyhydroxyurethane network formation from cyclic carbonate and polyamine 

compounds; (B) Mechanism of hydroxyl mediated transcarbamoylation (Reproduced from ref151). 
 

Later, Tao Xie and coworkers pioneered investigations of the carbamate bond 

reversibility for the preparation of PU vitrimers with the help of catalysts152. They synthetized 

a PU thermoset from polyethylene glycol cured with hexamethylene diisocyanate and glycerol 

in the presence of 1 % dibutyltin dilaurate catalyst. The resulting network could fully relax at 

130 °C. Due to the “sluggish” behavior of this reaction, vitrimers prepared via the isocyanate-

alcohol route has only lately been described153,154. In this recent context, Jingxin Lei et al. 
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developed a multifunctional SMP polyurethane-vitrimer based on renewable castor oil155. A 

classical shape memory effect was obtained by transitioning over the melting temperature of 

the material (> 40 °C) while shape reconfiguration was obtained at 140 °C where 

transcarbamoylation of the carbamate bonds allows a topological network reconfiguration 

(figure I.28).  

 

Figure I.28 – (A) Scheme of dynamic exchange in castor oil PU thermoset; (B) Illustration of the 

reconfiguration by plasticity and shape memory behavior of this material (Reproduced from ref155). 

Another interesting chemistry for the preparation of shape memory vitrimers is the 

imine chemistry. Also known as Schiff base chemistry, this is one of the most often employed 

reversible covalent reaction involving carbonyls and amines those could proceed to yield 

imine type compounds (imines, hydrazones, oxime, etc.) by distinct processes156–158. Imines 

results from the condensation between an aldehyde or ketone with a primary amine or 

ammonia and can be reverted to their original monomers (figure I.29 – A). In the absence of 

water and upon introduction of another amine, imines undergo transimination (monomer 
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exchange) with or without addition of catalysts (figure I.29 – B)157. Additionally, imine 

metathesis can occur between two imines by exchange of amines to form new imines in the 

presence of catalysts (figure I.29 - C)157. One of the first reports of polyimine materials was by 

Wei et al. for the preparation of multi stimuli-responsive dynamic and self-healing 

hydrogels159. Due to the efficient reversible formation and rupture of imine bonds, imine 

chemistry has been widely adopted in dynamic polymers especially in vitrimers160–163.  

  

Figure I.29 – Reversible (A) imine condensation; (B) Transimination and (C) imine metathesis. 

 

Interestingly, Zeng et al. reported the first example of polyimine vitrimer exhibiting NIR-

light induced shape memory effect at room temperature164. Incorporating aniline trimer 

(ACAT), into the traditional imine-type vitrimers (figure I.30 - A) endowed the vitrimer with an 

excellent photothermal property. With 10 mol % ACAT, the vitrimer demonstrates a Tg of       

107 °C. A temporary shape can thus be programmed by heating at 110 °C and fixed at room 

temperature (spiral shape, figure I.30 - B). When the sample is heated to 110 °C again, it 

recovers its original strip shape within about 80s. The shape recovery rate (Rr) was calculated 

to be 87.89 % from DMA analysis. Figure I.30 - C shows a similar shape recovery when the 

sample is exposed to NIR (808 nm, 1.5 W/cm2) laser, the original shape being recovered within 

30 s. Under the irradiation with NIR light, the ACAT-vitrimer converted the light energy into 

heat and so exhibited a distinct photoinduced shape memory property. In addition, thanks to 

imine exchange allowing to release the stress, the permanent shape of this vitrimer can be 

reconfigured (reshaping). In this material with 10% ACAT, the network relaxation time was 
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measured to range from 249 s at 100 °C to 65 s at 160 °C. This allowed to reshape the strip to 

a spiral shape at 110 °C for 24 h (figure I.30 - B).  

 

Figure I.30 - (A) Monomers used in ACAT-vitrimer films. The right picture shows the ACAT-vitrimer 
containing 10 mol % ACAT; Photos illustrating the permanent shape reconfiguration (reshape) and 
the shape recovery performance for ACAT-vitrimer by heat (B) and by NIR irradiation (C) 
(Reproduced from reference164). 

While first mentioned by Grubb and coworkers in 1954165 and implemented in self-

healing materials by McCarthy’s group in 2012166, the Si-O-Si ionic exchange with a silanolate, a 

second order nucleophilic substitution occurring at high temperature in presence of a catalyst, 

remains weakly applied in DCB materials because of the moderate equilibrium rate (* > 250 

s at 180 °C). By optimizing the reaction conditions, notably using an alcohol in presence of 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst, Du Prez’s group recently boosted this 

exchange reaction allowing a fast dynamic siloxane exchange mechanism (* < 30 s at 180 °C) 

triggering interest for the use of this reaction in vitrimers (figure I.31)167. For that purpose, 

they crosslinked a readily available epoxy resin with a siloxane-amine hardener. The resulting 
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vitrimer exhibits remarkable stress-relaxation characteristics (relaxation times less than 10 s), 

The low viscosity siloxane-containing vitrimer resin has made it possible to produce glass fiber-

reinforced vitrimer composites using an industrially relevant vacuum-assisted resin infusion 

technique. They also demonstrated that these composites can be thermoformed into new 

shapes167. The recently highlighted performances of this reaction to crosslink materials with 

DCB open thus promise for further developments in shape memory materials and composites.  

 
Figure I.31 – Schematic reprocessing of siloxane-based epoxy-resin thanks to TBD catalyzed Si-O 

bond exchange present in the crosslinker (Reproduced from ref167). 

The last chemistry we will discuss here relates to the sulfur chemistry. Historically, sulfur 

chemistry has already drastically impacted rubber science by the invention of rubber 

vulcanization by Charles Goodyear in 1833. Long ago, Tobolsky et al. attributed the observed 

stress relaxation in polysulfide rubber to rapid disulfide interchange in presence of catalyst168. 

The complex mechanisms of this disulfide exchange dependent on the reaction conditions, 

offers the possibility to envisage both dissociative and associative DCB-SMPs. Indeed, disulfide 

bonds can reversibly dissociate in two free thiols by a redox reaction. Disulfides can also 

exchange following either anionic or radical pathways (figure I.32 – A)169. In the anionic 

pathway (figure I.32 – B), a thiolate anion attacks a disulfide bond resulting in an exchange via 

heterolytic cleavage of the S-S bond when specific catalyst or base conditions are applied170. 

On the opposite, the radical pathways (figure I.32 – C & D) implies an homolytic cleavage of 

the disulfide bond in response to light or a radical initiator followed by a radical transfer 171. 

Aromatic disulfide metathesis (figure I.32 - E) at room temperature has also been widely 

reported172. Tesoro et al. were among the first to use disulfide exchange to impart recyclability 
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to a thermoset epoxy resin173. Concurrent thiol-disulfide exchange can also occur and is 

generally much faster than disulfide exchanges, but this reaction is highly pH dependent and 

mostly only proceeds to its full extent in presence of a strong base174. In those cases, the 

presence of unwanted thiol generated from the interconversion of disulfide or incomplete 

conversion inevitably add more complexity to the system. This was first evidenced in redox-

reversible hydrogels proposed by Saegusa175. 

 

Figure I.32 – (A) Disulfide formation; (B) Anionic thiol-disulfide exchange; (C) light-induced homolytic 
disulfide cleavage followed by radical reduction of another disulfide bond; (D) radical-induced 
homolytic disulfide cleavage followed by radical reduction of another disulfide bond; (E) Disulfide 
metathesis. 

 

Thanks to easily activated exchange reactions at a moderate temperature and without 

catalysts170,172,176,177, disulfide exchange has been profusely applied in self-healing and vitrimer 

systems. Various stimuli such as heat, light and pH can be used as triggers178. As representative 

example related to shape memory materials, Rowan and coworkers developed semi-

crystalline polydisulfide networks by thiol–ene photopolymerization of 1,6-hexanedithiol and 

1,5-hexadiene, followed by oxidative coupling between thiol end groups with a tetrathiol 

crosslinker (figure I.33 – A)179. This network exhibits thermal shape memory properties by 

crossing the melting temperature of the crystalline zones and thanks to the disulfide bonds, 

the reconfiguration of the permanent shape can be induced by light (figure I.33 – B) so as the 

healing of a scratch.  
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Figure I.33 – (A) Synthesis of the semicrystalline polydisulfide network; (B) Pictures showing the 
reprogrammable shape memory properties (Reproduced from ref179). The sample is pressed as a flat 
film and then (a) heated to 80 °C while being held in a helical shape. (b) The film is then heated to 
80 °C and allowed to recover to the permanent shape. (c) The permanent shape of the film can be 
photoreprogrammed by holding it in the helical shape while exposing it to UV light. 

 

Other light-sensitive sulfur derivatives were also subject to great attention. Bowman, 

Scott and co-workers first developed an allyl sulfide bond-based elastomer (figure I.34)180 with 

light induced plasticity. When radicals are generated by a photoinitiator, the allyl sulfide 

functional groups present along the polymer backbone undergo rupture and recombination 

by an addition–fragmentation process endowing the network with light induced plasticity.  

This concept has since been applied by others to produce sulfur-related DCB-SMPs181–

183 as proposed by Dongzhong’s group who   produced a LCE-SMP from allyl sulfide-based 

dynamic covalent crosslinks in the LCE matrix182. 

 
 

Figure I.34 – Exchange reaction in the polymer backbone of an allyl sulfide based low Tg elastomer 
(Adapted from ref180). 
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An interesting and quite recent parallel to this sulfur chemistry is the selenide 

metathesis184. It has been shown that selenium has chemical properties similar to sulfur and, 

consequently, that the Se–Se bond shares a same behavior with the S-S bond when heating 

or exposed to visible light; at the exception of presenting a lower bond energy (172 kJ/mol as 

compared to 240 kJ/mol)185,186. As DCB-SMPs based on diselenide operates under milder 

stimuli and no catalyst is generally required187, they have drawn attention. Self-healing and 

shape-memory epoxy thermosets based on dynamic diselenide bonds are already described 

in literature and are expected to expand in short future188–190.     

 

Finally, boronic esters were recently used to build up vitrimers. Chenxi Bai and 

coworkers prepared a boronic ester bonds crosslinked vitrimer with shape memory, self-

healing and recyclability properties based on an epoxidized natural rubber that formed a 

boronic ester interface after crosslinking to silica191 (figure I.35). The boronic ester linkages 

undergoes catalyst-free exchange reactions via metathesis giving the desired recyclability 

properties. In addition, silica is implemented to reinforce and increase the material 

crosslinking, also provides some extra free hydroxy groups triggering the bond exchange. 

 

 
Figure I.35 - Construction of dynamic networks based on boronic esters (Reproduced from191). 
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Besides thermoplastics, hydrogels are another class of materials that might be imparted 

with shape memory properties. Since they are swollen in water, hydrogels can be sensitive to 

other triggers such as pH or the concentration of a reactant present in water. Including boronic 

ester crosslinks in an hydrogel is a valuable way to produce pH or sugar sensitive SM hydrogels 

based on dissociative mechanism. When the pH of the environment is lower than the pKa of 

boronic acid192, the dynamic boronic ester bond is cleaved in boronic acid and a diol               

(figure I.36). It is noteworthy to mention that this boronic ester cleavage can be also triggered 

by adding a free 1,2 diol (e.g. a sugar) to the medium. Due to this catalyst-free rapid dynamic 

exchange at ambient conditions and in aqueous media, crosslinked materials resulting from 

this reaction show self-healing abilities and can be covalently repaired after failure 193–195.  

 

Figure I.36 – Reversible formation of boronic ester from boronic acid and 1,2-diol 

(Adapted from ref 196). 
 

Interestingly, boronic ester bonds have also been used as molecular switches that impart 

hydrogels with shape-memory properties196. Sodium alginate partially modified with                    

3-aminophenylboronic acid was reacted with poly(vinyl alcohol) to form hydrogels197. Their 

permanent shape was insured by crosslinking with calcium cations. Because the boronic esters 

are unstable at low pH, the hydrogel can be temporarily deformed at pH 6.0 before fixing at 

pH 10.6. The shape recovery is then achieved either by reducing the pH or by soaking in a 

sugar solution (figure I.37). 
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Figure I.37 – a) Sketch of the principle of shape memory hydrogel based on boronic ester switches 
b) Shape recovery rate upon immersing the hydrogel in a 0.2M Gly (pH 6) solution (B) or in a 0.2M 
glucose solution (C) (Reproduced from ref197). 
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I.3    Shape memory polymer composites 

As highlighted in the previous section, covalent adaptable networks of thermoplastics 

are remarkable materials combining efficient temperature triggered shape memory 

properties similar to thermosets, with reconfiguration ability, recyclability, self-healing and 

multiple shape memory properties. Typically, these shape memory materials are activated by 

external heating of their environment. However, for some applications notably in the 

biomedical field, internal heating that would preserve the overheating of the surrounding 

living tissues so as remote activation of the shape recovery are highly desired. For that 

purpose, thermoelectric or thermomagnetic shape memory composites have been designed 

by incorporating active fillers (magnetic or electrically conductive fillers) in the SMP matrix. 

So, actuation by an electric field via joule effect or by an alternating magnetic field provoking 

internal local heating provides the desired benefits. 

Over the last decades, many different fillers have been investigated for that purpose198. 

Among them, nanofillers such as multiwall carbon nanotubes (MWCNTs) or iron oxide 

nanoparticles are emerging fillers. Due to their large surface area and resulting strong 

interactions with polymers, nanofillers are more effective than larger fillers. In this chapter, 

SMPs properties enhancement from different nanofillers will be highlighted, with a special 

focus on carbon and ferromagnetic nanofillers.  

I.3.1. Carbon-based shape memory nanocomposites 

Carbon fillers regroups primarily carbon black (CB)199–201, carbon nanotubes (CNTs)202–207 

and graphene oxide (GO)208–211 (figure I.38). Insertion of electrically conductive carbon fillers 

in polymers can result in the formation of a carbon interconnected conductive network inside 

the polymer matrix. For that, a required amount of carbon material is needed which is 

described by the percolation theory. This theory describes the change in a network behavior 

when nodes or links are added. At a critical conductive filler fraction, called percolation 

threshold, the addition of a small amount of the nanofiller particles in the matrix results in 

their merging into a large connected network. Once above the threshold, these linked-clusters 

reach a size similar to the system its incorporated to. In the case of carbon filler, the resulting 
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carbon network, who presents high electrical properties, imparts new interesting features to 

the polymer such as electrical conductivity. When polymer composites are concerned, this 

limit is commonly used to indicate the transition from insulting to conductive. Carbon fillers 

can then be used as energy converter to induce joule heating or absorb electromagnetic (IR 

light) radiations212. While primarily used to enhance mechanical properties, the resulting 

composite exhibits also enhanced thermal conductivity, which is especially advantageous for 

applications that do not allow direct heating to induce the shape memory effects. Carbon 

nanofillers are nowadays extensively used in shape memory polymer composites with voltage 

or remote actuation. 

 

Figure I.38 – Carbon filler and their relative size. 

 

The most traditional carbon filler is carbon black (CB) which is a relatively affordable 

amorphous form of carbon and thus the first option when conductive fillers are considered. 

CB particles diameters are between 10 and 100 nm but those can easily form aggregates 

(primary particles) on the order of microns due to Van der Waals attraction forces 213. Covalent 

bonds between these primary particles can be formed and prevent easy CB break-up. 
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Consequently, they can not be considered as independent from each other which is a major 

difference between CB and other nano-sized carbonaceous fillers. Due to these 

considerations, a high concentration is required to reach the percolation the percolation 

threshold which is about 3 vol% (volume fraction of CB), respectively often about 15wt%214.  

Even if it has been shown that SMCs with CB possess an improved electrical actuation 

combined with an increase in modulus value215 (attributed to molecular-level interactions, 

where the fillers resist the free movement of chain stretching, resulting in a more rigid 

system216), such a high loading of CB has been found to adversely affect their mechanical and 

shape memory properties, resulting in lower recovery ratios, increased brittleness and 

premature material failure at lower deformations216,217. For example, Le et al.218 reported the 

preparation of poly(ethylene-1-octene) composites with 17 wt.% CB. It was found that the 

conductivity of this material is limited by the CB aggregation caused by the spherical shape of 

the CB fillers and their uneven distribution, which hinders their contact with each other and 

thus the formation of a continuous conductive network. Consequently, bunches of 

microcircuits are formed as aggregations, enabling rapid recovery when a voltage is 

introduced. On the other hand, mechanical properties are altered by the non-uniform filler 

dispersion in these composites. In another work, Yu et al.219 observed a strain-induced 

softening effect, also known as the Mullins effect220 induced by micro-damages of the carbon 

network occurring during the loading cycles. Larger programmed deformations lead to slower 

shape recovery. Consequently, the damage-induced softening effect in SMPCs increased 

shape recovery time. Furthermore, significant reduction in shape fixity for CB-SMPCs 

attributed to a decrease in the number of crystalline regions induced by CB loading is also 

generally observed215,221. 

 

Graphene, an exceptional carbon-based filler, has also been employed in SMPCs for its 

remarkable thermal and electrical conductivities. In order to ensure a consistent dispersion 

within the SMP, graphene oxide (GO) is frequently used (figure I.38). GO nanosheets contain 

hydroxyl, carbonyl, carboxyl and epoxide groups on their basal planes and sheet edges. 

Therefore, GO nanosheets can experience electrostatic, hydrogen or covalent bonding with 

polymers which contribute to a better filler dispersion. Multiple studies have related the 
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addition of graphene oxide into SMPs with success211,222–225. Martin-Gallego et al. prepared an 

epoxy material with 1.5 wt% graphene contents enhancing the Tg of the nanocomposites by 

40 °C relative to the neat epoxy226. More recently, D’Elia et al.209 have reported a shape 

memory epoxy/graphene nano composite containing less than 1 wt% of GO. By subjecting the 

sample to the Joule heating effect, it exhibited fine shape recovery when the electric voltage 

was less than 10V. Applying a 9V voltage for 1 minute raised the temperature to 58°C, inducing 

the shape recovery.  

Despite the extensive studies on the use of GO in enhancing properties of SMPs, 

achieving a uniform dispersion of this multilayer-structured carbon filler has proven to be a 

challenging task. The strong interactions between graphene sheets resulting from the − 

stacking during its synthesis is typically manifested by the formation of agglomerate as it is 

the case for CB227. Consequently, successful dispersion and exfoliation require specific 

techniques, such as sonication or chemical modification, to disaggregate the layers and 

promote interaction with the matrix during the SMC preparation228. Although, agglomeration 

of graphene at high concentrations is hard to avoid and the Mullins effect leads to worsening 

of the shape memory characteristics of SMPCs. Furthermore, despite the improved electrical 

properties and mechanical advantages offers by GO, its price being much superior to other 

carbon fillers (e.g. MWCNTs) limits graphene competitiveness. 

For further information on CB or graphene-filled shape memory polymers, the reader 

can consult recently written reviews on these topics and the references within229–231. 

To avoid significant degradation of the shape memory properties of SMPCs while 

achieving electrical conductivity, alternative conductive fillers should be explored. Carbon 

nanotubes are a promising option, possessing beneficial characteristics that allow for the 

formation of SMPCs with low electrical resistivity even at low filler concentrations. CNTs have 

tube-like geometries with a large aspect ratio, and are much easier to interact with each other          

(figure I.38). As a result, the percolation threshold for nanocomposites using CNTs is obtained 

at lower concentrations than for other conductive fillers. This is advantageous, as a higher 

concentration of fillers may lead to more brittle structures, higher cost or processing 

difficulties due to a significant increase in viscosity. Two categories of carbon nanotubes, 
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respectively single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes 

(MWCNT) exist. SWCNTs are composed of a single graphene sheet that is rolled up, whereas 

MWCNTs consist of multiple concentric graphene sheets. The latter being more conductive, 

they are preferentially used in SMPs202,232. 

Several methods have been developed to create composites of poly(ε-caprolactone) 

(PCL) and multi-walled carbon nanotubes (MWCNTs), including in-situ polymerization, 

solution mixing with ultra-sonication, and melt mixing. McNally et al. conducted a 

comprehensive study on the electrical conduction and rheological behavior of PCL-MWCNT 

composites233. They achieved a highly dispersed and interconnected network of MWCNTs 

within the PCL matrix  by melt mixing, minimizing the presence of MWCNT agglomerates larger 

than 1 mm and creating an extensive interconnected network of MWCNTs. It is believed that 

the MWCNTs are mainly dispersed in the amorphous phase of PCL so that the extent of this 

phase plays a crucial role in achieving percolation.  Staufer and Aharony described that the 

macroscopically measured conductivity (σ) related to the carbon black concentration (φ) can 

be expressed by the formula σ ∝ (Φ – Φc)t, where t is a critical index value predicted by 

classical lattice percolation theory and Φc is the percolation threshold or critical weight 

fraction of the conductive filler. This formula was here applied by authors to MWCNTs233. The 

DC electrical conductivity of the composites remained negligible below the critical 

concentration Φc but increased significantly at higher Φ, indicating the presence of a 

percolated MWCNT structure. By fitting the experimental data obtained for MWCNTs/PCL to 

this equation and plotting it logarithmically, McNally determined  Φc = 0.299 wt% (0.18 vol%) 

and t = 2.73, with a high  relevance (R2 = 0.9934). The value of t describes the dimensionality 

of the system, when the conductive particles are dispersed uniformly as well as having direct 

electric (geometric) contacts in a conductive percolation grid, and in the case of a 3D 

percolating grid, the theoretical value would be t = 2. The experimental data, depicted in figure 

I.39 (with a value of t = 2.73), indicates the formation of "rope-type" agglomerated structures 

of MWCNTs during sample fabrication, as observed in atomic force microscopy (AFM) images 

of the composites. A three-dimensional grid structure of multi-walled carbon nanotubes 

where all the nanotubes are interconnected and in contact with each other is thus achieved. 
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234234235236 

Figure I.39 – (A) DC electrical conductivity (σ) versus MWCNTs concentration(Φ) at a constant room 
temperature on PCL melt-mixed with MWCNTs (Reproduced from ref233). 

 

Low amounts of MWCNTs addition to polymer are necessary to reach the percolation 

threshold and thus conductivity237. By incorporating 5 wt.% of MWCNTs in a shape-memory 

polyurethane matrix, Cho et al. produced a composite with a conductivity of ~10−3 S cm−1 and 

achieved electrically driven shape recovery. The high aspect ratio of MWCNTs, which 

facilitates the formation of the electrically conductive network within the composite, results 

in a percolation threshold generally between 1 and 5 wt% of MWCNTs in function of the 

quality of dispersion238. Both electrical and mechanical properties of SMPCs are significantly 

influenced by the method used for dispersing CNTs, which must ensure bundles 

disaggregation and a uniform distribution within the composite. Different methods have been 

explored to improve interfacial cohesiveness and reduce electrical resistivity in SMPCs239, 

including mini twin-screw melt mixing240, crosslinking the polymeric network onto 

MWCNTs241, in-situ polymerization242 and surface modifications243. However, caution is 

needed with surface modification, as it can negatively affect the shape recovery ratio over 

time and generates defects on the nanotubes' surface.  

Besides providing conductivity, CNTs also improve the mechanical properties of polymer 

composites. In their research, Liu and al.234 showed that the addition of a small amount of 

CNTs (0.75 wt.%) significantly increases modulus, strength, and strain at break, as well as 
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recovery rate and cycle stability of SMPCs234. By the only addition of 2 wt.% of MWCNTs with 

polyamide, Zhang and al.235 has managed to increase the modulus threefold of their nylon-6 

matrix from 0.4 GPa to 1.24 GPa. This addition resulted also in a significant increase in yield 

strength from 18 to 47 MPa, as well as increases in ultimate tensile strength. Despite these 

changes, there was only a slight reduction in ductility from 150% to 110%, and no decrease in 

toughness was observed. These positive outcomes were attributed to the excellent dispersion 

and adhesion of the nanotubes, which were confirmed through microscopy measurements. 

More lately, González-Jiménez et al. produced a MWCNTs SMPC with high shape fixity, that 

they attributed to the alignment of the MWCNTs in the direction of the deformation. Overall, 

better shape memory characteristics are obtained with MWCNTs compared to other fillers 

such as CB236.  

To create a conductive network using carbon nanotubes, an alternative approach is to 

embed them in films or yarns within a polymer matrix. These structures are typically known 

as MWCNTs nanopapers or buckypapers. In recent times, the potential of buckypaper-based 

nanocomposites has been widely recognized due to their versatility and suitability for various 

applications, including gas sensing, supercapacitance, fire retardant coatings, EMI shielding 

and self-heating composites244,245. In their study, Lu et al. synthesized a three-dimensional 

self-assembled MWCNTs nanopaper on a hydrophilic polycarbonate membrane using a 

controlled pressure vacuum deposition process246. The resulting network was continuous, 

compact, and highly conductive. The combination of the nanopaper with styrene-based SMP 

facilitated the actuation of the nanocomposite by electrically resistive heating.  Datta et al. 

produced by soaking buckypapers in shape memory epoxy polymer of an SMPC reaching of 

30wt% of MWCNTs and exhibiting shape recovery in very short times (22s at 12V)247. 

 Using Joule resistive heating to trigger shape memory polymer filled with multi-walled 

carbon nanotubes has been found faster, more efficient and cost-effective than traditional 

external heating. The phenomenon known as the Joule effect, discovered by James Joule in 

1841, refers to the generation of heat when an electric current flows through a conductive 

material. This heating effect occurs as a result of collisions between electrons and the atomic 

lattice of the conductive material, leading to the conversion of kinetic energy into dissipated 
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heat. It is also referred to as resistive heating, as described by Paul Drude's model in 1900. In 

the case of conductive composite materials, such as those containing multi-walled carbon 

nanotubes, Joule heating occurs through the conductive filler network. As mentioned 

previously, a three-dimensional structure of interconnected and contacting MWCNTs can be 

achieved. In addition, this method allows for localized heating, making it possible to 

sequentially activate shape recovery in specific areas of a SMPC by local voltage application 

which represents a very practical approach. In their work, Li et al. conducted a study that used 

large-area buckypaper made of aligned carbon nanotube arrays as a strong and highly 

anisotropic material for creating a flexible electrode248. The electrode was used to produce 

CNT-loaded double-layer electrothermal actuators (ETAs), consisting of buckypaper and 

polydimethylsiloxane layers. The study demonstrated that it was possible to control the 

direction and degree of bending in the ETAs. When the horizontally cut actuator was 

deformed, it showed a great degree of bending with the CNTs aligned perpendicular to the U-

shaped buckypaper band (figure I.40 – A). This concept opened up the possibility of creating 

bionic actuators that mimic the behavior of human hands, allowing for separate and 

controlled movements of each finger with separated circuit, as depicted in figure I.40 – B.  

 

Figure I.40 – (A) Electrothermal actuator preparation; (B) Hand-shaped actuator with separate 
movements of the five fingers controlled by five independent circuits (Reproduced from ref248). 

 

A fascinating approach for improving the electrical and thermal conductivities of 

materials is to blend two or more electrically sensitive nanofillers. For this purpose, the 

synergistic effect of both nanofillers upon either Joule heating or the shape recovery can be 

observed. Decorating or combining MWCNTs with metals like Cu, Fe, Ag, and Pt is a promising 
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method for rapidly reinforcing and electrically actuating SMCs. These structures have proven 

highly effective, as only a small amount of the nanofillers is required to achieve the desired 

outcome. Several studies have been conducted in this field, including the incorporation of Cu-

CNT in polylactic acid (PLA)/epoxidized soybean oil249 and Fe-MWCNTs and Ag-MWCNTs in 

PUs250. Coating the electrically sensitive nanofillers with conductive polymer (polypyrrole-

coated MWCNTs) is another effective way of improving the dispersion of the nanofillers and 

the mechanical and electrical properties of the materials251.  

Up to now, the information given on the different carbonaceous nanofillers in SMCs has 

been focused on thermally-activated and, in most cases, electrically-triggered 

nanocomposites. However, it is worth noting that these nanocomposites also offer the 

potential for alternative triggering mechanisms. Yu et al. showed in 2014 that microwaves 

could also be an effective means of actuating styrene containing shape memory resin loaded 

with MWCNTs, which were directly mixed into the resin252. When exposed to microwave 

radiation, the embedded CNTs absorbed electromagnetic energy and converted it into heat, 

leading to thermally induced shape recovery in the SMPCs. This wireless remote shape control 

effect became stronger with higher CNT concentrations or increasing irradiation frequencies.  

Remote control over SMPCs represents one of the leading and emerging research field 

especially for DCBs-SMPCs. The dispersion of MWCNTs in shape memory vitrimers also brings 

them all these new functions including, besides electrical conductivity, photo-thermal 

responsiveness and dual-triggered shape memory. Photothermal activation of composite 

vitrimers allows efficient and fast welding by IR-light application (figure I.41 - A). This effect 

can also advantageously be used to reshape locally the permanent shape of SM vitrimers by 

irradiation through a photomask (figure I.41 - B).  
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Figure I.41 - Photothermal properties of MWCNT vitrimer composites: (A) Photowelding with IR-light 
of MWCNT 1wt% /epoxy vitrimer composite (a) joining non-CNT vitrimer with CNT – vitrimer, (b) 
Joining two pieces of non-CNT vitrimer using CNT–vitrimer as an “adhesive”, (c) Joining normal epoxy 
with CNT–vitrimer (Reproduced from ref253); (B) NIR-induced local reconfiguration and partial shape 
recovery of MWCNT 0.1wt%/ polyurethane vitrimer: (1) Original shape, (2) Reshaped permanent “V” 
due to NIR-induced transcarbamoylation, (3) The portion on the right was fixed to a temporary shape 
at lower temperature,  (4) Heating to above Tm only recovers the portion on the right (Reproduced 
from ref254). 

 Self-healing of carbon-based vitrimer composites can be advantageously induced not 

only by external heating but also by light, voltage or microwaves, as exemplified figure I.42, 

with restoration of the mechanical performances. 
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Figure I.42 - Multiple self-healing ability of a carbonized silk fabric (CSF) / epoxy vitrimer composite: 
(A) Electricity (i), light (ii), wave (iii), solvent (iv), and heat (v) triggered self-healing of vitrimer 
electromagnetic composite with a narrow cut and aneedle-pierced hole on the vitrimer layer. Scale 
bars: 100 mm; (B) Stress-strain curves of self-healed CSF-vitrimer composite triggered by electricity 
and blank CSF-vitrimer composite; (C) Stress-strain curves of self-healed CSF-vitrimer composite 
triggered by IR light and blank CSF-vitrimer composite (Reproduced from ref255). 

 

Finally, besides shape reconfiguration, the shape recovery of MWCNT shape memory 

vitrimer composites can be triggered by the light, allowing a progressive and remote control 

of the actuation (figure I.43). 



Covalent adaptable Networks: Bringing a new dimension to shape 
memory polymer and composites 
 

| 63  
 

 

Figure I.43 - Light-triggered shape recovery of MWCNT polyurethane vitrimer: (a) Temperature 
elevation of different samples as a function of irradiation time, (b) and (c) Images of shape recovery 
triggered by NIR step by step (Reproduced from ref254 ). 
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I.3.2. Ferromagnetic shape memory nano-composites 

Activation of SMPCs by the application of alternating magnetic fields require preparation 

of thermomagnetic SMPCs for which ferromagnetic fillers are needed. There are three 

magnetic heating mechanisms that can arise in magnetosensitive materials: Eddy currents, 

hysteresis and Néel-Brown relaxation256. The size of magnetic fillers greatly impacts the 

heating efficiency. Microscale fillers can heat through Eddy current and hysteresis losses, but 

at the nanoscale, these mechanisms become less effective. For instance, Fe3O4 (a popular 

magnetic filler) turns superparamagnetic for particle diameters smaller than 20 nm and no 

longer exhibit hysteresis. Néel-Brown relaxations are the main magnetic heating mechanisms 

for nanoparticles, with Néel relaxation dominating for smaller nanoparticles and Brownian 

motion dominating for larger particles. The Néel relaxation is characterized by the movement 

of the magnetic moment of the nanoparticles which align with the direction of the magnetic 

field, while the nanoparticles remain stationary. On the other hand, the Brown relaxation is 

associated with the actual rotation of the magnetic nanoparticles. These relaxation 

mechanisms operate simultaneously when the nanoparticles are exposed to an alternating 

magnetic field. However, when the particles are in viscous media and have a diameter of less 

than 10 nm, the Néel relaxation tends to dominate, while in low-viscosity media, the Brownian 

motion tends to dominate for larger particles. Néel-Brown relaxations lead to heat dissipation 

into the matrix imbedding them, which in this case will be used for triggering the SMC 

recovery. 

Fe3O4 is a common magnetic filler with high magnetic capability, small cytotoxicity, and 

high biocompatibility257,258. However, unmodified magnetic particles have a strong 

agglomeration propensity due to van der Waals and magnetic forces, leading to unsatisfactory 

composite properties259. Techniques such as surface modification, chemical modification, and 

mechanical ultrasonication have shown promise in improving their dispersion and the 

composite properties. Shu-Ying Gu and co-authors have for example created a nanocomposite 

material that exhibits fast response time by using polylactide-based polyurethane (PLAU) 

reinforced with magnetite (Fe3O4/PLAU)260. The researchers coated Fe3O4 with oleic acid to 

improve its dispersion within the polymer matrix. Even with 6% and 9% weight loadings, they 
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observed only small agglomerations. With a 9% weight loading, the material achieved shape 

recovery in 11 seconds when placed in a hot bath (figure I.44 – A) and 60 seconds when 

exposed to an alternating magnetic field (figure I.44 – B). Other magnetic fillers have been 

reported in the literature such as particles of Ni, Ni-Mn-Ga, Ni-ZnFe3O4, NdFeB, NiZn, etc259 

and work in the same way.  

 

Figure I.44 –Process of shape memory recovery of Fe3O4/PLAU (A) in 45°C hotwater; (B) in a magnetic 
field (f=45 kHz,H=29.7 kA m-1). (Reproduced from ref260). 

 

Further researches on how the percentage of magnetic particles (Fe3O4) incorporated 

into a polymer matrix affected induction heating when exposed to an AC magnetic field 

revealed that this percentage is directly responsible for the induction heating rate while the 

polymer does not play a significant role261. Increasing the nanoparticle concentration and 

magnetic field strength resulted in higher temperatures. Nevertheless, the environment in 

which the material was heated also played a role. Lendlein and co-workers described these 

effects by immerging an Fe3O4-based SMCs in different media (water, air and saline solution) 

with distilled water resulting in a lower temperature compared to air, and a slower heating 

process when submerged in a saline solution as compared to water262. Nanoparticles induce 

also a Tg decrease due to a plasticization effect263 which has been observed in many other 

cases257,260,264. Finally, when a large percentage of magnetic particles is added to a polymer 

matrix, the material experienced irreversible deformation, leading to failure261. 
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Similarly to MWCNTs composites, composites made of magnetic nanofillers dispersed 

in DCB matrices exhibit multiple functions including magnetothermal welding, reprogramming 

or reshaping abilities, so as remote control of the shape recovery. Figure I.45 illustrates a 

pioneer work by Zhao et al. on the design of a magnetic dynamic polymer composite that 

enables both structural and material programming and reprogramming with complex 

geometries and magnetization distribution for multifunctional and reconfigurable shape 

morphing. For that purpose, they crosslinked linear poly(ethylene glycol) bearing furan rings 

precursor with bismaleimide in presence of 15 vol% NdFeB microparticles. The magnetic-

assisted welding allows the modular assembly that can be further combined with 

magnetization reprogramming and permanent reshaping capabilities. This allows to reach 

complex morphing like 3D kirigami with complex magnetization distribution which can be 

remotely actuated in a magnetic field. 

The production of recyclable shape-memory polymer composites is a high priority for 

improving human health, as they can be implemented in numerous applications thanks to 

their unique shape memory features and properties modulation through filler incorporation, 

but offer the major advantage of recycling. 3D printing of smart materials is an attractive area 

of future development, with 4D printing offering the ability to create structures that can 

change their shape over time or external stimuli. Magnetic-responsive SMPs show promise for 

many applications, but there are still challenges to overcome, such as increasing strength and 

stiffness for structural applications, improving response times, and achieving more uniform 

temperature distribution through better dispersion of magnetic nanoparticles. 

In view of the highly modulable material properties of SMPCs combined with the 

excellent shape memory properties with possible multi-stimuli actuation, SMPCs are 

becoming increasingly present in many areas of research and industry. Significant progress 

has been made in the development and prototyping of SMPCs for commercially relevant 

applications. However, there are still several obstacles that must be addressed, such as high-

end design principles, synthesis, processing and recycling. 
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Despite these challenges, the polymer chemistry and physics communities are optimistic 

about advancing the concept of polymer composites and leveraging them to create 

sustainable, high-performance materials. 

 

Figure I.45 - Magnetothermal properties of a dynamic polymers that can modularly assemble and 

reconfigure: Scheme of a) the magnetic dynamic polymer composition, b) reversible elastic-plastic 

transition of the magnetic dynamic polymer by Diels-Alder reaction, c) modular welding, d) magnetic 

reprogramming, e) permanent structural reconfiguration by plasticity, f) Design and reprogrammed 

magnetization of the magnetic dynamic polymer array, g) Scheme of the magnetic-driven remote 

navigation and assembling of the magnetic dynamic polymer modules, h) A cross structure with a 

reprogrammed magnetization applied for moving a sphere via an encapsulating and rolling motion 

under a clockwise rotating magnetic field (Reproduced from ref265)
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As described in Chapter I, there has recently been a growing interest in a new class of 

materials called multi-functional or smart composites. Those composite materials embed the 

components responsible for the actuation, structural stiffness, thermal behaviour and possibly 

other properties, while presenting shape-memory properties. Remarkably, smart materials 

are paving the way to successful applications in many fields, from materials science to 

biomedical applications.  

 

This work aims at synthesizing well-defined poly-(ε-caprolactone) (PCL) covalent 

adaptable networks taking advantage of the Diels-Alder reaction for the smart design of 

composites with performant shape-memory properties. The proposed strategy relies on the 

quantitative functionalization of star-shaped PCL chain-ends by diene (furan or anthracene) 

and maleimide moieties to generate well-defined networks upon blending. Different fillers, 

i.e. multi-walled carbon nanotubes (MWCNTs) or Fe3O4 nanoparticles (NP), are added during 

preparation to get the composites. For the sake of comparison, two types of networks are 

targeted by the Diels-Alder cycloaddition between maleimide and either furan or anthracene 

as schematized hereafter (figure I.46). 

  

Figure I.46 -  Strategy of star-shaped PCL composite networks with MWCNTs. 

These shape memory composites (SMCs) were based on semi-crystalline poly(ε-

caprolactone) (PCL) as its biocompatibility and remarkable mechanical properties make it 

particularly appealing for a wide application range in the biomedical field. Furthermore, when 
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PCL is chemically crosslinked, the resulting covalent networks exhibit excellent shape memory 

properties particularly enhanced by a melting temperature easily achieved above the body 

temperature (Tm~ 45 °C) and a low glass transition temperature (Tg~ - 60 °C). By introducing 

in the semi-crystalline polymer network, various amounts of reversible/irreversible bonds 

with different dynamics, i.e. maleimide-furan or maleimide-anthracene Diels-Alder adducts, 

we afford modulation of the bond strength between PCL stars, the creep of the material under 

stress and the self-healing/recycling properties of the SMC.  

In Chapter II, the benefits and outcomes of the chemistry used for crosslinking is 

detailed in our comparative study of the two DA systems. Various SMCs have been considered 

with the aim to compare the advantages and limitations of each filler related to its crosslinking 

strategy. The fillers having multiple functions; i.e. mechanical reinforcements, 

thermal/electrical conductivity and magnetic triggering sources for the shape recovery. A clear 

identification of the interplay between the filler and all those properties is presented, and 

completed with its correlation with the respective heat mechanisms responsible for the shape 

recovery actuation (the induced Joule effect or direct magnetic losses). 

In the Chapter III, we extend the use of these PCL covalent adaptable networks (PCL-

CAN) to produce recyclable foams. A solvent-free scCO2 batch foaming process is developed 

which takes advantage of the thermal control of the furane-maleimide Diels-Alder addition, 

to regulate the degree of branching and crosslinking of the starting PCL reactive mixture 

allowing to create low-density foams (0.02g/cm3). These foams possess excellent shape 

memory properties, including high fixity and recovery ratios, while maintaining good 

mechanical properties due to their closed-cell morphology. Moreover, these PCL shape 

memory foams are fully reprocessable. Finally, an example of potential use in a biomedical 

application illustrated as self-deploying implant for vessel occlusion. 

Finally, Chapter IV is dedicated to a comparative discussion of the PCL-CAN composites 

prepared during this work in terms of thermal, mechanical, electrical and shape-memory 

properties together with perspectives of applications and future developments.  
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Abstract 

 

Electrically triggered shape memory polymers efficiency and benefits have been 

described in numerous studies presenting them as novel structural materials for high-end 

applications. In this field, poly(ε-caprolactone) covalent adaptable networks (PCL-CAN) are 

particularly appealing since they benefit from excellent shape memory (SM) properties and 

network reconfiguration making easy the design of complex shape SM devices. Preparation of 

conducting PCL-CAN networks by melt blending multi-walled carbon nanotubes (MWCNTs) 

with four-arm star-shaped PCL end-capped with maleimide and furan groups is here 

investigated. The conventional tensile tester and dynamic mechanical analysis demonstrated 

the reinforcement of the composite mechanical properties paired with excellent shape 

memory properties (recovery and fixity ratios about 99%). The simultaneous measurement of 

the sample resistivity was also integrated to these experiments allowing to follow its evolution 

during the SM cycles. Rheological measurements highlighted the impact of MWCNTs on the 

recyclability and self-healing properties of the composite. Electrical triggering of the shape 

recovery through Joule resistive heating is also deeply studied. The combination of all these 

properties in the developed material offers unique opportunities to design self-folding multi-

materials which is illustrated through the design of smart multi-layered composites. This high-

performance composite is especially attractive for reconfiguration of the permanent shape of 

complex geometry self-deploying devices and their thermal and electrically triggering. Finally, 

the use of Fe3O4 nanoparticles is also considered as an alternative filler. Remote heating 

through the application of a time varying magnetic field was successfully achieved and 

potential benefits and prospects of this approach are explored. 

Part of this chapter has been submitted for publication in Polymer and is under revision: 

Title: MWCNTs filled PCL covalent adaptable networks: towards reprocessable, self-healing and fast electrically-

triggered shape-memory composites. 

Corresponding author and co-authors: Maxime Houbben; Clara Pereira Sanchez; Philippe Vanderbemden; 

Ludovic Noels; Christine Jérôme. 
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List of abbreviations: 
 

PCL    Poly(ε-caprolactone) 

PCL82-4MAL  Poly(ε-caprolactone)82-4Maleimide 

PCL82-4FUR  Poly(ε-caprolactone)82-4Furane 

PCL82-4ANTH  Poly(ε-caprolactone)82-4Anthracene 

PCL-CAN  Poly(ε-caprolactone) Covalent Adaptable Network   

PCL-CANC  Poly(ε-caprolactone) Covalent Adaptable Network Composite 

PCL-CN   Poly(ε-caprolactone) Covalent Network 

PCL-CNC  Poly(ε-caprolactone) Covalent Network Composite 

MWCNTs  Multi-walled Carbon Nanotubes 

𝜅     Thermal conductivity 

I    Current 

V     Voltage  

ρe            Resistivity  

TGA   Thermo gravimetric analysis 

DSC   Differential scanning calorimetry  

MWCNTs-SMCs  Multi-walled carbon nanotubes shape memory composites 

SMP   Shape memory polymers 

SMC   Shape memory composite 

Tg   Glass transition temperature 

Tm   Melting temperature 

TEM   Transmission electron microscopy 

𝜌𝑒   Electrical resistivity  
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II. 1. Experimental Section 

II. 1. 1. Materials 

 Toluene (Chem-lab), tetrahydrofuran (THF, Chem-lab), methanol (Chem-lab), 

dichloromethane (CH2Cl2, Chem-lab), diethyl ether (Chem-Lab), chloroform (CHCl3, Chem-lab), 

N,N-dimethylformamide (DMF, Aldrich), ε-Caprolactone (Alfa Aesar), pentaerythritol 

(Aldrich), succinic anhydride (Aldrich), triethylamine (NEt3, Aldrich), furfuryl alcohol (Aldrich), 

dicyclohexylcarbodiimide (DCC, Aldrich), 4-N,N-dimethylaminopyridine (DMAP, Aldrich), 

anthracenemethanol (Aldrich), multi-walled carbon nanotubes (MWCNTsNC, Nanocyl), ferric 

chloride (Aldrich), ferrous chloride (Aldrich), ammonia (AnalaR NORMAPUR), oleic acid (OA, 

VWR) were used as received. The synthesis of 4-(2-hydroxy-ethyl)-10-oxa-4-aza-

tricyclo[5.2.1.0]dec-8-ene-3,5-dione was reported elsewhere266. CAPA™ 4801 (4-arm star-

shaped PCL (PCL76-4OH), Mn = 8,800 g/mol, Đ = 1.2) were kindly offered by Perstorp®. Toluene 

was dried on molecular sieves and kept under inert atmosphere. 

 

II. 1. 2. Synthesis of 4 arm star-shaped PCL (PCL82-4OH) 

16,61g (0,488 mmol of hydroxyl function) of pentaerythritol was transferred into a 

previously dried 5L glass reactor (Büchi). After three azeotropic distillations with anhydrous 

toluene, 1L of pre-dried and distilled ε-Caprolactone was added to the reactor through a 

rubber septum with a stainless-steel capillary. Solubilization was achieved by increasing the 

temperature at 140°C while stirring. Temperature was then reduced to 110° and 1L of dry 

toluene was added to the reactor. After complete homogenization, 54,74 mL of a previously 

prepared tin octoate (SnOct2) solution in toluene (1,5526 M, 85 mmol) were added. The 

solution was then stirred at 110°C for 4 hours. Prior precipitation in heptane, dry and cold 

toluene (-20°C) was added to the media to stop the reaction. PCL82-4OH was recovered, 

filtered and dried under vacuum.  

 

1H NMR (400 MHz, CDCl3): δ = 1.37-1.64 (492H, m, CH2-CH2-CH2), 2.30 (164H, t, CH2-C(O)), 

4.05 (164H, t, CH2-O-C(O)).  

Mn (1H NMR) = 9,484 g/mol, Ð (SEC) = 1.22 



 
 

Chapter II 

 
 

78 | 
 

II. 1. 3. Synthesis of 4 arm star-shaped carboxylic acid end-capped PCL (PCL82-4COOH) 

80 g (40 mmol of hydroxyl function) of PCL82-4OH was transferred into a previously dried 

500mL glass reactor. After three azeotropic distillations with anhydrous toluene, 320 ml of 

anhydrous DMF was added to the reactor through a rubber septum with a stainless-steel 

capillary. After complete dissolution, 4.4 g (44 mmol) of succinic anhydride and 6.2 ml (44 

mmol) of NEt3 were sequentially added to the DMF solution. The solution was then stirred at 

45°C overnight. PCL82-4COOH was recovered by precipitation in diethyl ether, filtered and 

dried under vacuum.  

 

1H NMR (400 MHz, CDCl3): δ = 1.37-1.64 (492H, m, CH2-CH2-CH2), 2.30 (164H, t, CH2-C(O)), 

2.61 (16H, s, C(O)-CH2-CH2-C(O)), 4.05 (164H, t, CH2-O-C(O)).  

Mn (1H NMR) = 9,884 g/mol, Ð (SEC) = 1.22 

 

II. 1. 4. Synthesis of 4 arm star-shaped furan end-capped PCL (PCL82-4FUR) 

40 g (20 mmol of carboxylic acid functions) of PCL82-4COOH was transferred into a 

previously dried 500mL glass reactor. 150 ml of anhydrous CH2Cl2 was transferred to the 

reactor through a rubber septum using a stainless-steel capillary. After dissolution of the PCL, 

2.4 ml (22 mmol) of furfuryl alcohol, 4.5 g (22 mmol) of DCC and 0.27 g (2.2 mmol) of DMAP 

were transferred inside the reactor. After one night of reaction at room temperature and 

filtration of the formed dicyclohexylurea (DCU), PCL82-4FUR was recovered by precipitation in 

diethyl ether, filtered and dried under vacuum. Functionalization was assessed by 1H NMR 

characterization.  

 

1H NMR (400 MHz, CDCl3): δ = 1.37-1.64 (492H, m, CH2-CH2-CH2), 2.30 (164H, t, CH2C(O)), 

2.61 (14.5H, s, C(O)-CH2-CH2C(O) + 1.5H, s, C(O)-CH2-CH2-C(O)OH), 4.05 (164H, t, CH2-O-

C(O)), 5.07 (7H, s, O-CH2-furan), 6.35 (3.6H, t, H furan), 6.38 (3.6H, d, H furan), 7.40 (3.6H, d, 

H furan).  

Mn (1H NMR) = 10,191 g/mol, Ð (SEC) = 1.14 

  



 
 

Design of high-performance recyclable shape memory PCL composites 

 
 

| 79  
 

II. 1. 5. Synthesis of 4 arm star-shaped maleimide end-capped PCL (PCL82-4MAL) 

40 g (20 mmol of carboxylic acid functions) of PCL82-4COOH was transferred into a 

previously dried 250 mL glass reactor. 150 ml of anhydrous CH2Cl2 was transferred to the 

reactor through a rubber septum using a stainless-steel capillary. After the dissolution of the 

PCL, 2.2 g (22 mmol) of 4-(2-hydroxyethyl)-10-oxa-4-aza-tricyclo[5.2.1.0]dec-8-ene-3,5-dione, 

2.2 g (21 mmol) of DCC and 0.26 g (2.1 mmol) of DMAP were transferred inside the reactor. 

After one night of reaction at room temperature and filtration of the formed DCU, the 

protected PCL82-4MAL was recovered by precipitation in diethyl ether, filtered and dried 

under vacuum. The polymer was then transferred into a glass reactor before to be heated at 

105°C under vacuum for 10 hours to eliminate furan and regenerate the maleimide functions. 

PCL82-4MAL was kept at room temperature. Functionalization was assessed by 1H NMR 

characterization.  

 

1H NMR (400 MHz, CDCl3): δ = 1.37-1.64 (492H, m, CH2-CH2-CH2), 2.30 (164H, t, CH2C(O)), 

2.61 (16H, s, C(O)-CH2-CH2C(O)), 3.79 (8H, t, N-CH2), 4.05 (164H, t, CH2OC(O)) 4.25 (8H, t, N-

CH2-CH2-O), 6.73 (8H, s, CH=CH). 

Mn (1H NMR) = 10,336 g/mol, Ð (SEC) = 1.25 

 

II. 1. 6. Synthesis of 4-arm star-shaped anthracene end-capped PCL (PCL82-4ANTHR) 

40 g (19 mmol of carboxylic acid functions) of PCL82-4COOH was transferred into a dried 

250 mL glass reactor. 150 ml of anhydrous CH2Cl2 was transferred to the reactor through a 

rubber septum using a stainless-steel capillary. After the dissolution of the PCL, 4.6 g (21 

mmol) of anthracene methanol, 4.3 g (21 mmol) of DCC and 0.26 g (2.1 mmol) of DMAP were 

transferred inside the reactor. After one night of reaction at room temperature and filtration 

of the formed DCU, PCL82-4ANTHR was recovered by precipitation in diethyl ether, filtered and 

dried under vacuum. 

 

1H NMR (400 MHz, CDCl3): δ = 1.37-1.64 (492H, m, CH2-CH2-CH2), 2.30 (164H, t, CH2C(O)), 

2.62 (12H, s, C(O)-CH2-CH2C(O)), 2.68 (4H, s, C(O)-CH2-CH2-C(O)OH), 4.05 (164H, t, 
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CH2OC(O)) 6.17 (6H, s, anthracene-CH2-O), 7.50 (12H, m, H aromatic), 8.05 (6H, d, H aromatic), 

8.30 (6H, d, H aromatic), 8.51 (6H, s, H aromatic).  

Mn (1H NMR) = 10,504 g/mol, Ð (SEC) = 1.28 

 

II. 1. 7. Preparation of MWCNTs PCL composite networks 

 

PCL-Covalent Adaptable Network with MWCNTsNC  (PCL82-4FUR/PCL82-4MAL/MWCNTsNC) 

Stoichiometric amounts in reactive groups (furan and maleimide moieties) of PCL82- 

4FUR and PCL82-4MAL, were mixed together and finely grounded in order to have 4.5 g of 

mixture. This mixture was then transferred to a vial and 3wt% of MWCNTsNC were added. This 

mix was then melt-blended at 105°C in a 6 cm3 co-rotating twin screw mini-extruder (Xplore, 

DSM) for 60 min at 150 rpm. After extrusion, the polymer blends were rapidly injected into a 

mold in order to confer a flat sheet shape to the sample, hot pressed at 105°C and then cured 

(see next section). 

 

PCL-Covalent Network with MWCNTsNC (PCL82-4ANTH/PCL82-4MAL/MWCNTsNC) 

Stoichiometric amounts in reactive groups (anthracene and maleimide moieties) of 

PCL82- 4ANTH and PCL82-4MAL, were mixed together and finely grounded in order to have 4.5 

g of mixture. This mixture was then transferred to a vial and 3wt% of MWCNTsNC were added. 

This mix was then melt-blended at 65°C in a 6 cm3 co-rotating twin screw mini-extruder 

(Xplore, DSM) for 10 min at 150 rpm. After extrusion, the polymer blends were rapidly injected 

into a mold in order to confer a flat sheet shape to the sample and hot pressed to 105°C and 

then cured (see next section). 
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II. 1. 8. Curing of MWCNTs PCL networks 

The extruded materials were then placed in a 0.5 mm-thick metallic frame and hot 

pressed at 105°C under a load of 4 metric tons. Each sample was then placed under a load of 

10 kg for 72 h in a ventilated oven at 65°C. They were recovered in the form of a flat sheet 

that was kept min 7 days at room temperature before measurement.  

 

II. 1. 9. Synthesis of Fe3O4@OA nanoparticles 

21.6 g of ferric chloride was added to 200 ml of deionized water and was stirred for at 

least 20 min under closed condition with nitrogen bubbling; 8.1 g of ferrous chloride was 

added to 100 ml of deionized water, stirred also for 20 min under closed conditions with 

nitrogen bubbling. The two solutions were then mixed together and the mixture was stirred 

under a closed condition for 25 min.  

Aqueous ammonia and OA were slowly added into the mixture at a relative rate of 10 

drops of aqueous ammonia for 1 drop of OA until 50 ml of aqueous ammonia and 3 ml of oleic 

acid were added. The mixture was then stirred for another 25 min. A magnet was placed at 

the bottom of the beaker to obtain wet precipitate of magnetic particles (MPs) which was 

washed twice with deionized water and alcohol, respectively. Then the wet precipitate was 

stirred for 5 min at 75 °C. Finally, the wet precipitate was mixed with toluene at a desired ratio 

and stirred for 30 min to obtain the dispersion of Fe3O4@OA. 

 

II. 1. 10. Preparation of Fe3O4@OA nanoparticles PCL network 

Stoichiometric amounts in reactive groups (furan or anthracene, and maleimide 

moieties) of PCL82- 4FUR/PCL82- 4ANTH and PCL82-4MAL were dissolved in the right amount of 

Fe3O4@OA (diluted in toluene) solution (in function of the desired Fe3O4 quantity needed). 

Volume was adjusted to obtain a 2.5 wt % of PCL in total. After 10 min of an ultrasonic 

treatment, the solution was precipitated in a non-solvent of PCL, i.e., heptane, at - 20 °C. The 

mix was then recovered by filtration thanks to a Buchner funnel. After drying under vacuum 

for one night, the material is hot pressed in the desired shape.  
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II. 1. 11. Curing of Fe3O4@OA nanoparticles PCL network 

The coprecipitated materials are placed in a 0.5 mm-thick metallic frame and hot 

pressed at 105°C under a load of 4 metric tons. Each sample are then placed under a load of 

10 kg for 72 h in a ventilated oven at 65°C. They were recovered in the form of a flat sheet 

that was kept min 7 days at room temperature before measurement.  

 

II. 1. 12. Insoluble fraction and swelling ratio 

Stripes of cross-linked PCL samples collected after melt-blending and curing were 

weighed (initial material weight, about 0,25g) and then placed into chloroform, a good solvent 

for PCL, during 48h at room temperature in order to reach the swelling equilibrium. The gel 

was then carefully collected without the soluble fraction and weighed (swollen network 

weight). In order to determine the exact weight of the cross-linked material, without the 

soluble fraction due to unreacted PCL chains, the gel was then dried under vacuum until 

reaching constant weight (dried network weight). The swelling ratio and the insoluble fraction 

(i.e. network fraction) were calculated based on these weight measurements according to 

equations (II. 1) and (II. 2) respectively.  

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =  
(𝑠𝑤𝑜𝑙𝑙𝑒𝑛 𝑔𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑖𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑑𝑟𝑖𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
 𝑥 100 (II. 1) 

 

𝐼𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑑𝑟𝑖𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
 𝑥100  (II. 2) 
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II. 1. 13. Characterization techniques 

Structure characterization 

1H NMR spectra were recorded in CDCl3 at 400 MHz in the FT mode with a Bruker Avance 

400 apparatus equilibrated at 25°C.  

Size exclusion chromatography (SEC) was carried out in THF at 45°C at a flow rate of 0.7 

mL/min with Viscotek 305 TDA liquid chromatograph. The PL gel 5μm (104 Å, 103 Å and 100 

Å) columns were calibrated with polystyrene standards.  

Raman spectra were recorded at room temperature using a Horiba-Jobin-Yvon Labram 300 

confocal spectrometer provided with an Olympus BX40 microscope. The 647.1 nm line of a 

Spectra Physics model 168 Krypton ion laser was focused on a rectangular-shaped solid 

sample with an Olympus x100 objective. The laser power at the sample level was of the order 

of 15 mW. Every spectrum was accumulated twice for about 10 seconds or more depending 

on the sample signal. The detector is an Andor iDus BR-DD 401 CCD. All spectra were scaled 

up and, if necessary, base line corrected with home-made software.  

Transmission electron microscopy (TEM) (Philips M100 microscope working at an 

accelerating voltage of 100 kV) was used to characterize the MWCNTs dispersion in the 

composite. Thin slices (90 nm) were prepared by ultracryomicrotomy (ULTRACUT E from 

Reichert- Jung) at -130 °C. The micrographs were analyzed by using the KS 100 (Kontron 

Imaging System) software.  

The diameter of the micelles was measured by Dynamic Light Scattering (DLS) with a 

Malvern Instrument Model ZetaSizer Nano ZS. 

 

Thermal properties 

Differential scanning calorimetry (DSC) analysis was operated on a TA DSC 250 apparatus. 

Melting point and endotherm was determined during the second heating run of the sample 

between -80°C and 70°C at 10K/min with isotherms of 5 minutes at each targeted 

temeprature. Degree of crystallinity of PCL has been evaluated by comparing the value of the 

melting enthalpy to the one reported for a PCL presenting 100% of 

crystallinity.Thermogravimetric analysis (TGA) was carried out with a TA TGA Q500.  
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The thermal conductivity (𝜅) is measured on three different samples of SMC at three 

different power levels, i.e., 61, 122 and 244 mW. Each measurement  carried out twice was 

performed by Dr. Clara Pereira Sánchez at the Electronics, Microsystems, Measurements, and 

Instrumentation (EMMI) laboratory of the university of Liège. 

 

Thermo-mechanical properties 

Rheological measurements were performed using an ARES-G2 Rheometer from TA 

Instruments. 1 g of a sample disk was placed at 125°C between a plate-plate geometry 

(diameter 25 mm). The temperature was then decreased and adjusted to the various studied 

values where both the elastic and viscous moduli were recorded through time at a frequency 

of 1Hz and a strain of 1%.   

Shape-memory properties have been measured by dynamic mechanical analysis (DMA) 

(Q800, TA Instruments) using the tensile film clamp in controlled force mode. The sample 

(typically 1,5 x 0,5 x 0,5 cm) was first equilibrated at 65°C for 5 min then experienced a tensile 

stress ramp (0.06 MPa/min) till 0.6 MPa. Then, the sample is cooled down, under stress at 

3°C/min to 0°C and maintained at that temperature for 5 min. The stress is then released and 

the sample is reheated, stress-free at 3°C/min to 65°C. The process is cycled 4 times.  The 

comparison of the strain at 0°C before and after the release of the stress allows measuring the 

sample fixity. The fixity ratio (Rf) is given by equation (II.3). The shape recovery is obtained by 

comparing the strain at 65°C before and after this cycle recovery ratio (Rc) being calculated by 

equation (II.4). 

Rf  =
strain after stress release at 0°C

strain before stress release at 0°C
∗ 100  (II.3) 

  

Rc  =
strain at 65°C without stress for cycle N at 0°C  

strain at 65°C without stress for cycle (N-1) 
∗ 100  (II.4) 

 

Thermal conductivity, electrical resistivity and self-heating experiments 

For electrical resistivity assessment, rectangular samples (15 mm x 5 mm x 0,5 mm) are 

cut from PCL-CANc or PCL-CNc sheet. The surface of the samples is cleaned with isopropanol 
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and four electrodes are painted on the surface of the samples with silver paste (Agar scientific 

Electrodag 1415). Thin copper wires are then placed on them so that the injected current 

would flow through the length (15 mm) of the sample in a four-point measurement 

configuration (figure II.1). The used set-up is  home-made and was developed by Dr. Clara 

Pereira Sánchez at the Electronics, Microsystems, Measurements, and Instrumentation 

(EMMI) laboratory of the University of Liège. The  following self-heating experiments were 

also  realized  by  Dr. Clara Pereira Sánchez. 

 

Figure II.1 – Experimental set-up for electrical resistivity assessment 

 

A LabVIEW program controls a Keithley 2400 source (figure II.1, green) that injects the 

current 𝐼 and a Keithley 2001 multimeter (figure II.1, orange) that measures the voltage (𝑉) 

across the sample between the two electrodes (L). The resistivity of the samples (𝜌𝑒) is 

calculated following equation (II. 3) .  

ρe =
SV

IL
  (II. 3) 

 

The SMCs samples have a parallelepiped shape and are subjected to an electric current 

injected in parallel to their longer dimension. The thermal characteristics of the electrical 

contacts are neglected and the heat losses through the copper wires are assumed to be zero. 

To measure electrical resistivity, as no resistive heating is needed, the injected current is set 

to the lowest possible value (0.5 mA), at which no measurable resistive heating occurs. To 

limit the resistivity variation among samples, their thermal history is erased prior to any test 

by applying a heating ramp up to 60 °C at various speed (generally the same temperature ramp 

as implemented in the test), an isotherm at 60 °C for 5 min and a cooling ramp of same speed 

down to -10 °C.  
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During self-heating experiments, the sample is suspended vertically in air with its longest 

side parallel to the horizontal by making use of the mechanical properties of the copper wires 

according to figure II.1. The temperature on the front surface of the sample is measured using 

an infrared thermal camera (COX CX320) that was previously calibrated in-house. In order to 

obtain an accurate temperature measurement (within ±1 ºC), the readings from the IR camera 

have been corrected for the finite emissivity of the samples (0,91 +- 0,03). The temperature 

measurement region excludes the electrodes in order to avoid errors due to the different 

emissivity of the silver and the polymer itself. Five temperature spots are monitored on the 

sample during analysis and the mean sample temperature is assumed as their mathematical 

average (P2 to P6, figure II.3). Room temperature is also monitored (P1). Regarding the value 

of the injected current, it is required to achieve a well-defined resistive heating (to conserve 

a defined temperature ramp), the value is therefore set by a proportional integral controller 

described in another work267. Since it will be demonstrated later that ρe varies with 

temperature, a controller is required to adjust the value of the injected current so that a well-

defined temperature ramp can be achieved. 

 

Figure II.3 - Temperature spot set-up for self-heating assessment on an SMC. 

Thermal conductivity measurements were performed on disk samples with a bespoke 

experimental system whose details are reported in a previous work268. Disc samples of 13.94 

mm diameter are punched out of a 1.86 mm thick SMP or SMPc plate. The surfaces of the 

samples are cleaned with isopropanol and coated with silver paste (Agar scientific Electrodag 

1415) for better adhesion and thermal contact between the disc and the sample holder. The 

measurements are carried out at a pressure < 5·10-8 mbar.   
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Magnetization 

Magnetic data were acquired with a Quantum Design PPMS Evercool II system 

(equipped with a VSM large bore option), on 4.5(1) mg of sample sealed in a propylene bag 

(20.7 mg) under argon atmosphere. Hysteresis of magnetizations were measured successively 

at 300, 338 and 398 K, from 0 to 2 T, from 2 to -2 T, and from -2 to 2 T. These measurements 

were made by Dr. Rodolphe Clérac, M. Rouzières at Centre de Recherche Paul Pascal (Pessac, 

France) CRPP-CNRS UMR 5031, Research team for “Molecular Materials & Magnetism”. 

II. 1. 14. Magnetic heating 

The induction heating equipment is made by Haituo Intelligent Technology, model LH-

15A (also known as HT-15KW) and a COX thermal camera (CX320). The induction heating 

source supplies a current of 0 to 800 A at high frequency of 30 to 100 kHz. In practice, constant 

value of the current can not be obtained and frequencies are measured in a range of 35 to 40 

kHz. The high frequency current is injected into a hollow coil into which water flows to cool it 

down. The high frequency current injected in the coil produces a magnetic field that can be 

used in order to heat up magnetic (nano)materials due to Néels-Brown relaxation and/or 

hysteresis losses. The set-up was part of the Electronics, Microsystems, Measurements, and 

Instrumentation (EMMI) laboratory of the University of Liège. 

 

 

Figure II.4 - Induction heating set up.  
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II. 2.  Results and discussion 

 

II. 2. 1. Functional star-shape PCL synthesis 

 

Based on previous studies on shape memory PCL-CAN prepared from mixture of 4-arm 

PCL stars end-capped with furan or maleimide89,  the synthesis of a 4-arm star-shaped PCL 

(PCL82-4OH, figure II.5) with each arm having a molar mass of about 2,300 g/mol, was targeted 

as starting material for the present study. This star PCL being no more commercially available, 

we decided to prepare a 1 kg batch of these stars in order to cover the needs of the present 

PhD work. Therefore, the conventional ring-opening polymerization of ɛCL initiated by 

pentaerythritol and catalyzed by SnOct2 at 110 °C was performed in a 5L reactor with 1 L of -

caprolactone (figure II.6). The reaction conditions (time of reaction, concentration of reactants 

and temperature) have been determined first by a kinetic study of this reaction on a small 

scale.269 The same conditions, namely 4h of polymerization, 50 wt% of toluene at 110 °C, were 

used for the large-scale synthesis. It is interesting to point out that the scaling up followed 

very similar polymerization rate and so led to the targeted 4-arm PCL star with a total DP of 

82 and a narrow dispersity as determined by 1H NMR (Mn 9,500 g/mol PCL82-4OH) and SEC, 

respectively. 

 

Figure II.5 - Synthesis of PCL82-4OH by ring-opening polymerization of ɛCL initiated by pentaerythritol 
and catalyzed by SnOct2 
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Figure II.6 - Reactor used for 1 kg batch synthesis of PCL82-4OH 

 

The hydroxyl chain-ends of this 4-arm PCL stars were then quantitatively converted into 

a diene (furan or anthracene) or a dienophile (maleimide) by a two-step process based on the 

Steglich esterification reaction as depicted in figure II.7. 
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Figure II.7 - Chain-end functionalization of the PCL82-4OH with diene or dienophile moieties 

 

In the first step, the hydroxyl end groups of PCL82-4OH have been reacted with succinic 

anhydride to yield to a 4-arm star-shaped PCL bearing quantitatively four carboxylic acid end-

groups (PCL82-4COOH). The complete conversion is assessed by 1H NMR analysis by the 

disappearance of the terminal –CH2-OH signal at 3.6 ppm and the apparition of a new signal 

at 2.61 ppm corresponding to the C(=O)-CH2-CH2-C(=O) protons (figure II.8).  



 
 

Design of high-performance recyclable shape memory PCL composites 

 
 

| 91  
 

The PCL82-4COOH was then esterified respectively with furfuryl alcohol or a protected 

maleimide alcohol (4-(2-hydroxyethyl)-10-oxa-4-aza-tricyclo[5.2.1.0]dec-8-ene-3,5-dione, a 

Diels-Alder adduct of N-(2-hydroxyethyl) maleimide with furan) or 9-anthracene methanol in 

the presence of DCC and DMAP, according to a Steglich esterification mechanism. PCL82-4MAL 

was quantitatively generated upon thermal cycloreversion of the Diels-Alder adduct at 105°C 

under vacuum for 6 h as attested by 1HNMR by the disappearance of the characteristic peaks 

of the DA adduct in favor of a peak at 6.73 ppm, typical of the ethylenic protons of maleimide 

moiety. 

 

Figure II.8 - 1H NMR spectrum of PCL82-4COOH, PCL82-4FUR, PCL82-4MAL, PCL82-4ANTH 
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A high degree of conversion was reached for each alcohol (table II.1). Nevertheless, the 

second esterification is not fully quantitative as evidenced by the weak signal at 2.68 ppm 

(figure II.9) characteristic of the unreacted chain-ends. A few PCL stars are thus bearing less 

than 4 Diels-Alder reactive groups.  

 

The superposition of the SEC chromatograms of the various PCL stars shows that no 

degradation occurred during the functionalization steps (figure II.9). The small variation in the 

position of the elution volume is attributed to the different end-groups located on relatively 

short arms (DP=21). Table II.1 gathers the macromolecular characteristics of the various PCL 

stars prepared in this study. 

 

 
 

Figure II.9 - SEC traces of PCL82-4COOH (blue curve), PCL82-4MAL (green curve), PCL82-4FUR (red 
curve), PCL82-4ANTH (purple curve) using refractive index detector 
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Table II.1 -  Macromolecular characteristics of the obtained PCL stars 

 
Chain-end 

functionality 

Chain-ends 
conversiona 

(%) 

Mn (1H 
NMR)b 

(g/mol) 
Ð (SEC)c 

Degree of 
crystallinityd 

(%) 

Tm
e 

(°C) 

PCL82-4OH Hydroxyl 100 9484 1,22 49,1 49.59 

PCL82-4COOH Carboxylic Acid > 99 9884 1,22 48,6 48,64 

PCL82-4FUR Furane 95 10191 1,14 43,7 46.91 

PCL82-4MAL Maleimide 92 10336 1,25 38,5 45.30 

PCL82-4ANTH Anthracene 76  10504 1,28 41,3 48,24 

a) As determined from 1H NMR including chain-ends 
b) Average molar mass (PCL82-4OH: 82 x 114 g/mol +136 g/mol; PCL82-4COOH: Mn PCL82-4OH 
+400 g/mol; PCL82-4MAL: Mn PCL82-4COOH +492 g/mol x 0.92; PCL82-4FUR: Mn PCL82-4COOH 
+324 g/mol x 0.95; PCL82-4ANTH: Mn PCL82-4COOH +832 g/mol x 0.76) 
c) Molar mass distribution measured by SEC in THF at 45°C 
d) Crystallization degree as determined from DSC analysis 
e) Melting temperature determined from DSC analysis at the peak of the endotherm 

 

As these stars will be used to obtained composite networks exhibiting shape memory 

effect, the crystallinity of the PCL stars is mandatory to fix the temporary shape. Therefore, 

the melting point and the degree of crystallinity were determined by DSC during the second 

heating run of the sample between -80°C and 100°C at 10°C/min. The degree of crystallinity 

was calculated according to equation (II. 4) in which ΔHf (Tm) (in J/g) is the enthalpy of melting 

measured by DSC and Δ𝐻𝑓
0(𝑇𝑚

0 ) is the enthalpy of melting for a 100 % crystalline PCL, equal to 

139.5 Jg-1 according to literature270. 

𝑋𝑐 =
 ΔHf(Tm)

 ΔHf
0(Tm

0 )
 (II. 4) 

  

These data summarized in Table II show that all the functionalization of the stars chain-

ends slightly affects the crystallization and the crystallite stability by the small decrease of the 

degree of crystallinity and of Tm.  
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II. 2. 2. Preparation of MWCNTs PCL composite networks: PCL-CAN / PCL-CANc / PCL-

CN / PCL-CNc  

 

Covalent adaptable networks of PCL (PCL-CAN) are obtained by melt-blending PCL82- 

4FUR and PCL82-4MAL in stoichiometric amounts of reactive groups (figure II.10). The Diels-

Alder adduct formed between furan and maleimide is thermosensitive, and retro Diels 

reactions can occur around or above 105 °C. Below that temperature, despite the still present 

dynamic equilibrium between DA and retro-DA reactions, the formation of D-A adducts is 

favored (figure II.10). PCL-CAN present thus a thermosensitive and reversible network. In 

contrast, the Diels-Alder adduct of maleimide with anthracene is more stable, the retro-

reaction occurring above 180 °C (figure II.10). In the polymer stability range (below 150 °C), 

the blending of the PCL82-4MAL with PCL82-4FUR will lead to a reversible network (PCL-CAN) 

while the blending with PCL82-4ANTH will lead to a thermostable network (PCL-CN). 

 
Figure II.10 - DA-based PCL networks 

In order to impart electrical conductivity to these PCLs, MWCNTs were dispersed in both 

types of networks. These composites will be respectively referred as PCL-CANc and PCL-CNc all 

along this work (figure II.11 and figure II.12). Preliminary experiments showed that using 1 

wt% of MWCNTs leads to an average resistivity of the composite below 80 Ωm, i.e., low 
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enough to enable current driven heating. These experiments are described in my colleague 

Clara Andrea Pereira Sánchez ‘s thesis271. Nevertheless, in the present work, a concentration 

of fillers of 3 wt% was selected for two reasons. Firstly, a higher MWCNTs content improves 

the reproducibility of resistive heating from sample to sample. Secondly, a higher content in 

MWCNTs will ensure enough electrical conductivity of the composite upon high deformation 

of the material. Indeed, it was shown that applying a tensile stress to a composite leads to the 

orientation of carbon nanotubes that can increase the distance voids between them. High 

deformation can then cause a considerable drop of the conductivity, especially when the 

material is close to the percolation threshold. The selection of 3 wt% of MWCNTs will prevent 

any significant decrease in conductivity, even under conditions of high deformation, thereby 

enabling greater flexibility in the study of shape memory properties. 

 

Figure II.11 – DA-based thermo-reversible PCL-CANc composite network 

 

 
Figure II.12 – DA-based PCL-CNc composite network 
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 The preparation of PCL-CANc is realized by melt-blending stoichiometric amounts in 

reactive groups (furan and maleimide moieties) of both PCL82-4MAL and PCL82-4FUR with 3 

wt% of MWCNTs in a mini-extruder at 105 °C for 60 minutes. This temperature was chosen to 

favor the retro-DA while mixing and avoid crosslinking into the mixing chamber. Nevertheless, 

reactions between MWCNTs and either maleimide or furan can occurs which would result in 

a melt strength increase. These two phenomena result in a small torque increase observed 

while processing. Considering the low viscosity of the melted PCL stars at this temperature, 

one hour of mixing time is set up to ensure a proper dispersion of the MWCNTs in the matrix.  

The state of MWCNTs dispersion is quite often only characterized using light microscopy, 

scanning or transmission electron microscopy272. Here transmission electron microscopy 

(TEM) imaging was used for investigation on thin section of prepared films. These thin sections 

of the composites with 3 wt% MWCNTs had a thickness of about 80 µm. Three sections were 

prepared from distant parts of the films. For low mixing time (10 min), multiple isolated large 

MWCNTs agglomerates were observed (figure II.13 – A). These agglomerates are not formed 

during the blending and molding process, but rather indicate that not enough shearing was 

present during mixing to disentangle the MWCNTs in its powder form, as they remained in 

this state of entanglements. The strong intrinsic Van Der Waals attractions among MWCNTs, 

the poor interfacial interaction between pristine MWCNTs and the PCL matrix and its very low 

viscosity at the melt state made the dispersion of MWCNTs to be very difficult. That is the 

primary reasons why mixing is conducted for such a long period of time, in order to allow some 

chain extension through Diels-Alder reaction, which will inevitably increase the melt-strength 

of the system and thus the shearing effect during mixing. No remaining agglomerates were 

observed for 60 minutes of mixing time as presented in figure II.13 - B. It can be observed 

clearly that the MWCNTs are randomly dispersed in the PCL with some entanglements or 

bundles. Moreover, they are randomly oriented which leads to formation of some 

interconnecting structures. It is also possible to quantify the nanotubes dispersion from TEM 

investigations regarding the part and dimensions of the dispersed nanotubes visible in the 

two-dimensional thin cuts but it is however much more elaborate and time-consuming. Giving 

the high MWCNTs concentration, the high mixing time and the absence of MWCNTs 
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agglomerates, we considered the dispersion to be homogenous enough for the targeted 

applications. 

  

 

Figure II.13 - TEM imaging of a cross-section of PCL-CANc : A. for low mixing time (10 min), B. for high 
mixing time (60 min). 

 In order to prepare the thermostable composite covalent network counterpart (PCL-

CNc), the same process is followed by using PCL82-4ANTH in place of PCL82-4FUR. In that case, 

the melt-blending temperature was decreased to 65°C in order to limit as much as possible 

the crosslinking reaction while still melt-blending the polymers above their melting 

temperature. The D-A reaction between maleimide and anthracene is fast even at this 

temperature, which is responsible for a high torque increase while processing. Ten minutes of 

mixing time was enough to ensure a proper dispersion of the MWCNTs due to the constant 

increase in melt strength of the polymer mixture as confirmed by transmission electron 

microscopy (TEM) imaging. Multiple thin sections of the composites were prepared and 

analysed as for PCL-CANc. Thanks to the high sheering during mixing (resulting from D-A 

reaction between maleimide and anthracene), no remaining agglomerates were observed 

after 10 minutes of mixing as shown in figure II.14. Again, giving the high MWCNTs 

concentration, the high mixing time and the absence of MWCNTs agglomerates, we 

considered the dispersion to be homogeneous enough for the targeted applications. 

A B 
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Figure II.14 - TEM imaging of a cross-section of PCL-CNc for low mixing time (10 min) 

 

Right after extrusion, both polymer blends (PCL-CANc and PCL-CNc) were injected into a 

mold in order to confer a flat sheet shape to the samples and hot pressed at 105°C. Finally, 

the samples were placed in a thermostated oven at 65°C for curing (72h). This temperature 

was selected as a good compromise to shift both types of DA equilibrium toward the 

formation of the DA adduct with enough chain mobility, as this temperature is above the 

melting temperature of PCL (Tm close to 45°C). Thanks to this curing, PCL networks are 

obtained by connecting the stars via DA adducts. All samples were then let at room 

temperature for at least 7 days prior analysis. This procedure is based on previous studies on 

furan/maleimide DA shape-memory PCLs273 and optimized for the formation of a highly 

connected network.  

The network formation has been evidenced by swelling tests in CHCl3 a good solvent for 

the PCL stars. The swelling ratio and the insoluble fraction were measured and compared for 

the different samples in Table II.1. For all samples, the insoluble fraction is very high showing 

the large extend of reaction of the stars. As expected, the more reactive anthracene towards 

maleimide leads to higher crosslinking density for the PCL-CN, which shows lower swelling 

than PCL-CAN based on furan.  
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Table II.1 - Swelling ratio and insoluble fraction of the various PCLs network 

 PCL-CAN PCL-CN PCL-CANC  PCL-CNC 

Swelling ratio (%) 925 840 682,53  638,52 

Insoluble fraction (%) 98,50 99,10 98,50  98,85 

  

In addition, the lower swelling ratios observed for both composites as compared to the 

networks without MWCNTs traduce their higher degree of crosslinking. This originates 

fromthe possible reaction between furan/maleimide/anthracene moieties with the MWCNTs 

during processing leading to additional crosslinking nodes. Indeed, functionalization of multi-

walled carbon nanotubes with furan or maleimide compounds through Diels–Alder 

cycloaddition is already demonstrated in the literature274. Nevertheless, the formation of a 

monolithic network indicates that the coupling of the PCL stars chain ends is favored in the 

followed process. Considering the extensively high number of carbon nanotubes present in 

the sample (3wt%), which overcomes by far the number of chain end functions, if the 

MWCNT/end chain function reaction was dominant, the majority of chain ends would be fixed 

to a MWCNT and no network would be observed, which is not the case. Yet, the addition of 

the MWCNTs decreases the degree of swelling in both types of networks due to the stiffening 

of the matrix and the additional crosslinks of the furan, maleimide and anthracene all being 

reactive with the MWCNTs surface. The influence of these reactions is analyzed in more depth 

later by rheology. 
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II. 2. 3. Raman analysis of PCL-CAN 

 

Although the high insoluble fraction during swelling experiment demonstrates that a 

network is created, it does not reflect a quantitative measurement of the DA yield in the 

sample. Raman spectroscopy was found as a relevant tool for quantitative analyses, since 

relative peak intensities of the diffusion bands of three functional groups of interest, i.e. furan, 

maleimide and DA, are proportional to their relative concentration in the material, allowing 

the determination of the DA yield273.  

 

However, this analysis can only be considered for the PCL-CAN as MWCNTs, present in 

PCL-CANc and PCL-CNc samples, present a high infrared absorbance in the same diffusion 

bands. The Raman spectra of a PCL-CAN sample and its precursors are presented in figure 

II.15.  

 

Figure II.15 - A) Raman spectra of PCL82-4FUR (red curve), PCL82-4MAL (blue curve), PCL-CAN before 
crosslinking (green curve), PCL-CAN after crosslinking (black curve), (black curve). B) Zoom on the 
diffusion bands of interest of furan (1503 cm-1) of PCL82-4FUR (red curve), PCL-CAN before crosslinking 
(green curve), PCL-CAN after crosslinking (black curve). 
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The Raman spectra of each sample (figure II.15 - A) are characterized by several intense 

diffusion bands at 1722 cm-1, 1467-1417 cm-1, 1304-1283 cm-1, 1108-1039 cm-1 respectively 

attributed to the v-C=O stretching mode, δCH2 bending mode, tCH2 twisting mode and skeletal 

stretching, of the PCL matrix273. Characteristic diffusion bands of furan, maleimide and DA 

adduct are can be identified. Furan end-group presents two stretching bands for the C=C 

double bond at 1603 and 1503 cm-1 (figure II.15 - B, red curve), maleimide end-group exhibits 

a C=C stretching band at 1587 cm-1 and the DA adduct exhibits a diffusion band at 1577 cm-1, 

corresponding to the stretching band of the remaining C=C double bond. The most intense 

furan diffusion band at 1503 cm-1 is sufficiently separated from others to use for quantitative 

measurements. The conversion of the furan into DA adduct was calculated by the 

measurement of the ratio between the intensity of the diffusion band of the furan at 1503 cm-

1 for the PCL-CAN sample and the PCL82-4FUR after normalization of all the spectra using the 

more intense band of the PCL at 1441 cm-1(II. 5). The intensity of the diffusion band at 1503 

cm-1 for PCL82-4FUR was divided by a factor 2, since the PCL-CAN sample contained a 

stoichiometric amount of PCL82-4FUR and PCL82-4MAL. 

 

𝐹𝑢𝑟 𝑐𝑜𝑛𝑣. (%) = 100 − ( 
Normalized intensity at 1503 cm−1 for PCL − CAN

Normalized intensity at 1503 cm−1 for PCL82 −  4FUR)/2
   (II. 5) 

 

 

After curing, the characteristic diffusion bands of furan and maleimide are still present 

in the spectrum even if their intensity has decreased. This indicates that the DA reaction is not 

quantitative. A dynamic equilibrium takes place in the material corresponding to 63% 

conversion of furan into DA adduct. The DA adducts conversion levels up in good agreement 

with the values reported under the same conditions by previous works,52. 
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II. 2. 4. Impact of the MWCNTs on the networks crystallinities 

 

The crystallization of the composite networks is a key parameter for preserving shape 

memory effects. Nevertheless, the interactions between the matrix and the filler might impact 

this property. Differential scanning calorimetry (DSC) was used to investigate the crystallinity 

of the PCLs networks and composites and the impact of the MWCNTs on the crystallite 

nucleation. DSC measurements for the networks without and with MWCNTs are presented in 

figure II.16. The melting temperature, the crystallization temperature and the crystallinity 

degree data extracted from these curves are reported in Table II.2.  

 

Figure II.16 - Differential scanning calorimetry curves of PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc 
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 Table II.2 - Thermal and physical characteristics of the various PCL networks  
 PCL-CAN PCL-CN PCL-CANC  PCL-CNC 

Crystallinity (%) 32,8 26,1 34,6 
 

28,7 
Tm (°C) 43,1 38,8 43,3  37,2 
Tc (°C) 16,7 4,5 26,6  16,8 

  

The PCL-CAN and PCL-CN networks show a lower crystallinity degree than the starting 

stars due to the reduced mobility of their chains segments in covalent networks. A lower 

crystallinity for the irreversible covalent network is observed due to a higher crosslinking 

degree, in accordance to the smaller swelling ratio previously observed. As already reported, 

a decrease of the melting and crystallization temperatures is also observed with an increase 

in crosslinking density and is here observed for PCL-CN275 as it can be seen on Table II.2.  

Comparing the DSC heating curves between of the networks and their corresponding 

composites, no significant differences are observed. Studying numerous reports in literature, 

the influence of carbon nanotubes on crystallization is shown to vary respectively to polymer 

matrices, degree of dispersion, CNT-polymer interactions, thermal treatment, or other 

parameters, but also from study to study207,276–281. Generally, it is shown that MWCNTs can 

act as efficient nucleation agents, i.e. increasing the rate of polymer crystallization, which 

naturally influence the crystallization temperature, the degree of crystallinity and crystallite 

sizes205,282. Here, the overall degree of crystallinity of PCL-CANc and PCL-CNc is slightly superior 

compared to the networks without fillers (Table II.2). If for non-crosslinked polymers, 

MWCNTs favor the crystallization nucleation leading to higher crystallinity degrees, this effect 

is reduced in the studied highly crosslinked networks, for which the crystallization is limited 

by the chain mobility. The positive effect of the MWCNTs on nucleation is thus reduced, 

resulting in a very low increase of the crystallinity degree. Nevertheless, the incorporation of 

MWCNTs still favorably impacts the crystallization kinetics since crystallization temperatures 

about 10°C higher are observed. The melting temperature of the composites remains 

unchanged. Both composites preserved thus crystallization properties suitable to foresee 

shape memory applications with a still significant crystallization degree, a melting 

temperature close or slightly above the body temperature and a crystallization temperature 

around the room temperature. 
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II. 2. 5. Shape memory properties of the PCL networks 

 

The PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc networks were all proven to be both highly 

crosslinked and semi-crystalline, thanks to respectively swelling tests and DSC analyses. 

Therefore, those PCL materials are expected to exhibit shape-memory properties. This 

behavior was firstly qualitatively demonstrated (figure II.17) by the deformation of a 

rectangular sample of PCL-CANc at 65 °C (above the melting temperature), followed by a 

cooling down to 0 °C by immersion in cold water while maintaining one specific deformation 

(uniaxial elongation or curling, figure II.17). After re-heating to room temperature, the stress 

is released and both deformed samples are keeping the fixed temporary shape as shown by 

the middle images of figure II.17. These deformed samples in their temporary shape both 

recover the permanent shape within 2 seconds when immersed in a water bath at 65 °C. The 

same behavior is observed for all PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc samples. 

 

Figure II.17 - Qualitative demonstration of the shape-memory properties of the PCL-CANc composite 
network 
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The shape-memory properties have then been more quantitatively evaluated using 

dynamic mechanical analysis (DMA). The figure II.18 shows the DMA curve for 4 successive 

shape-memory cycles for a PCL-CANc sample and sketches of the sample state after each step. 

These cycles start at 65 °C where the PCL is molten (A, figure II.18), i.e., no crystalline areas 

are observed in the sample. In a first step, a stress (0,6MPa) is applied to deform the sample 

at 65°C (A to B, figure II.18). The PCL chains are extended due to the tensile stress and the 

sample reaches a higher strain. In a second step, the temperature is decreased to 0°C 

(3°K/min) while keeping constant the applied stress at 0.6 MPa (B to C, figure II.18). Oriented 

crystallization of the sample occurs upon cooling and is responsible for a further increase of 

the strain at constant stress89. Appearance of crystalline areas is also responsible for the shape 

fixity of the sample. This fixity is assessed in step 3 where stress is released (C to D, figure 

II.18). The comparison of the strain before and after the release of the stress allows 

quantifying the sample fixity by equation (I.1). A high fixity ratio (Rf) above 99%, is generally 

obtained with PCL. Finally, the sample is heated again to 65°C (3°K/min) in order to allow the 

sample to recover its permanent shape by melting of the crystalline phase (D to A, figure II.18). 

Shape recovery is assessed by comparing the strain at 65°C before and after one cycle, the 

recovery ratio (Rc) being calculated by equation (I.2). High recovery ratios result from a 

preserved network through the cycle.  

This experiment was performed on the 4 types of samples, i.e., PCL-CAN, PCL-CANc, PCL-

CN and PCL-CNc. Similar experimental shape memory cycles are recorded for the different 

networks and composites as shown figure II.19. Excellent fixity and recovery ratios are 

obtained in each case (Table II. 3), which is common for PCL based SMPs. Classically, the first 

cycle is characterized by a lower shape recovery ratio, i.e., the strain at the start and the end 

of a complete shape-memory cycle increases, which is known as a training phenomenon, while 

the following cycles were all characterized by excellent shape recovery ratios, i.e. higher than 

99%.  
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Figure II.18 – DMA curve for 4 successive shape-memory cycles for a PCL-CANc sample and sketches 
of the sample state after each step. 
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PCL-CAN PCL-CANc 

  

PCL-CN PCL-CNc 

 
  

Figure II.19 - Shape-memory cycles evaluated experimentally by DMA upon convection 
heating/cooling of PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc networks after 14 days at room 
temperature 
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Table II. 3 Shape memory properties of PCL Networks 

PCL-CAN 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,47 99,99 99,99 99,99 

Recovery Ratio, Rc (%) 95,43 98,25 98,53 97,43 

Maximal Strain (%) 101,48 113,65 128,06 147,71 

PCL-CANc 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,44 99,52 99,54 99,56 

Recovery Ratio, Rc (%) 96,38 98,52 97,69 96,13 

Maximal Strain (%) 44,16 48,75 52,71 56,56 

PCL-CN 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 98,77 99,05 99,08 99,07 

Recovery Ratio, Rc (%) 97,11 98,46 98,71 98,79 

Maximal Strain (%) 62,39 62,39 62,91 63,21 

PCL-CNc 

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 
Fixity Ratio, Rf (%) 99,10 99,15 99,14 99,14 
Recovery Ratio, Rc (%) 92,29 98,73 98,87 98,91 
Maximal Strain (%) 34,15 34,97 35,31 35,50 

  

During the stress-controlled elongation, an almost linear deformation is observed for 

every PCL network. It is noteworthy to mention that the composites are stiffer than the neat 

networks due to the reinforcement effect of the MWCNTs. Therefore, when experiencing the 

same stress, the strain is about only half for the composite networks. Upon cooling under 

constant stress, all the samples experience a large increase of the deformation between 35°C 

and 15°C resulting from the growth of crystallites oriented along the stretching direction 

whatever the presence or not of MWCNTs. A very high fixity (Rf above 99%, Table II. 3) is 

obtained for each cycle and all samples thanks to the PCL crystallinity. This ratio defines the 

ability of the shape-memory material to keep its temporary shape after cooling without any 

stress applied to it. High fixity is typical for shape-memory materials based on crystallization 

as the fixing process, especially when the degree of crystallization is high, such as for PCL. The 

dshape recovery is then triggered by a temperature above 45°C (i.e., close to the melting 

temperature, Table II.2).  
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Mechanical properties of the SMPCs have been greatly influenced by the addition of 

MWCNTs. With focus on the stress strain behavior of the different samples, we observed that 

even at 65°C, the Young modulus is greatly increased (≈ 70 % increase) while the ultimate 

stress obtained is reduced (≈ 50 % reduction) for the same stress applied, both variation 

resulting from the matrix hardening caused by the MWCNTs (figure II.20 & Table II. 4).  

 

Figure II. 20 - Stress/strain DMA curve at 65°C of PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc networks 
after 14 days at room temperature. 

 

Table II. 5 Young modulus of of PCL-CAN, PCL-CANc, PCL-CN and PCL-CNc networks 
after 14 days at room temperature at 65 °C 

 Young Modulus (N/m2)  

PCL-CAN 0,018 
PCL-CANc 0,032 
PCL-CN 0,028 
PCL-CNc 0,046 

   

 As already reported89, in the case of covalent adaptable networks (PCL-CAN), a steady 

increase of the strain is observed from cycle to cycle. This phenomenon is attributed to the 

occurrence of retro-DA reactions upon tensile stress. Some DA adducts undergo 

cycloreversion leading to the relaxation of the unlinked polymer chains, pulling apart the 

chain-ends, that will not couple back during the cycle. This phenomenon occurs at each cycle, 

leading to a repetitively slightly decreased crosslink density and therefore more ductile 
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material. This phenomenon is less pronounced for PCL-CANc due to the reinforcement of the 

MWCNTs. In contrast, the anthracene-based network is more stable (the retro-DA reaction 

does not occur easily). Therefore, PCL-CN and PCL-CNc samples are not subject to such creep 

effect during successive cycles. In accordance to swelling experiments, the crosslinking degree 

appears also higher for PCL-CNc than PCL-CANc networks since lower strain are obtained. This 

is attributed to the incomplete crosslinking of the covalent adaptable material upon curing, 

due to the dynamic equilibrium of the Diels-Alder reaction. The possible occurrence of further 

DA addition in the solid-state during ageing is not sufficient to reach the same degree of 

crosslinking and thus the same stress-strain behavior in the molten state. In case of the PCL-

CN and PCL-CNc networks, retro-DA does not occur at all, the slight drift observed can rather 

be associated to a small sliding of the sample within the instrument clamp. Superimposition 

of   DMA cycles of PCL-CANc and PCL-CNc makes clear the differences between them as shown 

on figure II.21. 

 

Figure II.21 - Shape-memory cycles evaluated experimentally by DMA upon convection 

heating/cooling of PCL-CANc, PCL-CNc. 

  



 
 

Design of high-performance recyclable shape memory PCL composites 

 
 

| 111  
 

II. 2. 6. Electrical resistivity assessment 

 

Electrical resistivity measurements were performed on PCL-CANc and PCL-CNc in order 

to further implement Joule resistive heating. For the Joule effect to take place, a SMPC needs 

to be electrically conductive. Conductive fillers are thus purposely introduced into the matrix. 

The amount of fillers required to reach the percolation threshold, i.e. for having an electrically 

conductive network within the SMC, depends on several factors such as the nature of the 

fillers themselves, their size, shape, dispersion, etc. MWCNTs were  selected as they are 

electrically conductive fillers with electrical and thermal properties superior than carbon 

black, carbon fibers or graphene composites while having low density and high aspect ratio. 

In the present study, a weight ratio of 3wt% of fillers was chosen to preserve enough 

conductivity to the samples whatever the applied strain and temperature. The electrical 

resistivity of pure PCL is typically 1011 Ω·m. However, due to the loading of MWCNTs well 

above the percolation threshold (~ 0,5 % ), both CAN and CN composites  become conductive 

, with the same measured electrical resistivity (𝜌𝑒) of 0.075±0.025 Ω.m at -10 °C. 

 

Variation of the electrical resistivity was also observed with the temperature of the 

sample, i.e., when measuring the resistivity of both samples in a ventilated oven (the heating 

furnace of a DMA) by applying a heating ramp of 1°C.min-1 from -10°C to 65°C then a cooling 

ramp of 1°C.min-1 back to -10°C (figure II.22). The variation of the relative resistivity, i.e., the 

resistivity of the SMC regarding its original one at the beginning of the experiment, measured 

purposely without applying stress on the sample and by injecting a small current (0,5 mA) at 

which no measurable resistive heating occurs, is given on figure II.22 - A for PCL-CANc and PCL-

CNc. In both cases, a slight increase is first observed upon heating followed by a drop at high 

temperature, i.e., when the melting of the matrix is complete as clearly evidenced by the 

overlays with the DSC traces (Figure II.221 II.22 - C and D). 
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Figure II.221 - A. Relative resistivity of PCL-CANc and PCL-CNc as function of temperature, B. DSC 
thermograms of PCL-CANc and PCL-CNc , C. Relative resistivity and DSC thermogram of PCL-CANc in 
fucnction of temperature, D. Relative resistivity and DSC thermogram of PCL-CNc in fucnction of 
temperature, E. DSC thermogram and strain evolution of PCL-CANc in function of temperature, F. DSC 
thermogram and strain evolution of PCL-CNc in function of temperature. 

 

The melting of the crystalline area gives more mobility to the matrix allowing 

rearrangements of the conductive filler network which can easily influence the tunneling 

distances between MWCNTs and thus the electrical resistivity. Upon cooling, the reverse 

behavior is observed (figure II.22 A). The resistivity increases back during the crystallization 

A B 

C D 

E F 
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due to the loss of contacts between the conductive filler network pushed apart by the 

crystallites (figure II.22 C & D). Moreover, as the SMCs expand/shrink with temperature, 

MWCNTs are brought further apart or closer. This behavior was recorded in terms of length 

variation and can be seen on figure II.22 E and F. MWCNTs agglomeration can also lead to 

variation in 𝜌𝑒. The combination of all the mechanisms directly impacts, by either aided or 

disrupted tunneling, the MWCNTs conductive network, thus the overall resistivity of the SMC. 

It is important to point out that melting and crystallization occurs also at different 

temperatures for PCL-CNc and PCL-CANc (figure II.22 B), which might causes the small 

differences in electrical behavior of the two SMCs. Nevertheless, the amplitude of these 

thermal variations of the electrical resistivity is limited and remains within the range of 

resistivity variation from sample to sample. In both cases, the initial resistivity is recovered 

after the thermal cycle at -10°C evidencing the high stability of the crosslinked matrices. 

Inspired by these observations, we could demonstrate that appropriate thermal cycles 

can tune the sample resistivity. Indeed, by cycling PCL-CNc at 10 °C.min-1 between 60 °C and 

25 °C with respectively an isotherm of 5 and 10 minutes at those two temperatures (figure 

II.23 - A), crystallization is uncomplete as revealed by the DSC. Internal stresses induced by the 

crystalline areas melting or forming during cycling appear to push closer the MWCNTs located 

in the amorphous part of the PCL, resulting in a higher number of conducting paths and a 

lower resistivity (figure II.23 - C). This effect increases with cycling. As strain variation is similar 

through the experiment (figure II.23 - B), only rearrangement of the MWCNTs inside the 

polymeric matrix can cause the observed decrease in resistivity. In a second time, cycling at 

10 °C.min-1 between 60 °C and -10°C with 5 minutes isotherm at both temperatures were 

implemented. DSC analysis provided proof of complete crystallization in those conditions. 

During cooling, the crystalline areas push further apart from each other the MWCNTs, 

resulting in an increased resistivity. This effect also increases from cycle to cycle while showing 

constant strain variation. Here over 3 cycles, i.e., going 3 times from 60°C to 25°C or -10°C, we 

were able to either increase the resistivity of the SMC by 20%. Even with those effects, the 

SMCs are still highly conductive and dynamic mechanical analysis can be considered. 
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Figure II.232 - Temperature (A), strain (B) and resistivity (C) of PCL-CNc in function of time while 
cycling until uncomplete crystallization (60 °C to/from 25 °C) or complete crystallization (60 °C 
to/from - 10 °C)  

 

Self-heating requires internal generation of heat which depends on the electrical current 

being injected, the geometry of the SMC and its electrical resistivity. We demonstrated earlier 

that 𝜌𝑒 varies with temperature, but it is also subject to variation according to strain and 

cycling. Those 3 parameters might induce breaking of the conducting MWCNTs network 

through internal stresses caused by stress application. In a classical dynamic mechanical 

analysis, both strain and temperature variations will influence 𝜌𝑒. Monitoring of 𝜌𝑒  (reported 

in Figure II. II.24) was crucial to characterize these effects. 

 

A 

B 
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PCL-CANc PCL-CNc 

  

  
 

Figure II.24 - Shape-memory cycles (up curves) evaluated by DMA upon convection 
heating/cooling of PCL-CANc and PCL-CNc networks after 14 days at room temperature with 
concomitant monitoring of the electrical resistivity (down curves).  

An increase in electrical resistivity by two times of the original value is observed while 

performing a DMA cycle, 𝜌𝑒 reaching 0.15±0.025 Ω.m in the worse situation. This can be 

related to the partial destruction of the conductive nanotubes network due to strain and 

temperature. During the stress-controlled elongation at 65°C (molten state), almost no 

variation of the resistivity is observed for the first cycle later followed by a small decrease at 

cycle 2, 3 and 4 for both SMCs. Although loading involves stretching the sample, which 

increases the distance between electrodes and decreases the cross-section, the measured 

resistance of the SMC decreases with deformation, which may seem counterintuitive. 

Normally, the increasing length of the sample should contribute to an increase in resistance 
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more than the reduction in cross-section. This unexpected behavior is likely due to the 

alignment of MWCNTs along the direction of elongation under stress, which enhances 

conductivity. While cooling under constant stress, all SMCs experience a large increase in 

resistivity upon crystallization. This behavior has already been evidenced in our previous 

thermal stress-free analysis but appears enhanced when a tensile force is applied (increase up 

to 2 times the original resistivity as compared 1,15 times for stress-free samples). The 

measured resistivity is likely to be subject to the phenomenon we have just described. The 

high elongation experienced results from the oriented crystallization induced by the stress, 

elongation obviously leading to disruption of the MWCNTs tunneling effect. The relative 

resistivity then gradually decreases, possibly due to re-organization of the MWCNTs within the 

matrix. However, this reduction stops quickly once the overall length stops varying. Even 

though, the SMCs remain conductive enough to allow a Joule effect and efficient heating of 

stretched samples and to insure reproducibility between experiments. Figure II.25 is another 

representation of the variation of relative resistivity as a function of the applied strain during 

DMA cycling. PCL-CANc shows a higher increase in resistance, which can be attributed to the 

higher disruption of the MWCNTs network within the sample (due to higher deformation 

experienced by the sample) as compared to PCL-CNc.  

 

Figure II.25 – Strain and concomitant electrical resistivity variation during shape-memory cycles 
recorded by DMA upon convection heating/cooling for PCL-CANc and PCL-CNc networks after 14 days 
at room temperature. 
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II. 2. 7. Electrically triggered heating by Joule effect 

 

The objective of incorporating MWCNTs in the PCL matrix is to create a shape memory 

composite with electrical conductivity that can be activated by an electric current. The shape 

memory properties of PCL-CAN are not altered by the addition of 3 wt% MWCNTs, indicating 

that shape recovery through the Joule effect can be achieved. The heating of an undeformed 

PCL-CANc by Joule effect is triggered as soon as the electric current is passed through the 

material (figure II.26 – I & III), the temperature rises due to resistive heating as anticipated. By 

controlling the injected current, the samples are heated from room temperature to 60 °C with 

a rate of 10 °C/min. A cooling ramp from 60 °C to the room temperature can be achieved with 

a similar rate by progressively decreasing the current (figure II.26 – II & IV). As evidenced by 

the temperature recorded at different locations (figure II.26 – P2 to P6) of the PCL-CANc stripe, 

the sample is heating uniformly and follows linear increasing or decreasing temperature 

ramps.  

 
 

Figure II.26 - Controlled heating (I) and cooling (II) ramps of PCL-CANc by Joule effect with a rate of 
10 °C·min- and infrared images of both heating (III) and cooling (IV) on an undeformed PCL-CANc 
samples.  
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The observed homogeneous overall temperature of the whole sample, recorded by the 

IR camera during the resistive heating at a constant temperature rate also confirms the 

homogeneity of the dispersion of MWCNTs inside the matrix as previously determined by TEM 

analysis   (figure II.26 – III). The blending process appears thus robust to produce 

homogeneously conductive samples so that homogeneous actuation of the shape recovery is 

expected.  

Electrically triggered shape recovery was thus conducted and monitored using a normal 

and an IR camera. Figure II.27 displays the current injection actuated shape-recovery behavior 

for a PCL-CANc sample. The sample was initially a rectangular strip (41.2 mm x 8.1 mm x 0.5 

mm) that was programmed in a stretched temporary shape (length stretched sample 62.87 

mm). The original shape of the sample was completely recovered once melting temperature 

was reached. The tests being conducted with a 10 °C/min temperature ramp, about 2 minutes 

were needed to trigger the shape recovery starting from a room temperature of 25°C. 

Interestingly, it was observed that the sample heats up faster in stretched areas. Pictures of 

the thermal camera show that the undeformed area close to the grip remains underheated 

while the deformed one heat significally more. Unhomogeneous heating is here observed due 

to the deformation imposed to the sample. Stretching induced perturbations in the MWCNTs 

network and thus resistivity increases in those areas, causing the inhomogeneous 

temperature increase. Despite the observed fluctuations in electrical resistivity, the 

temperature controller effectively maintained a temperature of 60 °C throughout the process 

by adjusting the injected current.  
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Figure II.27 - Classical and infrared images of electrical actuation of the shape recovery by Joule effect 
as described in section II.2.13. 

 

Comparing convective and resistive heating is straightforward since both methods 

allows shape recovery easily. The behavior of shape recovery differs however slightly between 

the two systems. Conductive heating ensures that the whole sample is at a constant 

temperature, and thus, the recovery process begins simultaneously for the entire sample. On 

the other hand, resistive heating causes some parts of the sample to heat before others, 

leading to a recovery process that occurs primarily in some areas. As a result, the sample 

undergoes twisting or bending, depending on which parts recover first. Although both systems 

have the same initial and final stages (same length and recovery), the path taken by resistive 

heating causes a twisting motion, which is not observed with conductive heating. 

Nevertheless, PCL-CANc is suitable for both conductive and convective heating reaching both 

high recovery ratio. 
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II. 2. 8. Recycling of PCL-CANc  

 

The furan-maleimide adduct used in PCL-CAN and PCL-CANc samples is known to 

undergo significant cycloreversion at temperature above 100 °C80. This property has been 

used to test recycling of the materials. Rheological measurements were performed to study 

the formation and the breaking up of the PCL network by small amplitude flow experiments. 

Our study focuses on the behavior of the PCL-CAN and PCL-CANc vs. the temperature, i.e., 

during the formation and the rupture of the DA adducts. Three heating/cooling cycles were 

performed at the two optimal temperatures, i.e., 65 °C for DA adduct formation and 125 °C 

for retro DA reaction. Staying above the melting temperature of the PCL (> 45 °C) during the 

experiment confers enough mobility to the polymer chains enabling crosslinking by the 

creation of the DA adduct but it also prevents perturbations due to PCL crystallites during the 

rheological measurement. Measurements for PCL-CAN and PCL-CANc previously prepared and 

fully crosslinked can be seen respectively on figure II.28 and figure II.29.  

Considering PCL-CAN, a first conditioning step of 1 hour at 125 °C is performed to shift 

the equilibrium towards the retro-DA reaction. The gel point being defined as the point at 

which the G’ becomes larger than G’’ indicates the transition from fluid flow like behaviour to 

solid elastic behaviour. The network break-up is achieved at the start of the analysis as the 

loss modulus (G’’) is higher than the storage modulus (G’), which indicates that the system is 

back to the typical viscous behavior of uncross-linked PCL. The temperature is then decreased 

until 65 °C. The decrease of the temperature leads to an increase of both moduli. Moreover, 

both moduli continuously increase during the isotherms at 65°C, which can be attributed to 

the network formation since G’ and G’’ remain constant for PCL82-4OH at 65 °C. After 120 

minutes, the moduli were still increasing meaning that the DA equilibrium is not achieved yet 

under these conditions, nevertheless the isotherm is stopped and the temperature is 

increased back to 125 °C to shift again the equilibrium towards retro-DA and to test the 

reversibility.  A one-hour isotherm turned out to be more than sufficient to reach the 

thermodynamic equilibrium and an uncrosslinked state since the G’ and G” reach a plateau 

for all isotherms. It was however quickly reached. The faster kinetics of the retro-DA reaction, 
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compared to the DA reaction is explained by the fast disruption of the DA adduct which is a 

monomolecular reaction compared to the DA addition that is bimolecular and where an 

efficient coupling of furan and maleimide chain-ends in the PCL bulk is mandatory. 

Furthermore, in case of the DA reaction, the diffusion rate is continuously decreased due to 

the network formation, which slows down the bimolecular coupling of both reactive moieties 

for DA addition. Through cycling, similar profiles were obtained during the other curing 

isotherms confirming the remarkable network reversibility for PCL-CAN with G’’ always 

dominating and being constant at 125°C for all the cycles, so as the gel point at 65°C.  

 

Figure II.28 - Rheological study of thermo-reversibility of crosslinking of PCL-CAN 

 

As far as PCL-CANc is concerned (figure II.29), similar moduli variation is observed during 

the conditioning step at 125°C leading to the network break-up (G’’ dominating at start) as the 

equilibrium is now shifted towards the furan and maleimide regeneration. Cooling to 65°C, 

leads to very rapid increase of the moduli especially G’. This rapid increase of the storage 

modulus at 65°C also observed for non-reactive PCL82-4OH composite (figure II.30) is typically 

due to the network formed by the MWCNT above the percolation threshold in the polymer 
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matrix283–287. This phenomenon thus dominates the response masking the gel point of the PCL-

CANc. This result confirms both the existence of a percolated network in PCL-CANc, in 

accordance to conductivity data, and the moduli increase induced by the MWCNTs.  

 

Figure II.29 - Rheological study of thermo-reversibility of crosslinking of PCL-CANc 

 

Figure II. 30 – Rheological study of PCL82-4OH with a 3wt% MWCNTs content at 125°C and 65°C 
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 Nevertheless, both moduli continuously increase during the isotherms at 65 °C  for PCL-

CANc,  traducing the occurrence of the DA addition. . The G’ or G’’ at the end of each 

temperature cycle is reported in table II.7 for PCL-CAN and PCL-CANc. 

 

Table II.7 - Maximum storage and loss modulus for PCL-CAN and PCL-CANc during cycling 
between 65°C and 125°C 

PCL-CAN 

  Cycle 1 Cycle 2 Cycle 3 

Temperature 65°C 125°C 65°C 125°C 65°C 125°C 

End storage 
modulus - G’ (Pa) 

9 341 72,18 10 837 71,5 11 571 72,5 

End loss modulus 
- G’’ (Pa) 

6 480 3,97 6 881 20,6 6 771 30,2 

PCL-CANc 

  Cycle 1 Cycle 2 Cycle 3 

Temperature 65°C 125°C 65°C 125°C 65°C 125°C 

End storage 
modulus - G’ (Pa) 

67 200 7 500 71 075 10 731 74 434 12 419 

End loss modulus 
- G’’ (Pa) 

30 861 7 200 32 205 7 370 33 353 7 506 

  

 

By considering only the end value of the 65°C isotherm, from one cycle to the other, 

PCL-CANc presents a similar and quite low increase in both loss and storage modulus. This 

confirms the remarkable reversibility of the maleimide-furan Diels-Alder addition, who is 

responsible for the similar profiles obtained through cycling in both cases.  The main 

difference is observed for the G’ at 125 °C. For PCL-CAN, as the DA equilibrium is totally shifted 

toward the retro Diels-Alder, no differences are observed between cycles and G’’ dominates. 

This is not the case for PCL-CANc where G’ remains above G’’ and progressively increases over 

cycling. This can be explained by the irreversible reaction of the PCL chain-ends with the 

MWCNT during temperature cycling leading to a more stable network at 125°C.  
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Usually, thermosetting polymers contain only permanent covalent bonds and can thus 

not be reprocessed. Since the CAN SMCs contain reversible crosslinks, they present 

reprocessability. To better highlight the recyclability behavior observed during rheological 

analysis and measure its impact on mechanical properties, recycling of PCL-CANc was 

conducted using the temperature protocol of the rheological analysis. Stripes of the SMPc 

(figure II.31 - A) are chunked in small parts (figure II.31- B) which are piled in a flat sheet mold 

and hot pressed at 125°C for 60 minutes. The new film (figure II.31 - C) is cooled down to 65°C 

for 2 hours before being chunked again and piled for another cycle. This process is repeated 3 

times and delivers a flat PCL-CANc film. This film is cured for 72 h at 65°C to form again an 

SMPc that has been tested to evaluate its properties after resting a week at room temperature. 
 

 

 

Figure II.31 - Demonstration of PCL-CANc recyclability. Stripes of the SMPc (A) are chunked in small 
parts (B) which are piled in a flat sheet mold and hot pressed at 125°C for 60 minutes. The new film 
is cooled down to 65°C for 2 hours before being chunked again and piled for another cycle. This 
process is repeated 3 times and delivers a flat PCL-CANc film (C). This film is cured for 72 h at 65°C to 
form again an SMPc that has been tested to evaluate its properties. 

 

Immersion of the recycled samples in CHCl3 leads to the formation of a gel with gel 

fractions of respectively 92,45 and 91,69 wt% and swelling ratios of 1012 and 1047wt% for 

PCL-CANc recycled once and three times as show in table II.8 . This indicates that the recycled 

material presents a lower global level of crosslinking than the initially prepared material. This 

is in good agreement with the rheological observations that confirms side reactions between 

the chain-ends and MWCNTs. Less reactive moieties are thus present to create the furan-
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maleimide network, resulting in a lower overall crosslinking degree. However, similar swelling 

ratio and insoluble fraction of the recycled PCL-CANc between the one time and three times 

recycled samples suggests that these SMPc are crosslinked in an almost identical way. 

Quantitative cyclic thermo-mechanical analysis has thus been carried out to investigate the 

impact of recycling on mechanical behavior (results are displayed in figure II.32). Cycle 4 of 

the dynamic mechanical analysis is here not represented on the figure for better visibility but 

its shape memory properties are still described in table II.9 as for the other cycles.  

 

Table II.8 - Swelling ratio and insoluble fraction of the PCL-CANc recycled network 

Recycling cycles Swelling ratio % insoluble 

0 x (Original) 682,53 98,5 
1 x 1012,24 92,45 
3 x 1047,06 91,69 

 

 

 

Figure II.32 - Shape-memory properties evaluated by thermo-mechanical cycling of the recycled PCL-
CANc networks (0x, 1x and 3x; stress ramp: 0.06 MPa/min; temperature ramp: 3 °C/min on heating 
and cooling) measured 7 days after end of curing. 
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Table II.9 - Shape memory properties of PCL-CANc and PCL-CANc recycle networks 

PCL-CANc   - Original sample 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,44 99,52 99,54 99,56 

Recovery Ratio, Rc (%) 96,38 98,52 97,69 96,13 

Maximal Strain (%) 44,16 48,75 52,71 56,56 

PCL-CANc   - Recycled 1 times 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,47 99,99 99,99 99,99 

Recovery Ratio, Rc (%) 87,07 97,89 96,15 98,35 

Maximal Strain (%) 70,75 78,24 86,59 94,25 

PCL-CANc   - Recycled 3 times 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,7 99,73 99,73 99,74 

Recovery Ratio, Rc (%) 90,5 96,82 97,04 99,16 

Maximal Strain (%) 99,77 114,27 127,3 153,83 

 

The recycled PCL-CANc networks are characterized by a first cycle with relatively high 

recovery (87,07 % for a sample recycled 1x and 90,5 % for a sample recycled 3x) but reached 

their maximal values directly during the second cycle (>96 %). These differences in Rc behavior 

as compared to the original sample may derive from several origins such as the thermal history 

of the sample that could delay differently the setting up of a steady state behavior during 

cyclic testing, but also the difference in crosslinking ratio that leads to materials with dissimilar 

ductility and therefore different crystallization ability upon stress application. Both samples 

exhibit excellent fixity (> 99 %) and recovery (> 96 %) for cycle 2, 3 and 4. When comparing 

the three curves, the main arising difference is the higher strain experienced by the recycled 

networks (1times and 3times) for the same applied stress. The measured elongations are 

respectively 70,75 % and 99,77 % of deformation at the 1st cycle for PCL-CANc recycled once 

and three times, where the initial material only deformed by 44,16 % upon the same stress. 

This is caused by a lower crosslinking rate of the recycled networks. It is here also confirmed 

that the addition of the MWCNTs decreases the degree of crosslinking due to additional 

crosslinks furan and maleimide being reactive with the MWCNTs surface. Nevertheless, the 
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behavior of recycled material does not vary from the original one, i.e., the steady increase in 

strain from cycle to cycle is also present and can be related too to the same occurrence of 

retro-DA reactions upon tensile stress.  

Interestingly, if recycling is conducted over a smaller time scale, i.e., hot molding for 15 

minutes and isotherm at 65 °C for 15 minutes, the mechanical performances of the recycled 

SMCs are identical. It seems that the impacting step in terms of mechanical losses is the PCL 

mixing. We postulate that mixing the PCL stars favors the meeting between MWCNTs and the 

chains-ends. The DA addition of furane/maleimide being possible with both a MWCNT or 

another chain-end, it is likely that two configurations occur: when a chain-end is in contact 

with a MWCNT, the addition to the MWCNT is favored; while when no MWCNT is present 

close enough to the chain-end, it is the addition to another chain-end that is favored. This 

could be explained by the higher mobility of the chain-ends in the melt matrix than MWCNTs. 

The PCL network is still reformed during curing; demonstrating that even though the number 

of MWCNTs is high, chain-ends addition is mostly favored. 

 

II. 2. 9. Self-healing of PCL-CANc 

 

Considering the reversibility of the maleimide-furan network, self-healing performances 

of PCL-CANc were studied by using two different thermal repairing processes: convection 

heating and electrical heating. In both cases, the shape memory effect plays an important 

assistance to the self-healing process. When external force damages the material up to 

fracture, the break in the continuity of the matrix is subjected to mechanical deformation 

which prevents high contact between the crack borders. Thanks to the shape memory effect, 

the initial morphology before the fracture recovers rapidly bringing back in closer contact the 

crack borders and consequently fasten the healing process and its efficiency 288. 

 SEM was used to characterize the morphology of the cracked surfaces and healed 

samples for PCL-CANc with convection heating (figure II.34) and PCL-CANc with resistive 

heating (figure II.35).  Figure II.33 illustrates schematically the self-healing process of such 
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SMC. The material was prepared so that its surface was flat and smooth (picture A on figure 

II.33, figure II.34 and figure II.35). A scratch was made on the sample surface by knife-cutting 

(picture B on figure II.33, figure II.34 and figure II.35). The damaged sample was then thermally 

treated at 90°C for 20 min (picture C on figure II.33, figure II.34 and figure II.35). Then, a 

thermal healing at 65°C for 3 days was conducted in a ventilated oven at constant 

temperature. The first thermal treatment (90 °C, 20 min) was realized in an oven (figure II.34-

C) and by joule heating (figure II.35-C). The fracture was immediately narrowed by shape 

recovery when Tm is reached and the two cut sections are then in full contact. Partial 

debonding of the DA adduct is carried during this thermal treatment which makes the two 

new exposed PCLs border adhesive. The cross-linked networks are then reformed during the 

second thermal treatment (65 °C, 3 days) in a ventilated oven, leading to self-repair (picture 

D on figure II.33, figure II.34 and figure II.35). The crack-healing ability of the developed 

materials are thus demonstrated. 

 

 
Figure II.33 - Schematic illustration of the self-healing process of a PCL-CANc: initial material (A), 
cracked material (B), reduction of the crack gap by thermal triggered shape memory effect (C), 
healed material by formation of new covalent bonds (D). 
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Figure II.34 - SEM images of surfaces of PCL-CAN after production (A), PCL-CAN cracked surface after 
knife cutting (B), PCL-CAN cracked surface healed by convection heating at 90°C for 20 minutes (C) 
and PCL-CAN surface healed by convection heating at 65°C for 3 days (D). 

 

 

Figure II.353 - SEM images of the surface of PCL-CANc after production (A), PCL-CANc cracked 
surface after knife cutting (B), PCL-CANc cracked surface healed by resistive heating at 90°C for 20 
min, (C) and PCL-CANc surface healed by convection heating at 65°C for 3 days (D). 
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When repaired either by convection or electric heating, the narrowing crack shape 

memory effect of the PCL-CANc is quickly triggered within 1 minute of heating, this is called 

shape memory assisted self-healing (SMASH) and has already been described in chapter I 

(Section I.2.1). The heating of the material induces a shape memory response leading to a 

shrinking of the wounded area promoting contact between the damaged surfaces. The main 

particularity of internal self-heating by Joule effect over classical oven heating is the local 

increase of the temperature in the damaged area due to the local increase of resistivity at the 

tip of the cracks289. Unfortunately, this effect is known to happen but we were not able to 

observe it with our thermal camera, due to the limited resolution of our camera. Results 

demonstrated high-efficiency and repeatability of the PCL-CANc self-healing performance via 

both electrical and thermal healings indicating the high potential for various uses in industrial 

applications. Simple implementation of cracks detection through temperature monitoring or 

crack growth arrest through self-healing leads to the preparation of smart and low energy cost 

self-healing materials.  
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II. 2. 10. Multi-layered electro-active SMPC 
 

 

The developed PCL-CANc exhibiting auto-repair abilities offers straightforward processing 

perspectives by welding to design multilayer devices of complex shapes such as self-deploying 

devices with sequential triggering of the shape recovery. Covalent crosslinking between 

several layers of PCL-CAN/PCL-CANc can easily be implemented to assemble a multi-

SMP/SMPC layers composite. This is here illustrated by welding a composite stripe to a stripe 

without MWCNTs. CAN systems can simply be juxtaposed next to each other in a specific 

configuration and welded together by heating /curing into a single piece (figure II.36). Once 

the smart SMPC is designed, it can be easily programmed in a temporary shape and then by 

triggering shape recovery selectively in the conductive layer, a transition to a second 

temporary shape occurs by self-folding of the device leading to a two-way SM (figure II.37). In 

the present example, the bilayer sample self-folds into a L-bended shape. After what, by 

maintaining the current ramp in the active layer for an extended period of time, conduction 

heat from the conductive layer heats up the insulating layer (PCL-CAN) and triggers the return 

of the device to the permanent shape (figure II.37). The fine control of the current through 

the device allows thus the progressive transformation in various programmed shapes thanks 

to dedicated design of the smart multi-layered of PCL-CAN and its MWCNTs composites. 

 

 

Figure II.36 - Welding of a smart multi-layered SMC by hot molding. 
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Figure II.37 – (A) Activation of smart multi-layered SMC by Joule heating: heating of PCL-CANc;            
(B) Activation of smart multi-layered SMPC by joule heating : heating of PCL-CANc and then 
convection heating of the PCL-CAN layer. 
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II. 2. 11. Preparation and activation of magnetically sensitive PCL-CAN@Fe3O4 
 

 

In parallel to the classical oven and the electrical activation of the shape-memory effect, 

another alternative has been envisioned which consists in the activation of the SMPCs by 

application of an alternating magnetic fields. This requires the preparation of 

magnetosensitive SMPCs for which ferromagnetic fillers are needed. Fe3O4 nanoparticles 

coated with oleic acid (Fe3O4 NP@OA) were selected as they are one of the most popular 

magnetic fillers.  Synthesis of those nanoparticles is detailed in section II.2.9. Coating the NP 

with an organic layer is mandatory for a good dispersion in PCL, which is hydrophobic. The 

positively charged iron oxide nanoparticle can be coated by the negatively charged oleic acid, 

through electrostatic interactions (figure II.38). Transmission electron microscopy (TEM) was 

used to characterized the formed Fe3O4NP@OA (figure II.38 & II.39). As Fe3O4 nanoparticles 

turn superparamagnetic for particle diameters smaller than 20 nm and no longer exhibit 

hysteresis, great efforts were putted to produce NPs with such diameter. In this sense, we can 

expect Néel-Brown relaxations as the main magnetic heating mechanism and implement a 

thermal activation of the SMPCs by application of an alternating magnetic field. 

 

Figure II.38 – TEM analysis of Fe3O4 NP and schematic representation of the particle. 
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Figure II.38 shows a TEM image of the dispersed nanoparticles in toluene and a 

schematic representation of the particles, stabilized by an oleic acid (OA) coating during 

synthesis. Coating the NP allows also an easy dispersion in non-polar organic solvents, which 

is mandatory for the co-precipitation process with the PCL stars. The internal program of our 

TEM equipment was used to measure the particles size and confirmed the reaching of the 

targeted size limit below 20nm in diameter  (figure II.39).  

 

Figure II.39 – TEM analysis of Fe3O4 N@OA and size measurements. 

The particle size and polydispersity were also assessed by Dynamic Light Scattering 

(DLS). Magnetostatic (magnetic dipole–dipole) interactions of the particles can cause their 

agglomeration in solution even in the absence of an external magnetic field. This phenomenon 

was observed experimentally290 and confirmed by Monte Carlo simulations, which showed the 

formation of closed rings and long open loops of particles with no preferred spatial 

orientation. These aggregates tend to have a lower diffusion coefficient than single particles, 

and their equivalent sphere radius measured by light scattering is larger than the elementary 
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particle size obtained from TEM. Additionally, the hydrodynamic radius measured by DLS can 

increase due to the presence of oleic acid coating on the NP surface, resulting in an average 

diameter of 30.6nm. Despite this, the polydispersity index remains low at 0.039, and multiple 

analyses yielded consistent result. 

 

Figure II.40 – Dynamic light scattering analysis of Fe3O4 NP@OA. 
 

The magnetization of the nanoparticles was measured as a function of the applied 

magnetic field (H) at 3 different temperatures (300K,338K and 398K) as depicted in figure II.41. 

The magnetization disappeared instantaneously when the external field was suppressed, 

which indicates that their magnetic remanence and coercivity are close to zero at room 

temperature. This behavior is typical of superparamagnetic materials, which is desirable for 

the thermal activation of the SMPCs by application of an alternating magnetic field. 
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Figure II.41 – Magnetization curve of Fe3O4@OA nanoparticles at 300, 338 and 398 K. 

 

Preliminary experiments showed that incorporating the synthetized Fe3O4@OA 

nanoparticles enable magnetically driven heating with measurable effect from 25 wt% of NP. 

Nevertheless, in the present work, a concentration of 70 wt% was selected in order to reach 

a temperature of about 60 °C with the available soil set-up described in section II.2.14. Indeed, 

for a lower amount of 40 wt% the maximal temperature obtained reached 40°C which is not 

enough to melt the PCL composite. Blends of PCL-CAN/Fe3O4NP@OA with a weight ratio of 70 

wt% of NP@OA respectively to the PCL were analyzed by TEM (figure II.41) to confirm the 

homogeneous dispersion in the PCL matrix. Thanks to the coating with oleic acid allowing 

dispersion in non-polar media, the NP were well dispersed in the PCL matrix (figure II.42 – A). 

For the sake of comparison, non-coated NP form aggregate after coprecipitation with the PCL 

(figure II.42 – B).  
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Figure II.42 –TEM analysis of (A) PCL-CAN-Fe3O4@OA; (B) PCL-CAN-Fe3O4. 

Infrared imaging was used to evaluate the remote heating of a PCL-CAN Fe3O4@OA 

pellet (8 mm in diameter, 2 mm in width) by an alternating magnetic field. Figure II.43 shows 

a thermal image of the running experiment, along with the corresponding temperature 

increase over time as measured by an IR camera. The time evolution of two spots is depicted: 

spot 1 on the sample surface and spot 2 located beside of the sample. The sample was placed 

on an expanded polystyrene stand in the center of the coil.  

 

Figure II.43 – (A) Thermal images of the surface of the SMC during magnetic heating detailed in 
section II.2.14; (B) Evolution of temperature with time resulting from magnetic heating of a PCL-CAN 
Fe3O4@OA (Spot 1) and a reference spot (Spot 2). 

The IR camera picture of the sample indicates an homogeneous temperature of the 

whole sample which traduces the homogeneity of the heat dissipation and thus of the NP 
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dispersion within the matrix. The melting temperature of the sample (45 °C) was reached 

within 100 s, and a final temperature of about 60 °C is reached after 200 s. Upon reaching the 

melting temperature, there is a slight decrease in the rate of temperature increase, likely 

caused by the melting of crystalline regions, which uses part of the heat induced by the NPs. 

Heating continues to increase after melting. By monitoring the temperature of a reference 

spot adjacent to the sample, it is evident that there is no external temperature increase beside 

the sample’s thermal radiation. This proves that the sample is being heated through the 

magnetic field and not merely by heat transfer from the coil (which is water-cooled to prevent 

such occurrences). These results demonstrate that enough heat is produced by magnetic 

activation to melt the PCL and thus to potentially actuate the shape recovery of programmed 

SMPCs.  

After establishing that magnetic heating can achieve a uniform temperature 

distribution on the SMPC, the subsequent crucial factor to examine is the mechanical 

properties of the SMC for enabling well-regulated shape memory cycles. Regrettably, such a 

substantial loading of NPs significantly deteriorated the mechanical characteristics of the PCL 

matrix. The sample becomes brittle at room temperature and requires some heating to display 

sufficient flexibility for shape memory cycling. There are two potential causes for this 

observation. The first is the impact of NP loading, which could have a negative effect on 

mechanical properties due to lack of interfacial interactions and thus at high loading, interface 

increases leading weakening the composite properties. The second   possibility would be a 

reaction occurring with the reactive moieties at the PCL chain ends and the NP coating. NP are 

coated with oleic acid, which contains an unsaturation. If the reactive chain ends were to 

attach to the oleic acid coating, they may be unable to participate in network formation. As 

we have seen in a similar example involving MWCNTs, this could significantly affect 

mechanical properties.  

However, the composite becoming much less brittle above the melting temperature, 

it can be programmed in an elongated shape and as demonstrated in Figure II.44, the 

shaperecovery can be efficiently actuated by the magnetic field. As compared to figure II.43 

where the sample is a dense pellet, the elongated thin PCL-CAN Fe3O4@OA stripe takes longer 
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to reach its Tm. This delay can be attributed to thermal losses caused by convection cooling in 

the ambient air, whereby the sample loses a significant amount of energy. Multiple attempts 

to heat samples of same composition but varying thickness, have confirmed this effect. 

Samples with lower thicknesses achieve lower final temperatures. This effect is further 

exacerbated during shape memory cycling, where the temporary shape adopted by the 

sample typically involves elongation, leading to a reduction in cross-section and greater losses. 

Therefore, determining the optimal thickness of the sample for the intended application is 

crucial and should be considered as an important parameter.  

 
Figure 44 – Thermal images of the surface of the SMC during magnetic heating of a PCL-CAN 
Fe3O4@OA (Spot 1) and a reference spot (Spot 2); (A-D) Evolution of temperature with time resulting 
from magnetic heating.  

Additional investigations would be necessary to optimize the loading of magnetic 

particles in the composite in order to avoid brittleness while preserving enough magnetic 

heating capability. However, due to the timeframe of the magnetic heating implementation 

in the project, this is still an ongoing work and can not be presented in this manuscript.     
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II. 3. Conclusions 

In this work, smart shape memory self-healable and recyclable composites were 

developed from PCL covalent adaptable networks. In-depth investigation of the Joule effect 

triggered shape memory properties was made possible by integrating to the conventional 

characterization methods, namely tensile tester and dynamic mechanical analysis, with the 

simultaneous measurement of the sample resistivity. The electrical activation of the shape 

recovery through Joule effect is particularly attractive to finely control the triggering of the 

shape recovery while avoiding overheating of the surrounding. This is especially of interest 

when a sequential recovery of a multi-material device is foreseen. Indeed, it allows to trigger 

shape transitions in dedicated parts of multilayered materials allowing the precise control of 

multiple and progressive shape transitions. In addition, this easy to reprocess and 

reconfigurable PCL-CAN material makes straightforward the elaboration of multilayered smart 

devices of various conductivities by loading or not the network with MWCNTs. Fabrication of 

a self-deploying devices of complex shapes integrating parts with selectively triggered shape 

recovery has been presented. Finally, the inclusion of Fe3O4 nanoparticles was evaluated. The 

application of a magnetic field successfully induced heating, thereby enabling remote 

activation of the shape memory effect in a PCL composite loaded with Fe3O4. However, further 

research is needed to improve the mechanical properties and ultimately produce a composite 

with  shape memory characteristics that can be activated remotely. 
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Abstract 

 

Recent studies have highlighted the efficacy and benefit of shape-memory polymer 

foams over bulk materials, especially for self-deploying medical devices. In that field, poly(ε-

caprolactone) covalent adaptable networks (PCL-CAN) are materials of choice since they 

combine biocompatibility, excellent shape memory properties with reconfiguration ability of 

the network allowing the design of biomedical devices of complex shapes. The preparation of 

PCL-CAN foams was here investigated by using a solvent-free supercritical CO2 foaming 

process. Starting from a mixture of low molar mass PCL stars bearing furan or maleimide as 

end-groups, a two-step foaming process was developed that leads to highly porous foams of 

unprecedented low density (0.02 g/cm3). We took advantage of the thermo-reversible Diels-

Alder addition to control the molar mass and the network crosslinking density of the PCL 

throughout the foaming process. Adjusting the amount of Diels-Alder adducts at each foaming 

step is key to allow foaming of the mixture and reach closed-cell foams of low density that 

exhibit excellent shape memory properties. Thanks to the thermoreversibility of the Diels-

Alder reaction, these foams are also recyclable at high temperature. These innovative shape 

memory PCL-CAN foams are attractive candidates as self-deploying implants for vessels 

occlusion, as shown by dynamic mechanical analysis and illustrated by mechanical occlusion 

of a large simulated vessel. Finally, this process was applied to MWCNT composites. The 

impact of the addition of the filler on the foam density, conductivity and shape-memory 

behavior is investigated. 

 

Part of this chapter has been published: 

Houbben, M., Thomassin, J.-M., & Jérôme, C. (2022). Supercritical CO2 blown poly(ε-caprolactone) 

covalent adaptable networks towards unprecedented low density shape memory foams. Materials 

Advances, 3(6), 2918–2926. https://doi.org/10.1039/D2MA00040G 
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List of abbreviations: 

 

PCL    Poly(ε-caprolactone) 

PCL82-4MAL  Poly(ε-caprolactone)82-4Maleimide 

PCL82-4FUR  Poly(ε-caprolactone)82-4Furane 

PCL-CAN  Poly(ε-caprolactone) Covalent Adaptable Network   

TGA   Thermo gravimetric analysis 

DSC   Differential scanning calorimetry  

MWCNT  Multi-walled carbon nanotubes 

SMP   Shape memory polymers 

scCO2   Supercritical CO2  
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III.1 Introduction 

 Polymer foams are versatile materials that allow combining the advantageous 

properties offered by polymers with the remarkable properties of their intrinsic architecture 

giving attractive light-weight materials with high mechanical strength291. In the past years, the 

design of porous materials by environmentally friendly foaming processes provided foams of 

many thermoplastics covering a wide range of applications in various fields, from materials 

science to medecine291–296. In the latter, biodegradable foams are particularly interesting to 

design implants for therapeutic purposes297–299 as well as scaffolds for tissue engineering300–

302. Among the biodegradable materials used for biomedical purposes, semi-crystalline poly(ε-

caprolactone) (PCL) has been widely studied because of its biocompatibility and remarkable 

mechanical properties afforded by a low glass transition temperature (Tg~-60 °C) and a melting 

temperature easily achieved above the body temperature (Tm~60°C). Furthermore, when PCL 

is chemically crosslinked, the resulting covalent networks exhibit excellent shape memory 

properties, making them particularly appealing for the development of the mini-invasive 

surgery making available self-deploying devices303. For example, easy-to-implement 

endovascular occlusion systems rely on the delivery of a temporary low-volume SMP foam to 

the confined space of a vessel where, when in place, an externally triggered expansion shifts 

the foam to its original expanded shape, so filling the vessel304. 

Therefore, many processes have been studied and developed to get porous structures 

of PCL. Among the diverse foaming processes, the solvent-free supercritical CO2 (scCO2) 

foaming received great emphasis305–313; CO2 being non-toxic, non-flammable, and 

inexpensive312–315. As illustrated in table III.1 that gathers some reported foaming conditions 

and the corresponding PCL foams characteristics, this scCO2 process leads to PCL foams of low 

density (lower limit about 0.2 g/cm3 which corresponds to 80 % porosity) in mild conditions, 

namely by processing the PCL at a temperature between 30 to 65 °C in a pressure range from 

10 to 20 MPa with variable depressurization rates. Table III.1 also evidences that PCL with a 

molar mass above 40 kg/mol is required in order to get enough chain entanglement to insure 

an appropriate viscosity to sustain the expansion during the depressurization. On the other 

hand, if the viscosity would be too high, it would limit the material expansion preventing to 
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achieve low density foams. Therefore, the preparation of crosslinked PCL foams by this 

process is scarcely described314 and relies mostly on post-foaming crosslinking treatment. Until 

now, foaming processes rather include microwave assisted solvent foaming, high internal 

phase emulsion, particle leaching or glass microsphere incorporation when the preparation of 

porous PCL covalent networks is foreseen 316–321. 

 

 

Introducing adaptable crosslinks in polymer materials allows today to resolve the 

intersection between thermoplastics and thermosets329,330. Advantageously, shape-memory 

polymers based on covalent adaptable networks (CAN) have emerged since they remarkably 

combine efficient shape memory properties with reconfiguration and/or recycling 

capabilities331. Indeed, these CANs make possible the reprocessing of the permanent shape so 

as the full recycling of cross-linked scrapes (e.g. resulting of processing). They are thus eco-

friendlier than the non-reversible covalent networks. In addition, they are preferred when 

shape memory devices of complex design are foreseen for their reconfiguration ability which 

facilitates their manufacturing332.  

 

Table III.1  Summary of reported PCL foams of low density obtained via a supercritical CO2 process 

Material and 

additives 

Mw 

(kDa) 

Density 

(g/cm3) 

Porosity 

(%) 

ScCO2 

pressure 

(MPa) 

Foaming 

T° (°C) 

Depressurization 

rate (MPa/s) 
 

PCL 50 0,29-0,35 68-72.5 14 39 5 ref309 

PCL 45 0,07-0,72 36.7-93.8 10-15 31,5-65 5 ref322 

PCL 45 0,2-0.5 55-85 20 50 0.02 ref323 

PCL 80 0,22 80 5-20 40-50 7-12 ref324 

PCL/DXMT/ 

glycofurol 

48 - 

90 
0,29-0,93 18,5-74,5 20 45 0,016-0,05 ref325 

PCL/PEO 
50 - 

70 
0,103 80-94,6 10-17 45-95 Fast ref326 

PCL/HA 

nanocomposites 
65 0,2-0,5 55-85 10-20 37-40 0,02-10 ref327 

PCL/ethanol 80 0,22-0,42 62-80 12,3-20,5 35-45 0,24-4,1 ref316 

PCL/MWNT 50 0,18-0,31 72-84 20 60 10 ref328 
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 In this chapter, we are taking advantage of the temperature-controlled equilibrium of 

the Diels-Alder cycloaddition to tune the content of Diels-Alder adducts in the 

furane/maleimide PCL stars mixture. Consequently, the mixture viscosity and the material 

crosslinking degree can be adjusted in function of the scCO2 foaming step requirements. In a 

first step, the partial formation of Diels-Alder adducts allows the coupling of the PCL stars 

increasing their molar mass and so the viscosity of the material. This allows scCO2 blowing and 

the formation of PCL foams stabilized by the PCL crystallization occurring upon venting333–335. 

Then, the stabilization of the expanded foams is improved by increasing further the Diels-Alder 

adducts content until maximum crosslinking of the foamed PCL is reached. This crosslinking 

ensures the foams stability above Tm providing them shape memory properties and leading to 

potential biomedical application as self-deploying implant for vessels occlusion. 
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III.2 Experimental section 

III.2.1. Materials 

All the PCL stars used in this work were obtained by end-groups functionalization of 

commercially available star-shaped PCL samples (CAPA™ 4801, kindly offered by Perstorp® UK 

limited) according to a previously reported procedure273. All the characteristics of the used 

PCL stars are reported in the Table III.2. PCL 80 000g/mol (PCL700-2OH - Aldrich), CO2 (Air 

Liquide), 4,4′-Methylenebis(cyclohexyl isocyanate) (Acros Organics) and chloroform (VWR) 

were used as received. 
 

Table III.2 :  Macromolecular parameters of the starting PCL stars 

Code 
End-group 

function 

Mn
a 

g mol-1 

Funct. 

%b 

Cryst. 

%c 

Melting point 

°C 

PCL76-4OH Hydroxyl 8 800 100 55 49.59 

PCL76-4FUR Furan 9 500 95 43 46.91 

PCL76-4MAL Maleimide 9 600 81 39 45.30 

a) As determined from 1H NMR including chain-ends; b) Degree of functionalization of the PCL chain-

ends measured by 1H NMR; c) Crystallization degree as determined from DSC analysis 

 

III.2.2. Preparation of PCL disks 

PCL-CAN disks: stoichiometric amounts in reactive groups (furan and maleimide 

moieties) of PCL76-4FUR and PCL76-4MAL (Table III.2) powders were grinded together in a 

mortar in order to get 4 g of mixture. This mixture was melt-blended at 125 °C in a 6 cm3 co-

rotating twin screw mini-extruder (Xplore, DSM) for 10 min at 150 rpm. After extrusion, the 

polymer blend was let to cool down to room temperature. Then, the blends were displayed 

into a disk mold (8 mm in diameter and 0.5 mm in thickness), heated at 105°C and compressed 

under a load of 75 N for 90 seconds. They were then quickly cooled down to room 

temperature, extracted from the mold and stored at -20°C under a dry atmosphere. Just 

before foaming, a 60 min. thermal treatment at 105°C was applied to these disks placed back 
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in the mold in order to adjust the cross-linking degree of these PCL-CANs. The optimal time of 

60 min. was experimentally determined.  

PCL-PU disks: PCL76-4OH was melted in a beaker at 60°C under stirring and then 4,4′-

methylenebis(cyclohexyl isocyanate) (0,6 equivalent) was added. After 30 seconds of stirring, 

the mixture was poured into a flat sheet mold (50x50 mm with a thickness of 0,5mm) and 

compressed under a load of 75 N for 90 seconds. Disks (8mm in diameter and 0.5 mm in 

thickness) were then cut from this sheet.  

PCL700-2OH (Mn~80.000g/mol) disks: they were prepared by direct hot molding of the 

material into a disk mold (8 mm in diameter and 0.5 mm in thickness).  

  

III.2.3. Supercritical CO2 foaming process 

The PCL disks were introduced in a 316 stainless-steel high-pressure reactor (100 mL) 

from Parr Instruments, for scCO2 foaming. First, the reactor was thermostatically controlled 

at 65°C in an oil bath for 30 min. Then, a CO2 pressure of 25 MPa was applied with an ISCO 

260D high pressure syringe pump for 15 min. This step was followed by a rapid decompression 

in a few seconds to ambient pressure. Finally, the reactor was let in an oil bath at 40°C for 5 

minutes. The final foams were then collected from the reactor. These foaming pressure and 

temperature were optimized in this study. 

III.2.4. Foams characterization 

Foams density (ρF) was determined as the ratio between the mass and volume of the 

sample. The mass was measured by using a high accuracy balance and the volume is measured 

by pycnometry using water as liquid of known density at 25°C. Each foam was weighted prior 

and after analysis to confirm that the closed cell porosity and water being non-wetting for PCL 

were enough to ensure no penetration of the liquid inside the foam. The porosity of the foams, 

expressed in %, was then calculated by the following equation III.1: 

Porosity = (1- 
ρF

ρP

) *100 (III.1) 

where ρF is the density of the foam, ρP is the density of the bulk PCL (i.e.  1,14). The expansion 

ratio of the foams was calculated according to equation III.1. 
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Expansion ratio =
Initial disk density

Foamed disk density
 

 

(III.1) 

 

Scanning electron microscopy (SEM) was used to determine the cells size and 

morphology of the produced foams using an acceleration voltage of 20 keV. The samples were 

mounted on metal holder and fixed using a double-sided adhesive tape. Samples cross-section 

were vacuum-coated with a layer of gold prior to analysis with a FEI-Phillips Quanta 600 

microscope using an acceleration voltage of 20 kV.  

 

III.2.5. PCL network characterization 

Swelling experiments were performed to evaluate the crosslinking density of the PCL 

networks. The samples were weighted (initial material weight) and then placed in CHCl3 for 

24h at room temperature. The swollen samples (gels) were weighted (swollen network 

weight). These gels were then dried under vacuum for 24h and weighted (dried network 

weight). From these data, the swelling ratio and the insoluble fraction of the networks were 

calculated based on the equations (III.2) and (III.3). 

 

Swelling ratio (%) = 
(swollen network weight-dried network weight)

dried network weight
x 100 

 

(III.2) 

Insoluble fraction (%) =
dried network weight

 nitial material weight
x 100 (III.3) 

 

The conversion of the furan end-groups into Diels-Alder adducts within the cross-linked 

materials was evaluated by Raman spectroscopy as already described elsewhere273. Raman 

spectra were recorded at room temperature using a Horiba-Jobin-Yvon Labram 300 confocal 

spectrometer equipped with an Olympus BX40 microscope. A Spectra Physics model 168 

Krypton ion laser with a 647.1 nm line was focused on the different samples with an 

Olympus_50 objective. The laser power at the sample level was of the order of 15 mW. The 

spectrum was accumulated twice for 20s. The detector is an Andor iDus BRDD 401 CCD. All 
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spectra baselines were corrected using a home-made software. After normalization of the 

spectra on the PCL band at 1750cm-1, the furan conversion is estimated by measuring the 

intensity of the band at 1503cm-1 (I) typical for the furan ring and for the starting PCL76-4FUR 

by applying equation III.4.  

 

Measurements of the number average molar mass (Mn) and polydispersity were carried 

out by size exclusion chromatography (SEC) in THF (flow rate: 1 ml / min-1) at 318 ° K using a 

viscotek 305 TDA liquid chromatograph equipped with two PSS SDV linear M columns 

calibrated with poly(styrene) standards. 

Transmission electron microscopy (TEM) (Philips M100 microscope working at an 

accelerating voltage of 100 kV) was used to characterize the MWCNTs dispersion in the 

composite. Thin slices (90 nm) were prepared by ultracryomicrotomy (ULTRACUT E from 

Reichert- Jung) at -130 °C. The micrographs were analyzed by using the KS 100 (Kontron 

Imaging System) software.  

Differential scanning calorimetry (DSC) analysis was operated on a TA DSC 250 apparatus. 

Melting point and endotherm was determined during the second heating run of the sample 

between -80°C and 70°C at 10K/min with isotherms of 5 minutes at each targeted 

temeprature. Degree of crystallinity of PCL has been evaluated by comparing the value of the 

melting enthalpy to the one reported for a PCL presenting 100% of crystallinity.  

 

III.2.6. Shape memory characterization 

 

The shape memory properties, namely, the fixity of the temporary shape (i.e. the 

capacity of the foam to retain the temporary shape when the stress is released below Tm) and 

the recovery of the permanent shape (i.e. the fidelity of the recovered permanent shape after 

1 SM cycle) of the PCL-CAN foams were determined by thermo-mechanical traction and 

compression analysis using a TA Q800 DMA equipment. The foam sample was cut (1,5 x 0,5 

Conversion (%) =
I on PCL stars mixture spectrum

I

2
on 𝑃𝐶𝐿76-4FUR spectrum

x 100  (III.4) 
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x0,5 cm cut foam for traction and 1 x 1 x 1 cm cut foam for compression), clamped and 

equilibrated at 65 °C in the DMA. Then, it was respectively elongated up to 0.03 MPa or 

compressed with a force of 0.06 N, following a controlled stress or force ramp, then cooled 

down to 0°C at 3°C/min before releasing the stress. The comparison of the strain at 0°C before 

and after the release of the stress allows measuring the sample fixity. The fixity ratio (Rf) is 

given by equation (III.5). Finally, the sample is heated again to 65°C at 3°C/min in order to 

allow the sample to recover its permanent shape. The shape recovery is obtained by 

comparing the strain at 65°C before and after this cycle, the recovery ratio (Rc) being 

calculated by equation (III.6). This shape memory cycle was repeated 4 times for both tensile 

and compressive testing. 

 

Rf = 
strain after stress release at 0°C

strain before stress release at 0°C
∗ 100 (III.5) 

Rc = 
strain at 65°C without stress for cycle N at 0°C  

strain at 65°C without stress for cycle (N-1) 
∗ 100 (III.6) 
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III.3 Results and discussion 
 

III.3.1. Preparation of PCL-CAN foams 

As previously reported89, PCL-CAN can be prepared by melt blending a mixture of 4-arm 

PCL stars bearing maleimide or furan moieties at the chain-ends in a stoichiometric amount. 

By controlling the temperature, a thermo-reversible PCL-CAN is obtained by the formation of 

Diels-Alder adducts below 125°C between both types of stars (figure III.1, insert). This network 

can be cleaved back to a fluid mixture of the stars by heating above 125°C. With the goal to 

get foams of this material, a stoichiometric mixture of 4-arm PCL stars (~9kDa) bearing 

maleimide or furan moieties at their chain-ends was hot-melt blended, then hot molded as a 

disk and kept 1h at 105°C before scCO2 foaming (figure III.1). Based on literature data (table 

III.1), these disks are placed under 250 bar of CO2 at 65 °C (i.e. above the melting temperature) 

in order to dissolve scCO2 into the molten material. Then, CO2 gas expansion is induced by the 

rapid depressurization of the vessel, leading to the disk foaming. When these disks are 

 

Figure III.1 - Sketch of the progressive network formation in function of the different steps of the PCL-
CAN foaming and crosslinking starting from the PCL-CAN precursors.   
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thermostatized 30min. at 65°C in the high-pressure reactor before pressurization, a foam 

exhibiting an unprecedented low density is remarkably obtained (figure III.2 - b).  

 

 

Figure III.2 - (a) PCL-CAN disk before foaming, and foams of (b) PCL-CAN disk cured at 105 °C 
for 1 hour, (c) PCL-CAN disk cured at 65 °C for 72hours, (d) PCL-PU network, (e) linear high molar 
mass PCL. 

 

If the same process is performed with PCL stars exhibiting OH groups at the chain-ends 

and therefore unable to react together, no foaming is observed at the end of the process. This 

is expected for low molar mass materials due to the limited chain entanglement leading to too 

low melt strength to get stable foam. When this process is applied to a disk of linear PCL of 

high molar mass (80 kDa), a foam is obtained (figure III.2 - e) but exhibiting a much lower 

expansion as compared to the PCL-CAN. Indeed, a density of 0.16 g/cm3 is measured for the 

linear PCL foam which is in line with reported literature data, while remarkably, the volume 

expansion is very high for the PCL-CAN, leading to foams with a very low density of 0.02 g/cm3 

(table III.3). This behavior originates from the peculiar feature of the thermo-reversible Diels-

Alder (DA) reaction which allows tuning of the molar mass and network crosslinking density 

of the stars mixture by adjusting the thermal treatment of the disk.  As sketched in figure III.1, 

the starting stars mixture is initially not foamable due to the low melt strength of the short-

arm stars. By taking advantage of the DA reaction, the matrix strength can be increased by 

formation of Diels-Alder adducts between stars, increasing the molar mass. Therefore, the 

disks are first hot molded at 105 °C for 60 minutes before placing them, at 65 °C for 30 min. in 

the high-pressure reactor before pressurizing with scCO2. To follow this thermal process is 
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crucial since it forms an optimal number of DA adducts so that the resulting molar mass is on 

one side increased enough to ensure a melt strength allowing foaming but on the other side 

is kept low enough to reach high foam expansion. Indeed, as evidenced on figure III.2 - c, when 

a disk is cured for a much longer time, e.g. 72 h, at 65 °C instead of 30 min., the material 

expansion remains limited during foaming. This is explained by the crosslinking of the material 

reached before foaming thanks to the long curing time at 65 °C. This is supported by the similar 

expansion observed for a PCL-PU network crosslinked by diisocyanate before foaming        

(figure III.2 - d). Table III.3 summarizes the foams densities and expansion ratios of these 

samples and evidences the critical role of cross-linking on the foam expansion. When the 

material is highly crosslinked before foaming, whatever the used chemistry (reversible vs 

irreversible bonds), the foam expansion is limited. 

 

 

Figure III.3 shows the expansion ratio of PCL-CAN foams obtained for disks hot molded 

for various time at 105°C. It clearly evidences the impact of the thermal treatment of the disks 

on their foaming capacity, the maximum expansion being observed for a curing time of 60 

minutes. The increase of the molar mass without reaching crosslinking of the sample has been 

evidenced by swelling tests, SEC and Raman spectroscopy. 

Table III.3: Foams density and expansion ratio of various PCL disks 

Disk used for foaming  Density (g/cm3) Porosity (%) Expansion ratio 

1. PCL-CAN disk before foaming 1,14 - - 

2. PCL-CAN cured at 105°C for 1h. 0,02 98,2 58 

3. PCL CAN cured at 65°C for 72 hours 0,23 80 5 

4. PCL-PU network 0,23 80 5 

5. Linear PCL 80.000 g/mol 0,16 86 7 
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Figure III.3 -   Expansion ratio of PCL foamed at 65°C in function of hot molding time at 105°C 

 

 After hot molding for 1h at 105°C, the disk remains fully soluble in chloroform. At that 

temperature a few Diels-Alder adducts are formed leading to chain extension but a network 

is not achieved. After thermostatization for 30min in the high-pressure cell at 65°C and 

impregnation for 15 min in scCO2, the material does not dissolve anymore but highly swells in 

CHCl3 forming a very fragile jelly fish structure difficult to handle, characteristic of a network 

of very low crosslinking density. This sample was also analyzed by size exclusion 

chromatography (SEC) after dispersion/swelling in THF. The SEC analysis of the soluble fraction 

remaining after filtration on a 2-micron filter confirms the increase of the molar mass of the 

sample by the broad trace at low elution volume (figure III.4). It also reveals that some 

unreacted stars are still present in the sample. 

 

 Just as previously described in section II.3.3, raman spectroscopy demonstrated to be a 

powerful tool to follow the formation of the DA adduct in this PCL matrix. Typically, the three 

functional groups of interests (furan, maleimide and DA adduct) can be distinguished in the 

Raman spectrum and the conversions of the furan and maleimide end-groups into 

corresponding DA adducts can be quantitatively measured. Raman analyses were performed 

at each step of the process and the results can be seen on table III.4. After hot molding, the 

conversion of both maleimide and furan moieties into DA adducts is 16% (figure III.1 - Disk 

production). It points out that after processing, a few DA adducts are formed, which is in line 
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with the full solubility of the processed disk. After thermostatization in the scCO2 reactor at 

65 °C, and impregnation in supercritical CO2 for 15 min, the DA adduct conversion increases 

to 24 % (figure III.1 - Disk foaming) but remains below the gel point of this PCL76-4MAL and 

PCL76-4FUR mix that is about 33 % of DA conversion89. This confirms that foaming occurs when 

the molar mass of the sample is higher than the one of the starting stars, but before the 

formation of the network which accounts for the exceptionally high-volume expansion. Let us 

mention that both the synthesized PCL-PU as well as the PCL-CAN let 72h at 65°C exhibit the 

same swelling ratio of 1500 % in CHCl3 and an insoluble fraction of 97 %. This demonstrates 

that a network was formed through the whole disks before foaming, which explains the 

limited foam expansion observed in these cases.  

 

 

Figure III.4 - SEC chromatograms of a PCL stars mixture before hot molding (before step I of figure 

III.1) (black) and after hot molding, reactor thermostatization, pressurization and venting (after step 

II of figure III.1) (blue). 

 

Table III.4:  Raman study of the PCL-CAN foaming process 

  Foaming step Treatment Furan Conv. 

1. Disk Production 1h, 105°C 16% 

2. Disk Foaming 30 min, 65°C  

  15 min, 65°C, 250bar of scCO2, 

Venting 
24% 

3. Foam stabilization 40°C, 7 days 62% 

  Disk not foamed 40°C, 7 days 63% 
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 Finally, after scCO2 foaming, an additional curing step is performed at 40°C with the 

purpose to increase the DA adducts conversion and reach the network formation to stabilize 

the foamed structure (figure III.1 - Foam stabilization). After 7 days of curing at 40°C, the DA 

adducts conversion levels up at 62% which is in good agreement with the values reported 

under the same conditions by previous works336. Interestingly, a similar conversion is achieved 

for a non-foamed PCL-CAN disk experiencing the same thermal curing which confirms that 

foaming does not alter the Diels-Alder reaction. 

At the term of the foaming process, the morphology of the scaffolds was observed by 

scanning electron microscopy (SEM). Figure III.5 shows the SEM micrographs of the cross-

section of the foam revealing a porous closed cell morphology with pores of a hundred of 

microns. This is in line with reported scCO2 foaming with low soaking time and high 

depressurization rate337 and follows the predictions of the nucleation theory 338,339. If a few 

pores allow some interconnexions between adjacent cells, most of them are closed as usually 

observed for the scCO2 foaming process. Thanks to this closed-cell structure, good mechanical 

properties are preserved for these extremely expanded foams. We observe a young modulus 

of 0,04 MPa in compression at r.t. allowing the maintain structural integrity to withstand blood 

pressure. 

 

 

Figure III.5 - SEM analysis of foamed PCL-CAN after a hot molding of 1 hour at 105°C and foaming at 
65°C  
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The advantage of getting a covalent PCL network after the material foaming is that 

crosslinking preserves the foam structure above the melting temperature. This thermal 

stability was demonstrated by placing foamed samples at 80°C for 15 minutes and 

determining the volume expansion retention (VER) after thermal treatment according to 

equation III.7.  

 

 

 

Figure III.6 - a  shows the effect of the foam curing time at 40°C on the VER. Without a 

curing period at 40°C after foaming, the foam structure is lost as soon as the PCL is molten 

traducing the absence of crosslinking as evidenced in the previous section. A curing time above 

4 days allows to reach a maximum crosslinking of the material which is then able to retain 

more than 70% of its expansion. SEM micrographs of the cross-section of the foam before and 

after thermal testing (figure III.6 - b) on a sample cured for 14 days show that the foam structure 

is well preserved for the crosslinked PCL-CAN. 

 

 

Figure III.6 - PCL-CAN foam thermal stability assessment: a) VER in function of the curing time at        
40 °C after foaming and b) SEM micrographs of the cross-section of a foam cured for 14 days, before 
(top) and after (bottom) heating at 80 °C for 15 min. 
 

VER = 
Expansion ratio after thermal treatment

Initial expansion ratio
x 100 (III.7) 
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The decrease of the foam expansion at 80 °C is caused by the disappearance of the PCL 

crystalline regions leading to the softening and relaxation of the cell walls. The network 

relaxation has previously been described by the loss of oriented crystallization occurring when 

the material crystallizes under load. This is the case when the crystallization occurs during the 

expansion of the material under foaming340,341. Thus, when such foam is placed over Tm, the 

load that was induced by foaming being no longer present, chain relaxation can occur. Once 

the sample goes back under Tm, crystallization is no more oriented leading to a partial 

decrease of the foam porosity. Nevertheless, thanks to the induced crosslinking at the foamed 

state, the foam architecture is maintained. The stabilizing effect of the network formation is 

well represented on figure III.6 where low curing time lead to low volume expansion retention. 

The volume reduction is less and less significant upon curing resulting in about 70% of the 

initially expanded volume after 7 days. Even with this expansion reduction, the density is still 

low reaching 0,03 g/cm3. 

  

Besides, an additional advantage of these PCL-CAN is the reversible thermal cleavage of 

the DA adducts at high temperature allowing full reprocessing of the material273. The 

reprocessability/recyclability of the foamed PCL-CAN was confirmed by heating the sample at 

125°C for 1 hour. A fluid mixture is then obtained that can be reprocessed as a foam by 

following the developed protocol. The expansion ratio of the recycled material reached 54 

that is very close to the one to the pristine material (i.e., 58). A VER of 73 is obtained for foams 

of the recycled material and cured at 40°C for 14 days that is also comparable to the value of 

76 obtained from a pristine stars mixture. This is another evidence that the foaming process 

based on scCO2 is not altering the Diels Alder reaction so that the PCL-CAN fully preserves its 

network adaptability and reprocessability. 
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III.3.2. Shape memory properties of PCL-CAN foams 

Figure III.7 shows 4 consecutive shape memory cycles of the PCL-CAN foam (crosslinked 

during 7 days) in tensile mode. This protocols for this experiment is the exact similar to the 

ones realized in chapter II section II.2.5, on PCL-CANc and PCL-CNc non-foamed samples, to the 

exception that the forces involved are reduced for two reasons. Firstly, the material we are 

dealing with is more malleable, since the sample has been foamed and therefore has lower 

mechanical properties than a non-foamed sample. Secondly, the foam has expanded to a 

significant extent, which means that only a small amount of actual material can be analyzed 

using DMA due to the size limitation. Otherwise, upon cooling under constant stress, the 

sample experiences also a large increase of its deformation between 35°C and 15°C resulting 

from the growth of crystallites oriented along the stretching direction. This observation is 

similar to the behavior of non-foamed PCL-CAN samples340,341.  A very high fixity (above 99 %, 

table III.5) is obtained for each cycle thanks to the foam crystallinity, which is also in line with 

non-foamed PCL films. 

 

Figure III.7 - Shape-memory properties evaluated by tensile thermo-mechanical cycling of PCL-
CAN foam after 7 days of curing. 

 

Table III.5:  Shape memory properties of PCL-CAN foam in tensile testing 

Cycle 1 2 3 4 
Fixity ratio, Rf (%) 99,4 99,5 99,5 99,5 

Recovery Ratio, Rc (%) 91,18 96,78 97,5 98,18 
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 The foams shape recovery is trigger by a temperature above 45°C. As shown in table 

III.5, the first cycle is characterized by a lower shape recovery (91%), known as training 

phenomenon342, while the following cycles are characterized by excellent recovery ratios close 

to 97%, which is very close to the already demonstrated properties of PCL-CAN films273. It can 

be observed on figure III.7 that, the deformation obtained at 65°C increases with the number 

of cycles. This particular phenomenon also observed for PCL-CAN film273 can attributed to the 

occurrence of some retro-DA reactions triggered at 65°C under stress.  In addition, some gas 

leaching can occur from the foam because of the network relaxation caused by the rupture of 

some DA adducts. The material becomes more ductile and stretches then more. Nevertheless, 

this phenomenon is attenuated with the number of cycles and do not affect the shape 

recovery.  

 

Shape memory cycling in compressive mode has also been conducted. The experimental 

setup for shape memory cycling in compressive mode is illustrated in figure III.8. It is worth 

noting that the dynamic mechanical analyzer needs to apply a pre-load to ensure proper 

functioning and contact with the foam. This force (0.01N) is ten times greater than the force 

applied in tensile mode (to pull and the sample and ensure contact) and is necessary due to 

the equipment sensitivity. However, this pre-load causes an initial contraction of the foam 

even before the start of the analysis. As a result, the deformation experienced by the foam in 

compression mode depends on two factors: the actual losses of the foamed system and the 

pre-load applied. This mode of analysis produces larger deformations, as explained later. 

 

Figure III.8 – Foam sample of PCL-CAN placed in the dynamic mechanical analyzer in compression 
mode. 
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Figure III.9 shows 4 consecutive shape memory cycles of the PCL-CAN foam (crosslinked 

during 7 days) in compressive mode. Note that for a clearer visualization, the axis of this graph 

have been placed in a different manner than the classical 3D graph previously presented in 

this manuscript. The cycling starts at high temperature and without load implemented, 

excepted the pre-load needed by the DMA (figure III.9 – A). During the second step, load is 

applied (figure III.9 – B). Upon cooling under constant stress, the foam experiences a strain 

variation in the direction of the applied force just as like for tensile testing which stops after 

crystallization, between 35°C and 15°C. A very high fixity (above 99%, table III.6) is obtained 

for each cycle thanks to the foam crystallinity, which is also in line with non-foamed PCL films. 

  

Figure III.9 - Shape-memory properties evaluated by compression thermo-mechanical cycling of PCL-
CAN foam after 7 days of curing. 
 

Table III.6:  Shape memory properties of PCL-CAN foam in compressive testing 

Cycle 1 2 3 4 
Fixity ratio, Rf (%) (a) 99,6 99,7 99,8 99,8 

Recovery Ratio, Rc (%) (b) 62,40 72,30 75,80 77,40 
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Figure III.9 demonstrates that the foam undergoes a 35 % reduction in strain after the 

first cycle, which correspond to a 35 % reduction of the foam's height. Since the foam was 

initially cut as an expanded square shape, we can infer that the volume reduction will be 

proportional to its height. The first cycle in this context corresponds to the previously 

described volume loss resulting from the foam's first heating, which was measured to be 

approximately 30 % (i.e., the volume expansion retention was 70 %, implying a loss of 30 % in 

volume). The additional 5 % decrease can be attributed to the pre-load force exerted on the 

sample. 

Thanks to their demonstrated shape memory properties, the PCL-CAN foams 

developed in this study can be very attractive for various biomedical applications. As an 

example, the potential of these foams for vessel occlusion applications343 was qualitatively 

demonstrated (figure III.10). For that purpose, a cylindrical monolith of PCL-CAN foam was cut 

with a length 15 mm, and a diameter of 8 mm. Then, it is heated above 45 °C, stretched and 

cooled down to the room temperature to fix a temporary shape with a length about 25 mm 

and a diameter of about 5mm. This stretching is similar to the first cycle of the thermo-

mechanical cycling described earlier with an increase of 75 % of the foam’s original length. 

The foam in this temporary shape is now able to easily penetrate a glass tube of 6mm in 

diameter. When heated above 45 °C, by recovering its permanent shape, the foam efficiently 

seals the glass tube and prevents an aqueous solution to flow through the tube. This PCL-CAN 

foam presents the advantage of an externally triggered expansion at temperatures closed to 

body temperature. Furthermore, thanks to the high-volume expansion, the energy required 

to trigger that shape memory behavior is significantly lower as compared to less expanded 

devices. 
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Figure III.10 - Qualitative demonstration of a simulated vessel occlusion thanks to the shape-memory 
PCL-CAN foam.  
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III.3.3. Preparation of PCL-CANc composite foams 

A composite foam version was also explored to capitalize on the knowledge gained from 

analyzing its non-foamed equivalent. I It was found that adding a MWCNT to PCL-CAN and 

foaming the composite in the same conditions as a sample without filler lead to a less 

expended material. It appears that when 3wt% of MWCNTs are added, it increases the 

strength of the matrix to the point that foaming is almost no longer feasible. Consequently, it 

was necessary to reduce the MWCNTs content to 1 wt% to achieve significant expansion.  

 

Figure III.11 - PCL-CANc with 1wt% MWCNTs composite foam. 
 

Figure III.11 depict the 1 wt% MWCNTs composite before and after the foaming process, 

for which expansion ratios reaching 45 to 50 times the original volume were obtained. Figure 

III.12 shows a SEM image of the cross-section of the foam revealing a porous closed cell 

morphology with pores of a hundred of microns. This is in line with reported scCO2 foaming 

with low soaking time and high depressurization rate337 and follows the predictions of the 

nucleation theory 338,339. If a few pores allow some interconnexions between adjacent cells, 

most of them are closed as usually observed for the scCO2 foaming process. Thanks to this 

closed-cell structure, good mechanical properties are preserved. 
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Figure III.12 - SEM analysis of foamed PCL-CAN after a hot molding of 1 hour at 105 °C and foaming 
at 65 °C. 

 

Furthermore, MWCNTs act as nucleation sites which increases the homogeneity of the 

pore formation. As compared to a PCL-CAN sample (figure III.13), the composite foam 

presents pores that are much more homogeneous and smaller.  

 

 

 

Figure III.13 - SEM analysis of foamed PCL-CAN and PCL-CANc after a hot molding of 1 hour at 105 °C 
and foaming at 65 °C. 
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III.3.4. Shape memory properties of PCL-CANc foams 

The shape-memory properties have then been quantitatively evaluated using DMA. 

Figure III.14 shows consecutive shape memory cycles of the PCL-CANc foam (crosslinked 

during 7 days) in both tensile and compressive mode. Comparable observations can be 

observed as those for the PCL-CAN foam, with the exception that reduced deformations are 

noticed due to the stiffer PCL-CANc composite. Fixity and recovery ratios are depicted in table 

III.7. 

PCL-CANc PCL-CANc vs PCL-CAN 

Tensile SM testing 

  

Compressive SM testing 

 
  

Figure III.14 - Shape-memory cycles evaluated in both compression and tension experimentally by 
DMA upon convection heating/cooling of PCL-CANc and PCL-CAN networks after 14 days at room 
temperature. 



Design of low density reprocessable chemically crosslinked polymer 
foams thanks to Diels–Alder Cycloaddition 
 

| 171  
 

Table III.7 : Shape memory properties of PCL Networks 

PCL-CANc - Tensile test 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,4 99,5 99,5 99,5 

Recovery Ratio, Rc (%) 91,2 96,8 97,5 98,2 

PCL-CANc - Compressive test 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Fixity Ratio, Rf (%) 99,7 99,8 99,8 99,9 

Recovery Ratio, Rc (%) 39,7 57,8 59,5 68,9 

 

During cooling under constant stress, the foam experiences a variation in strain along 

the direction of the applied force, which ceases upon crystallization between 35°C and 15°C. 

The foam high fixity (above 99%, as shown in table III.7) is due to its crystallinity, which is 

comparable to the other PCL films or foams previously studied. The composite foam 

undergoes a 20% reduction in strain, and thus volume as it was initially cut in a cubic form, 

after the first cycle. This reduction corresponds to the previously observed volume loss 

resulting from the foam first heating, which was measured in DMA to be approximately 35% 

for the non-composite foam. As expected, MWCNTs lead to the production of stiffer materials. 

 
 
 

III.3.5. Electrical resistivity assessment of PCL-CANc foams 

In chapter II, section II.2.2, we mentioned preliminary studies on our PCL-CANc system 

(bulk form)271. A PCL-CANc sample containing 1 wt% MWCNTs was prepared and exhibited a 

resistivity on the order of 0.5 ohm*m. However, the foam equivalent of this PCL-CANc presents 

a resistivity on the order of 150 Gohm*m. We previously discussed how the conductivity of 

heterogeneous mixtures is influenced by the conductive filler content, as supported by 

literature. However, this relationship is more complex in cellular materials. Experimental data 

and statistical percolation models have demonstrated that reducing foam density leads to a 

higher percolation threshold for cellular materials containing conductive filler344. This suggests 

that the critical volume of CNTs needed to form a conductive network is not solely dependent 

on the CNT content, as CO2 bubbles also play a crucial role in network formation. The 
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distribution of CNTs is affected by foam cells, which influence the characteristics of the 

resulting conductive network. This outcome is intuitive, as a denser foam has fewer cells and, 

thus, a less restricted conductive network. In contrast, a lighter foam requires a larger amount 

of CNTs to achieve a dispersed network effectively. Additionally, the microstructure present 

in the foam consists of very thin conductive pathways, which creates a significant resistive 

path for the current being injected, resulting in high resistance. In their study, Athanasopoulos 

N & al. provided a material design for conductive lightweight PU/MWCNT344. They used 

density ratio (relative density compared to the bulk material) as key parameter for this 

description. By a straight comparison with our system, it appears that we would require a 

significantly higher weight percentage of MWCNTs (MWCNTs wt% > 5) to achieve 

conductivity. As previously discussed, our goal was to produced highly expanded foams and 

was thus more leading toward a reduction in MWCNTs content.  
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III.4 Conclusion 
 

In this work, a solvent-free scCO2 batch foaming process was developed allowing 

preparation of PCL-CAN foams. These foams exhibit a remarkable low density (0,02 g/cm3) 

keeping good mechanical properties thanks to the closed-cells morphology. Their covalent 

crosslinking achieved by post-curing the foam at 40 °C for a few days imparts these foams with 

excellent shape memory properties (high fixity and recovery ratios). The high temperature 

reversibility of the crosslinking of these PCL-CANs that include furane-maleimide Diels-Alder 

adducts in their structure makes them fully reprocessable. Advantage was taken from the 

thermal control of the furane-maleimide Diels-Alder addition to regulate the degree of 

branching and crosslinking of the starting end-functional PCL reactive mixture. The success of 

this foaming process relies on this precise control of crosslinking degree of the material at 

each step. These PCL shape memory foams are quite attractive for biomedical applications 

such as self-deploying implants for vessels occlusion, which was illustrated through dynamic 

mechanical analysis and mechanical occlusion of a large simulated vessel. 
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Chapter IV 

Conclusions  

 

 

The terms shape memory polymers refer to polymeric materials that have the 

capability to recover their original shape after undergoing temporary deformation under 

specific conditions and external stimuli. Conventional methods of initiating shape recovery 

require direct application of heat, however, for some applications, alternative actuation 

mechanisms may be preferred due to safety or applications’ specific considerations. These 

alternative mechanisms may include the use of electric or magnetic fields. The aim of this 

thesis was to develop and characterize high-performance smart shape-memory composites 

exhibiting recycling abilities by using covalent adaptable bonds for building the networks 

embedding the fillers. The strategy to involve star-shaped PCL chain end-capped with Diels-

Alder reversibly reactive moieties combined with MWCNTs or Fe3O4 fillers resulted in 

advanced materials. Comparison with more stable networks allowed better understanding of 

the observed shape memory properties. 

The suggested approach is based on the quantitative end-functionalization of star-

shaped PCL chains with reactive moieties in order to create a well-organized network. Two 

kinds of networks are formed using Diels-Alder cycloaddition between maleimide and either 

furan or anthracene. The functionalization strategy that has been chosen is highly efficient 

and versatile. Synthesis of end-capped star-shaped PCL with functional properties, all starting 
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from the same PCL precursor, offered relevant comparisons. Reversible (maleimide-furan) and 

irreversible (maleimide-anthracene) networks were compared to their composite 

counterpart, imparted with 3 wt% MWCNTs during preparation. High conductivity was 

obtained even outclassing some other PCL-based reported systems with the same 3 wt% of 

nanocyl7000 MWCNTs345,346. The use differential scanning calorimetry showed that the 

crystallization properties of both Diels-Alder systems were similar, regardless of the presence 

or absence of fillers, which preserves crystallization properties suitable to foresee shape 

memory applications. Furthermore, a Young modulus increase of around 70 % and ultimate 

stress reduction of around 50 % was obtained which is commonly observed even for other 

systems347. Still, all systems present excellent shape-memory properties with high fixity (> 99 

%) and recovery (> 95 %) ratios which is in good agreement with literature over shape-memory 

materials based on crystallization as the fixing process, especially when the degree of 

crystallization is high, such as for PCL. 

 

In-depth investigation of the electrical resistivity and Joule triggering effect was made 

possible by integrating to dynamic mechanical analysis the simultaneous measurement of the 

sample resistivity. Emphasis was placed on the maleimide-furan composite network (PCL-

CANc), which has the benefit of being reversible and straightforward to reprocess and 

restructure. The interplay between the samples resistivities relative to their thermal 

expansion/contraction, to the experience of shape memory cycling or to resistive heating 

through Joule effect is deeply depicted. Our findings indicate that the electrical resistivity of 

the SMPC shows a non-linear temperature dependence, with a peak observed at the melting 

temperature. Still, the resistivity remained low enough to accommodate resistive heating 

throughout the intended temperature range. Electrical activation of the shape recovery 

through Joule effect remains particularly attractive to finely control the triggering of the shape 

recovery while avoiding overheating of the surrounding. Common issues associated with 

similar materials such as the increase in electrical resistance during deformation is overcome 

thanks to the homogeneous distribution of the MWCNTs. Precisely controlled heating and 

cooling rates lead to repeatability across samples, which is not always observed in other 

works. In this sense, our PCL-CANc electro-active shape-recovery system is proven suitable for 
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sequential recovery of multi-layered devices with fine control of multiple and progressive 

shape transitions. Consequently, a wide range of applications such as flexible actuation, multi-

form deformations or displays, and even in bionic robotics can be considered. In addition, 

integration of Fe3O4 nanoparticles was considered and remote magnetic triggering of the 

shape memory behavior made possible. This work lays the foundation for remotely activated 

PCL-CAN with Fe3O4 nanoparticles, even if additional testing is required for optimization. 

Reprocessing is easily obtained by heating at 125 °C followed by curing in a mold for 

further crosslinking. The material easily returns below the gel point upon heating, allowing for 

effortless reprocessing. This ability to be reprocessed in any shape is the primary advantage 

of this network. Furthermore, self-healing is also part of the benefit taken by the dynamic 

nature of the PCL-CAN. In this regard, having a SMC that can be heated via current is 

advantageous, as it allows for straightforward repair procedures to be carried out 

Beside bulk materials, the formulation of foams using a solvent-free batch foaming 

process utilizing supercritical carbon dioxide (scCO2) was investigated. The thermal control of 

the viscosity and network density provided by the furane-maleimide Diels-Alder addition is 

used as a tool to regulate the foaming process. Low-density foams exhibiting respectable 

shape memory properties while retaining good mechanical properties were hereby produced. 

Furthermore, these PCL shape memory foams are entirely reprocessable. PCL being known for 

its biocompatibility, these foams are foreseen for use in biomedical applications, such as self-

deploying implants for vessel occlusion. 

The findings presented in this thesis provide insight into behaviour and performance of 

the different prepared high-performance smart shape memory systems, with a peculiar 

emphasis on the maleimide-furan based composite which has the benefit of being reversible 

and straightforward to reprocess and restructure. In view of these highly valuable properties 

(i.e. self-healing, recyclability, conductive heating or remote magnetic heating) combined with 

the excellent shape memory properties and possible multi-stimuli activation, we are optimistic 

about its potential as a valuable platform for polymer composite applications. 
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To sum up, this thesis offers a thorough exploration aimed at gaining a deeper 

understanding of the properties and behavior of electro-active thermally-triggered recyclable 

SMPCs. Our objective is for this document to aid in decrypting performance and facilitating 

the conception and design of future applications requiring SMPCs. 
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Chapter V 

Perspectives 

 

 

In today's world, society tends to underestimate the significance of natural resources 

and raw materials, despite their crucial role in enabling the creation of various modern 

commoditiess. The manufacturing process for everyday products relies heavily on a stable and 

sustainable supply of essential raw materials. Additionally, the development of new products 

requires the use of hybrid materials to achieve specific objectives, such as construction of 

lightweight structures. Unfortunately,  current manufacturing industry does not always 

prioritize the  mandatory recyclability of these novel products or materials. 

In the introduction, we discussed various interesting chemical strategies for  

incorporating  reversible bonds into polymer materials, highlighting their potential benefits 

for shape memory systems. We then presented our approach to designing smart shape 

memory materials with a specific objective of integrating recycling capabilities. By adopting 

this approach, the focus is no longer  on the ultimate recycling  at the end of a product's life  

but instead prioritizes it right from the early stages of material development. The aim is to 

integrate recyclability as a fundamental attribute during the initial phases of material design, 

aligning with the principles of both material development and the upcoming market needs. 

Other benefits are derived from this strategy such as self-healing, which could be highly 
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desirable for many applications such as self-healing coatings, self-healing electrical devices, 

and implants in the medical field. 

Within this context, an important area for potential further research related to our 

project lies in the exploration of the material's self-healing capabilities. Our investigations 

have shown that conventional heating can effectively restore damages in the shape memory 

composite thanks to the retro-Diels-Alder reaction. To further investigate this behaviour, the 

subsequent step would be to evaluate the effectiveness of self-healing achieved through 

resistive heating.  It is crucial to consider that the electrical resistivity of the SMPC may be 

influenced by the dimensions and morphology of the cut. As a result, the path of the electric 

current may differ between the damaged region and the pristine portion. Consequently, the 

presence of a crack and its potential influence on the local cross-section could result in 

elevated temperatures in the adjacent areas during resistive heating. This localized heating 

has the potential to facilitate the self-healing process. Moreover, it would be valuable to 

conduct a more comprehensive analysis of the variations in resistivity as a function of 

deformation or temperature during resistive heating. The data extracted from these analyses 

can then be compared to previously documented studies found in the literature. Such 

development could also be implemented for the magnetic heating of the SMPC. In a similar 

way, the effectiveness of self-healing achieved through this process is still to be investigated. 

Such research could form the basis of future projects that may stem from the findings of this 

current study. 

Another significant area of potential research involves investigating controlled and 

selective multi-shape recovery through alternative methods. One of them is to use localized 

near-infrared (NIR) lasers on specific regions of the sample to induce complex intermediate 

shapes and achieve multi-shape recovery. In comparison to heat-induced methods, the NIR-

induced method offers distinct advantages, such as remote, localized, and non-contact 

control, without being affected by environmental interference. This system holds great 

potential for various applications, particularly in biomedicine, where precise and personalized 

shape memory behaviour is crucial. Furthermore, exploring alternative electrode placements 

could be considered to enable more intricate and selective multi-step shape recoveries. The 
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potential applications for these SMPCs are extensive and diverse. They encompass a wide 

range of fields, including aerospace for control surfaces, robotics for walking or swimming 

robots, as well as medical implants, among others. 

Additionally, it is crucial to explore the processing techniques employed for the 

implementation of the material. The use of three-dimensional (3D) printing offers the 

advantage of creating precisely defined structures and sizes for materials tailored to meet 

specific requirements. Already, the integration of 3D printing technology with smart materials 

has given rise to an innovative concept called four-dimensional (4D) printing. This innovative 

approach goes beyond traditional 3D printing by incorporating the fourth dimension of ‘time’, 

opening up a multitude of potential applications across diverse fields. In 4D printing, objects 

can reshape or self-assemble over time through the strategic combination of rigid and 

expandable materials within a single 3D printed piece. This requires the use of two materials 

that behaves differently to a stimulus or in various environmental conditions. For example, 

water expandable segments can be 3D printed with another rigid material. In contact with 

water, the activation of the expandable material prompts a transformation of the entire 

structure, leading to a different overall shape, hence unlocking the ‘time’ dimension of 4D 

printing.  

 Building upon this concept, the combination of multi-step 3D printing with multi-step 

shape memory actuation holds great potential for the development of novel processing 

techniques. For instance, performing additional 3D printing steps on a previously printed 

component that is temporarily shaped in a specific configuration could expand the possibilities 

for intricate designs in high-end applications. This advancement in processing techniques 

could enable the creation of highly complex and customizable structures. Our previously 

described material holds great potential for such applications since its crosslinking can be 

triggered at any times, resulting in a ‘first stage’ temporarily fixed piece, later combined with 

further 3D printed segments, the whole piece resulting at the end in a single 3D network after 

crosslinking. This technique could hold great potential in soft robotics, flexible electronics, and 

other fields. 
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Amongst many, one of our aims for this manuscript is to help  in predicting the 

performance, conceiving, and design future applications that use SMPCs. In this broader 

context, the experimental techniques and setups devised and advanced in this thesis have the 

potential to contribute to the development of more advanced devices. The examination, 

experimental tools, and findings presented in this thesis enhance our comprehension of the 

behaviour of electro-active thermally-triggered shape memory composites.  
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