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Abstract 

Soft actuators have drawn significant attention due to their relevance for applications, such as 

artificial muscles in devices developed for medicine and robotics. Tuning their performance and 

expanding their functionality are frequently done by means of chemical modification. The 

introduction of structural elements rendering non-synthetic modification of the performance 

possible, as well as control over physical appearance and facilitating their recycling is a subject of 

a great interest in the field of smart materials. The primary aim of this thesis was to create a shape-

memory polymeric actuator, where the capability for non-synthetic tuning of the actuation 

performance is combined with reprocessability. Physically cross-linked polymeric matrices 

provide a solid material platform, where the in situ processing methods can be employed for 

modification of the composition and morphology, resulting in the fine tuning of the related 

mechanical properties and shape-memory actuation capability.  

The morphological features, required for shape-memory polymeric actuators, namely two 

crystallisable domains and anchoring points for physical cross-links, were embedded into a 

multiblock copolymer with poly(ε-caprolactone) and poly(L-lactide) segments (PLLA-PCL). 

Here, the melting transition of PCL was bisected into the actuating and skeleton-forming units, 

while the cross-linking was introduced via PLA stereocomplexation in blends with oligomeric 

poly(D-lactide) (ODLA). PLLA segment number average length of 12-15 repeating units was 

experimentally defined to be capable of the PLA stereocomplexes formation, but not sufficient for 

the isotactic crystallisation. Multiblock structure and phase dilution broaden the PCL melting 

transition, facilitating its separation into two conditionally independent crystalline domains. Low 

molar mass of the PLA stereocomplex components and a multiblock structure enables processing 

and reprocessing of the PLLA-PCL / ODLA blends with common non-destructive techniques. The 

modularity of the PLLA-PCL structure and synthetic approach allows for independent tuning of 

the properties of its components. The designed material establishes a solid platform for non-

synthetic tuning of thermomechanical and structural properties of thermoplastic elastomers. 

To evaluate the thermomechanical stability of the formed physical network, three criteria were 

appraised. As physical cross-links, PLA stereocomplexes have to be evenly distributed within the 

material matrix, their melting temperature shall not overlap with the thermal transitions of the PCL 

domains and they have to maintain the structural integrity within the strain ε ranges further applied 
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in the shape-memory actuation experiments. The fulfillment of the morphological criterion was 

derived from the microphase structure, consisting of isolated PLA domains within PCL continuous 

phase with average domain spacing d0 = 12 – 19 nm. The melting transitions of PCL and PLA 

stereocomplexes were not overlapping fulfilling the thermal criterion. The structural stability of 

PLA stereocomplexes was evaluated in a detailed study of the mechanical properties in the single 

elongation, strain recovery and stress relaxation experiments. At temperature Tprog = 70 °C, used 

at the programming step of the shape-memory actuation, PLA stereocomplexes maintain integrity 

in the engineering strain range ε < 850%, while limiting PLA stereocomplexes content to 

φc < 6±0.6 wt% broadens ε ranges to up until breakage of the samples. This allows for 

characterising the PLLA-PCL / ODLA blends as thermomechanically stable physical networks in 

these composition and ε ranges. These findings provide a valuable design criteria for thermoplastic 

elastomers and the basic knowledge of the structure-to-property relationship of polymeric matrices 

cross-linked with PLA stereocomplexation. 

Assigning PCL the function of the skeleton-forming and actuating units, and PLA stereocomplexes 

the role of physical netpoints, shape-memory actuation was realised in the PLLA-PCL / ODLA 

blends. The selected temperature profile was as follows: the lowest temperature in the shape-

memory actuation cycle was set to Tlow = 0 °C, where PCL reaches its highest crystallinity. The 

highest temperature in the shape-memory actuation cycle was experimentally optimised as Thigh = 

55 °C. At Tprog = 70 °C, the PCL domains were completely molten, but PLA stereocomplexes were 

below the onset of their melting. Sufficient for shape-memory actuation molecular orientation was 

achieved at programming strain εprog > 300%. Further increase of εprog resulted in no significant 

within the error of the measurements changes in the actuation capability ε′rev. Further, ε′rev was 

found to be a function of PLA stereocomplex φc, i.e. physical cross-linking density, with a 

maximum ε′rev = 13.4 ± 1.5% at φc = 3.1±0.3 wt%. In this way, ε′rev can be tuned via adjusting the 

composition of the PLLA-PCL / ODLA blend. This makes the developed material a valuable asset 

in the production of cost-effective tunable soft polymeric actuators for the applications in medicine 

and soft robotics.  
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Zusammenfassung 

Weiche Polymer-Aktuatoren haben, dank ihrer Bedeutung bei Anwendungen wie z.B. als 

künstliche Muskeln in Geräten oder in Medizin und Robotik, maßgeblich Aufmerksamkeit erregt. 

Das Einstellen ihrer Leistung und die Erweiterung ihrer Funktionalität werden oft mittels 

chemischer Modifizierung durchgeführt. Die Einführung struktureller Elemente, die durch nicht-

synthetische Prozesse hervorgerufene Einstellung von Eigenschaften, sowie die Kontrolle der 

physikalischen Parameter und die Möglichkeit, das Material erneut zu verarbeiten, sind von 

besonderem Interesse für das Design von intelligenten Werkstoffen. Das Ziel dieser Doktorarbeit 

war es einen polymeren Formgedächtnis-Aktuator zu entwickeln, der die durch nicht-synthetische 

Prozesse hervorgerufene Einstellung der Aktuator Parameter mit erneuter Formgebung 

kombiniert. Physikalisch vernetzte Polymermatrizen stellen dafür eine solide Materialbasis dar, 

wobei in situ Verarbeitungsmethoden zum Ändern der Zusammensetzung und der Morphologie 

verwendet werden können. Die Folge davon ist eine präzise Einstellung der entsprechenden 

mechanischen Eigenschaften und der Formgedächtnis-Aktuator-Leistung.  

Die morphologischen Elemente, die für die polymeren Formgedächtnis-Aktuatoren benötig 

werden, nämlich zwei kristallisierbare Domänen und Verankerungspunkte für die physikalischen 

Cross-Links, wurden in einem Multiblock-Copolymer aus Poly(ε-Caprolakton) und Poly(L-

Lactid) Segmenten (PLLA-PCL) integriert. Der Schmelzübergang von PCL wurde auf die 

aktuierenden und die skelettbildenden strukturellen Einheiten verteilt. Die Cross-Links wurden 

durch PLA-Stereokomplexe in Blends mit Poly(D-Lactid) Oligomer (ODLA) geformt. Eine 

mittlere Länge der PLLA-Segmente von 12 bis 15 Wiederholeinheiten wurde experimentell als 

ausreichend zur Formierung von Stereokomplexen bestimmt, aber als zu kurz um isotaktische 

Kristallisation einzugehen. Die Multiblock-Struktur und Phasendurchdringung verbreitern den 

Schmelzübergang von PCL und ermöglichen dessen Aufteilung in zwei voneinander unabhängige 

kristalline Domänen. Das niedrige Molekulargewicht der PLA Stereokomplexe und die 

Multiblock-Struktur von PLLA-PCL ermöglichen Verarbeitung und auch Wiederverarbeitung von 

den PLLA-PCL / ODLA Polymerblends mittels üblicher zerstörungsfreier Methoden. Die 

Modularität der PLLA-PCL Struktur und der synthetische Ansatz ermöglichen die unabhängige 

Einstellung der Eigenschaften der einzelnen Komponenten. Das entwickelte Polymer-Material 

bildet eine solide Basis für die durch nicht-synthetische Prozesse hervorgerufene Variation der 

thermomechanischen und strukturellen Eigenschaften der thermoplastischen Elastomere. 
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Um die thermomechanische Beständigkeit der hergestellten physikalischen Vernetzung 

einzuschätzen, wurden drei Kriterien bewertet. Als physikalische Cross-Links müssen die PLA 

Stereokomplexe gleichmäßig innerhalb des Materials verteilt sein, ihr Schmelzen darf sich nicht 

mit thermischen Übergängen von PCL Domänen überschneiden, und sie müssen ihre strukturelle 

Integrität innerhalb des Dehnungsbereichs ε in den Formgedächtnis-Aktuatorexperimenten 

behalten. Die Erfüllung des morphologischen Kriteriums wurde aus der Mikrophasenstruktur 

abgeleitet. Diese bestand aus einer kontinuierlichen PCL Phase und den isolierten PLA Domänen 

mit einem durchschnittlichen Domänenabstand von d0 = 12 – 19 nm. Die Schmelzübergänge von 

PLA Stereokomplexen und PCL überschnitten sich nicht, womit das thermische Kriterium erfüllt 

wurde. Die strukturelle Beständigkeit der PLA Stereokomplexe wurde in einer detaillierten 

Untersuchung der mechanischen Eigenschaften mittels Zug-, Dehnungsrückstellungs- und 

Spannungsrelaxationsversuchen nachgewiesen. Bei Tprog = 70 °C, der Temperatur für den 

Programmierungsschritt im Formgedächtnistest, behielten die PLA Stereokomplexe ihre 

strukturelle Integrität im Dehnungsbereich ε < 850%. Ein PLA Stereokomplexgehalt unter 

φc < 6±0.6 wt% erweitert diesen Bereich bis zur Bruchdehnungsgrenze der Probe. Damit können 

die PLLA-PCL / ODLA Polymerblends in diesen Dehnungs- und Zusammensetzungsbereichen 

als thermomechanisch stabile physikalische Netzwerke betrachtet werden. Die Ergebnisse stellen 

wertvolle Design-Kriterien für thermoplastische Elastomere dar und liefern Grundlagen für die 

Struktur-Eigenschafts-Beziehung von polymeren Mehrphasensystemen, die mit PLA 

Stereokomplexen vernetzt sind. 

Indem PCL die skelettbildende und die Aktuatorfunktion zugeordnet wurde, und die PLA 

Stereokomplexe die Rolle des physikalischen Netzwerks übernehmen, lassen sich in den PLLA-

PCL / ODLA Polymerblends Formgedächtniseffekte ausführen. Dazu wurde folgendes 

Temperaturprofil gewählt: Die niedrigste Temperatur des Formgedächtnis-Aktuatorzyklus war 

Tlow = 0 °C, dabei hat PCL seine größte Kristallinität. Die höchste Temperatur des Formgedächtnis-

Aktuatorzyklus wurde experimentell zu Thigh = 55 °C optimieret. Bei Tprog = 70 °C war die PCL 

Domäne ganz geschmolzen, jedoch erreichten die PLA Stereokomplexe noch nicht den 

Anfangspunkt ihres Schmelzbereichs. Die ausreichende molekulare Orientierung für die 

Formgedächtnis-Aktuation wurde erst ab einer Programmierungsdehnung εprog > 300% erreicht. 

Eine weitere Erhöhung von εprog führte, innerhalb der Fehlergrenze, zu keiner erheblichen 

Änderung der Formgedächtnis-Aktuation ε′rev. Des Weiteren wurde festgestellt, dass ε′rev eine 
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Funktion des Gehalts an PLA Stereokomplex φc ist, d.h. von der Dichte der physikalischen Cross-

Links abhängt. Das Maximum der der Formgedächtnis-Aktuation von ε′rev = 13,4±1,5% wurde bei 

φc = 3,1±0,3 wt% erreicht. Dadurch könnte ε′rev im PLLA-PCL / ODLA System mittels Variation 

der Zusammensetzung eingestellt werden. Dies verschafft dem entwickelten Polymermaterial ein 

wertvoller Vorteil bei der Herstellung von kosteffektiven, skalierbaren polymeren 

Formgedächtnis-Aktuatoren für Anwendungen in der Medizin und der Robotik.  
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Abbreviation and symbols 

 

AFM   Atomic force misroscopy 

DIPC   N,Nʹ-Diisopropylcarbodiimide 

DMA   Dynamic mechanical analysis 

DMAP   Dimethylaminopyridine 

DSC   Differential scanning calorimetry 

Ɖ   Dispersity  

d0   Average domain spacing 

Δσ(t)   Stress decay in relaxation process 

E   Young’s modulus 

ε   Engineering strain 

εbreak   Elongation at break 

εA   Shape-memory actuator deformation at Thigh 

εB   Shape-memory actuator deformation at Tlow  

εH   Hencky strain 

εe   Elastic contribution to deformation 

εp   Plastic contribution to deformation 

εprog   Shape-memory actuator programming strain 

ε′rev   Reversible elongation 

φc   Crystal content 

G   Shear modulus 

GPC   gel-permeation chromatography 

λ   Extension ratio 

Mn   Number average molar mass 

Mw   Weight average molar mass 

σ   Stress 

σbreak   Ultimate tensile strength 

σc   Stress stored in the elasto-plastic component of the three-component model 

σn   Stress stored in the elastic component of the three-component model 

σr   Stress stored in the viscoelastic component of the three-component model 
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σtrue    True stress 

σ0   Reference stress 

t   Time 

tan(δ)   Loss tangent 

T   Temperature 

Tg   Glass transition temperature 

Thigh   Highest temperature in the shape-memory actuation cycles 

Tlow   Lowest temperature in the shape-memory actuation cycles 

Tm   Melting temperature 

Tonset   Onset temperature of melting transition 

Tprog   Programming temperature of shape-memory actuation 

τr   Relaxation characteristic time 

ω   Frequency 

PCL   Poly(ε-caprolactone) 

ODLA   Poly(D-lactide) oligomer 

PLA   Polylactide 

PLLA   Poly(L-lactide) 

PLLA-PCL  Multiblock copolymer with PLLA and PCL segments 

pTSA   p-Toluene sulfonic acid 

Qeff   Deformation fixation 

SAXS   Small-angle X-ray scattering 

TEM   Transitional electron microscopy 

w   Mass content 

WAXS   Wide-angle X-ray scattering 

χc   Relative crystallinity 
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Chapter 1 – Introduction 

Soft polymeric actuators 

Emerging trends in medicine and robotics emanate the demand for miniaturising of active 

mechanical elements and embedding multiple functions into a single structural component. The 

material class, which can actively contract, expand or rotate in response to an external stimulus, 

playing the actuator role in a dynamic mechanical system, can be consolidated with an umbrella 

term of artificial muscles.1 This term was initially introduced by Robert Hooke in 1670s for a 

gunpowder-actuated piston-based mechanism. Since then, the image of an artificial muscle came 

a long way from pneumatic or hydraulic pistons and inflatable bladders confined with braided 

elastic sleeves, e.g. McKibben artificial muscle,2 to the modern perception of this term as an 

actuator material. An overview of artificial muscle actuation principles is given in Figure 1. 

 

Figure 1. Classification of artificial muscles actuators according to their operation principle and 

key characteristics.  

The physical phenomena underlying actuation in materials can be organised into three principle 

categories. The first one is based on the mass exchange with the surrounding medium. A typical 

example of this mechanism would be swelling and deswelling of polymers upon the exposure to 
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humidity or solvent vapours.3, 4 Multimaterial design of the actuator, composition gradient or 

inhomogeneous exposure to the absorbate facilitate tuning of the direction and amplitude of the 

actuation.5, 6 Temperature actuation trigger can be realised in gels, where the transition through the 

upper or lower critical solution temperature switches the material’s ability to absorb the medium.7, 

8 One of the most studied material of this category is poly(N-isopropylacrylamide) (PNIPAM) 

based hydrogels. Gel-based actuators typically demonstrate very high actuation strains up to 90%, 

but very slow response and generate stresses in the order of 1 MPa. Further, absorption of the 

medium can be activated by an electric potential in conducting polymers such as polypyrrole or 

polythiophene.9, 10 Electron exchange between the polymer and an electrode in an electrochemical 

cell leads to the appearance of an electric charge in the polymer. To neutralise this charge, ions of 

the electrolyte diffuse into the polymer. The result of this process is a volumetric expansion of 

polymers, which allows their application as soft-actuators. Despite high amplitudes and manifold 

possible shapes, actuators based on mass exchange are limited in applications due to the strict 

requirements to the medium. 

The actuation principle of the materials from the second category is the mass transfer inside the 

material. For example, applying potential difference to an ionic polymer triggers a flux of cations 

to the cathode. This mass transfer causes swelling of the cation-rich domains and shrinkage of the 

other volume. The actuation based on this mechanism can be realised in ionic polymer / metal 

composites.11-13 Here ionically conductive membrane of a synthetic polymer, such as sulfonated 

tetrafluoroethylene, or a natural one, such as chitosan or cellulose derivatives, is sandwiched 

between two electron-conductive electrodes of noble metals or carbon nanostructures. A very high 

actuation rate of these structures is however counterbalanced by modest generated stresses, 

instability of the electrolyte, and actuation limited to bending. An interesting, but narrow selection 

of materials are capable of displacement of the atoms in their lattices under an external field. Such 

materials are called electrostrictive (e.g. lead magnesium niobate ceramics, poly[(vinylidene 

fluoride)-co-trifluoroethylene], etc.),14, 15 magnetostrictive (e.g. nickel, TbxDy1−xFe2 alloy, etc.)16, 

17 and photostrictive (e.g. lead zirconate titanate, chalcogenide glasses, etc.).18, 19 Low actuation 

strains in order of 1% are offset by high excitation rates in order of 1 μs or even 1 ns. 

The third group of the actuator materials generates the macroscopic shape shift via changes in their 

microscopic structure. Some organic molecules, e.g. azobenzene, undergo cis-trans isomerisation 

upon irradiation with a high-energy photon. Integrating them into oriented polymer chains allows 
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for creating a directional actuation force.20, 21 Actuation amplitude in such materials is limited by 

the differences in dimensions between cis- and trans-isomers. Certain crystalline structures, e.g. 

perovskite, ZnO, etc., possess non-zero charge in a unit cell. This property allows these materials 

for generating mechanical stress subjected to an electric field. This phenomenon is called 

piezoelectricity.22, 23 Here, actuation strains generated by this effect are rarely higher than 1%, 

which is compensated by large generated stresses of >100 MPa and very high energy efficiency 

up to 90%. Thermal expansion is another phenomenon employed in the design of soft actuators. 

Anisotropy of the shape change, required for actuation, can be achieved with different approaches. 

One of them is uneven infiltration of a structural material with a guest material characterised with 

high thermal expansion coefficient, e.g. paraffin wax.24 Another approach is based on different 

thermal behaviour of the crystalline and amorphous domains in oriented polymer fibers.25, 26 The 

crystalline domains undergo conventional thermal expansion, while the amorphous domains tend 

to entropic contraction resulting in an anisotropic shape change of the material. Actuation strain 

can be enhanced up to 50% by vowing the fibers into a yarn or twisting them. 

The term “shape-memory polymer” was initially introduced for polymeric materials, which can 

memorise and recover their initial shape, the one-way shape-memory effect. The temporary shape 

is imposed with the programming procedure, where the material is deformed at elevated 

temperatures or during the cold drawing. The molecular orientation is fixed with supramolecular 

structures of reduced mobility, remaining beneath the glass transition (Tg) or melting temperature 

(Tm). The shape recovery effect is achieved due to tendency of the polymer chains to release the 

stored entropic energy after surpassing the thermal transition point (Tg or Tm).27-29 The further 

development of this principle, the shape-memory actuation in polymers is based on entropic 

contraction of oriented amorphous chains of the actuating units after melting at Thigh and their 

oriented crystallisation after cooling to Tlow. The direction of the shape change is defined at the 

programming step and maintained by the crystalline skeleton-forming units.30, 31 A detailed 

explanation of the mechanism is illustrated in Figure 2. Of note, the described mechanisms for the 

one-way shape-memory effect and shape-memory actuation are realizable in free-standing articles. 

Putting a sample under a permanent stress, excludes the requirement for shape-fixating or skeleton-

forming units, because the molecular orientation is maintained by external forces. The externally 

supported molecular orientation in shape-memory actuation experiments under stress typically 

allows for higher reversible deformations.32 Comparing to the other physical effects underlying 
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artificial muscles, shape-memory actuation in polymers is notable for diversity of possible 

programmable shapes and ability to reprogram the actuation pathway.33, 34 The generated stresses 

are typical for the soft polymeric actuators and lie within tens of megapascal. As all temperature-

controlled actuators, shape-memory polymer actuators are characterised with modest energy 

efficiency and their response time is strongly dependent on their thermal conductivity, thickness 

and thermal capacity of the energy-exchange medium.35 Although shape-memory actuation in 

polymers is a temperature transition base phenomenon, the heating can be performed via 

interaction of a nano-sized filler with e.g. oscillating electromagnetic field,36, 37 visible light38 or 

by transferring energy to the polymer with focused ultrasound.39 

 
Figure 2. (a) Schematic representation of the morphological changes in a shape-memory actuator 

matrix during the programming step and cyclic reversible actuation. Melted at Tprog sample is 

elongated to εprog and crystalised in a deformed state. Macroscopic deformation is transferred to 

the orientation of the molecular chains with cross-linked network (red dots). The crystalline 

skeleton domains (green) maintain the orientation of the actuator domains (blue) throughout cyclic 

temperature change between Thigh and Tlow. Melting and crystallisation of the actuator domain drive 

the reversible shape change. (b) Exemplary DSC curves of a shape-memory actuator. Red – 

heating, blue – cooling. (c) Evolution of the strain, temperature, and inflicted force through the 

programming procedure and actuation cycles in a zero-force shape-memory actuation experiment. 



16 

 

Shape-memory actuation is evaluated with efficiency of deformation fixation Qeff and reversible 

elongation εʹrev calculated with formulae: 

𝑄𝑒𝑓𝑓 =  
𝜀𝐴

𝜀𝑝𝑟𝑜𝑔
· 100%      (1) 

𝜀ʹ𝑟𝑒𝑣 =  
𝜀𝐵−𝜀𝐴

𝜀𝐴+100
· 100%     (2) 

where εA and εB are engineering strains at Tlow and Thigh respectively and εprog is the programming 

strain (Figure 2c). 

The described mechanism can be realised in a polymeric material fulfilling a number of 

morphological requirements.32 To avoid corrupting the structural integrity of the skeleton during 

the cooling-heating shape-memory actuation cycles, the functional domains should possess 

separate melting transitions. This leads to a phase separation between the constituents of the 

matrix, where the size of morphological features depends on the miscibility of the polymers.40 In 

case of an incompatible dyad, the separation is observed on the micron scale, which nevertheless 

can provide sufficient interconnection of the domains for realisation of shape-memory actuation.41 

Synthesis of (multi)block copolymers allows reducing the size of morphological features to 

micrometer or even nanometer scale, which provides even distribution of the skeleton and actuator 

within the volume of the material.42 Compatibilisation of the matrix elements can be alternatively 

achieved by using a material, where one chemical entity with a broad melting transition plays the 

role of both types of structural units.43-45 In this case however crystallites with melting temperature 

closely to Thigh can be constantly be transferred between domains causing gradual deterioration in 

the degree of molecular orientation and actuator performance with each subsequent cycle.43  

Entropic form-transformation mechanism requires presence of an amorphous domain with a glass 

transition Tg lying in the lower temperature ranges than shape-memory actuation cycle Tlow – Thigh. 

Miscible components of the actuation matrix possess a single glass transition of a mixed 

amorphous phase. Here, mixed Tg can be tuned by the adjustment of the matrix composition 

following the Fox equation: 

1

𝑇𝑔
=

𝑤1

𝑇𝑔,1
+

𝑤2

𝑇𝑔,2
       (3) 

where w1 and w2 are the weight content of the constituents in the amorphous matrix and Tg,1 and 

Tg,2 are their glass transition temperatures. 



17 

 

Nonetheless, even if Tg attributed to one of poorly miscible polymers overlaps with the actuator 

melting transition range, the corresponding change in thermal capacity and mobility of the 

molecular chains do not exclude the capability of shape-memory actuation.46 

The cross-linking in shape-memory polymer actuators is traditionally performed with chemical 

bonds synthetically or by irradiation. Covalent netpoints are evenly distributed within a polymer 

matrix, possess high activation energy, 47 and their density can be precisely tuned via changing the 

precursor structure, reaction conditions or irradiation parameters.48, 49 Although reversible 

chemical bonds have been reported,50 covalent networks generally cannot be reprocessed. In terms 

of shape-memory actuation, this means that the permanent shape and the corresponding actuation 

pathways of an article are defined at the synthesis step and cannot be further altered. In lieu of the 

chemical bonding, weaker physical interactions can be used, which can be parted by elevated 

temperatures or dissolving the material, whereby allowing its reprocessability.51  

Thermoplastic elastomers 

Interactions responsible for physical cross-linking in polymers have to remain stable in the 

thermomechanical ranges of the material’s application. Further, matrix elements responsible for 

these interactions have to be as small as possible. This would ensure their even distribution in the 

bulk and increase the relative content of the shape-memory functional domains. Physical 

interactions between polymer molecules, providing sufficient stability to form a network capable 

of shape-memory actuation, can be hydrogen bonding,52-54 e.g. between urethane segments in the 

backbone of e.g. poly(3S-isobutylmorpholin-2,5-dione),46 or ionic interactions55, 56 formed via e.g. 

neutralisation of ionasable side methacrylic acid groups with sodium.57 Besides this, a broad 

variety of polymers having thermally and mechanically stable crystals provides a wide selection 

of candidates for the role of physical cross-links.58, 59  

Some polymers having a stereocentre in their backbone are capable of forming a special type of a 

regular crystalline structures between their opposite enantiomers called stereocomplex.60 The 

driving forces of stereocomplexation are as a rule stronger than the one of the isotactic 

crystallisation and are comparable with hydrogen bonding,61, 62 van der Waals forces63 or ionic 

interactions.64 For instance, in situ FTIR analysis shows presence of existence hydrogen bonding 

between CH3···O=C and CαH···O=C in PLA stereocomplex.65, 66 This leads to higher 

crystallisation rates and higher crystallinities than for isotactic crystals. Stereocomplexation results 
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in an energetically preferable supramolecular configuration characterised by a denser packing of 

the molecules. This can be derived from an increased comparing to isotactic semicrystalline and 

amorphous polymer spin lattice relaxation time in NMR.67 Stronger intermolecular bonds and 

denser unit cell packing in stereocomplexes effects improved thermal and mechanical properties 

in comparison with isotactic crystals.68, 69 High molar mass polymers reinforced with 

stereocomplex demonstrate resistance to solvents and hydrolysis.70-72 Those enhancements allow 

for their utilisation as physical netpoints.73, 74 Suppositionally, all stereoactive crystallisable 

polymers can form stereocomplex under appropriate conditions. In practice, achieving the required 

optical purity can be complicated, hence the reported stereocomplex crystals are limited.  

Representative examples of stereocomplexable polymers can be found among aliphatic 

polyesters,75-77 polycarbonates,61, 78 polyamides79, 80 or polyketones.81 Stereocomplex formation 

occurs not necessarily between homopolymers of different optical conformation of one polymer. 

It can happen between cyclic molecules,82, 83 copolymers84, 85 or oppositely configured different 

polymers.86, 87 Poly(methyl methacrylate) was the first polymer reported to undergo specific 

interactions between its forms of opposite tacticities.88, 89 Nowadays, polyester stereocomplexation 

gains significant attention due to sustainability of their production, renewability of the resources, 

degradability of the materials, and diversity of their applications. 60 Whereas long-known 

polyesters capable for stereocomplexation, like poly(2-hydroxybutanoic acid)76 and poly(2-

hydroxy-3-methylbutanoic acid)90 are undeservedly poorly studied, polylactide (PLA) 

stereocomplexes gain significant attention due to broad availability of the raw material, its easy 

manufacturing, and outstanding for biodegradable polymers properties.91, 92 Its substitutes are 

capable of bearing functional side-groups, e.g. azide, alkyl, benzyl, etc., changing its reactivity or 

physical behaviour, nonetheless retaining a stereocentre in the backbone, thus the capability for 

stereocomplexation.93-95  

Besides having an optically active carbon, the CH3-group in a PLA repeating unit can be oriented 

co- or anti-directional with the C(O)-O vector subdividing them into upward and downward 

respectively. (Figure 3a) The most common conformation of PLA isotactic crystals is the α form 

packed as the pseudo-orthorhombic unit cell.96 Here, the upward and downward helical chains of 

the same stereo-form are packed in the centre and corners of the cell respectively. This 

conformation of PLA shows disorder in the domain level and gives no energetically stable 

arrangements of the chains.96  
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The most recent view on the crystalline structure of PLA stereocomplex suggests that it consists 

not necessary of equimolar ratio of L- and D-enantiomers, but their content can vary from 30/70 

to 70/30.97 Its trigonal unit cell exists in a space group of a low symmetry P3, where one lattice 

site can be occupied by the upward L- or downward D-lactide chain and another by the downward 

L- or upward D-lactide chain depending on the L/D ratio of the blend. A schematic of PLA 

stereocomplex crystalline lattice is presented in Figure 3b. 

 

 

Figure 3. (a) Spatial conformations of a PLA repeating unit of different tacticity (L/D) and 

orientation of the CH3 group along the +c-axis (C(O)-O vector) (u/d). Brown – further polymer 

chain (b) Schematic representation of the PLA stereocomplex crystalline structure in projection 

along c-axis. The lattice is occupied with L- and D-LA repeating units, where the probability of 

the couple composition equals to PLLA/PDLA ratio, but lies within 70/30 – 30/70 ratio. Blue – L-

lactide repeating units, red – D-lactide repeating units representing possibility of having either of 

them in the lattice. 

PLA stereocomplex is formed in procedures typical for polymer crystals. Being a more 

energetically preferable conformation than isotactic crystals, PLA stereocomplex has preference 

during crystallisation. PLA stereocomplex crystallites have been reported to require shorter PLA 

molecule length than isotactic crystals (7 against 11 repeating units).98 Shorter polymer molecules 

engaged into crystallite formation favour smaller sizes of these crystallites. This allows reducing 

the size of physical netpoints beneficial for shape-memory actuation. Due to high activation energy 
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PLA stereocomplex consisting of high molar mass polylactides typically cannot be dissolved.99 

However, decrease of the molar mass of the components or incorporation of the PLA constituent 

chains into a copolymer decreases PLA stereocomplex Tm and significantly improves its 

solubility.98  

Improved thermomechanical stability of PLA stereocomplex elaborates its application as physical 

cross-links in hydrogel production100-102 and in bulk.103, 104 Formation of a network can be 

demonstrated as a transition between rheological liquid- and solid-like behaviour of asymmetric 

PLLA/PDLA blends.105, 106 Providing firm physical network, PLA stereocomplex at certain 

conditions and matrix composition grants a material without covalent cross-links an elastic rubber-

like behaviour.107-109 Combination of elastomeric mechanical properties and processing flexibility 

of thermoplastics named this class of materials thermoplastic elastomers.110 However, as all 

crystallites PLA stereocomplexes undergo a multi-step elasto-plastic process upon macroscopic 

deformation of the material, which can divorce them from being firm network junctions.111 

Deformation of semi-crystalline polymers 

The crystalline domains in an undeformed semi-crystalline polymer are dispersed within the 

amorphous matrix. They consist of lamellae organised into larger spherulites, which experience 

elasto-plastic structural changes induced by macroscopic deformation passing through several 

strain threshold (Figure 4a ).111, 112 Initially, the deformation is purely elastic and the crystallites 

are not affected. 113 After reaching the true elastic limit, the stresses stored in the amorphous 

domains become large enough and begin being redistributed to the crystallites, causing random 

effects of shear, slip and rotation within the spherulites. As the stress gradually increases, the 

plastic movements inside the crystallites are set into the collective motion at the elastic limit. 

Macroscopically, the elastic limit is associated with the yielding behaviour and neck initiation.114 

Further stretching causes disintegration of the crystallites through fibrillation, accompanied by 

partial loss of crystallinity and subsequent strain-induced crystallisation.115-117 Finally, the stresses 

accumulated in the amorphous matrix become so high that disentangling happens and the material 

loses memory of its initial shape.118 Transition between these deformation regimes causes changes 

in microscopic mechanical behaviour of a polymer, namely different contributions of elastic εe and 

plastic εp deformation of the amorphous and crystalline domains respectively.119 At the onset of 

fibrillation, crystallites including PLA stereocomplexes fail to preserve structural integrity and can 
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no longer provide firm cross-linking to the matrix. The attribution of the strain ranges to different 

deformations mechanisms determines elongation limits, at which crystallites maintain structural 

integrity. 

 

Figure 4. (a) Schematic illustrating changes in the microscopic structure of a semi-crystalline 

polymer during the deformation going through the elastic matrix stretching, crystallite sliding, 

fibrillation and amorphous network disentangling. (b) Generalised models of solid materials. 

The viscoelastic deformation of polymers is often described with generalised models for linear 

solid materials. (Figure 4b) The Maxwell and Kelvin-Voigt models visualise material deformation 

behaviour with a spring and dashpot connected in series or in parallel respectively.120 These models 

have created a solid platform for characterisation of materials’ mechanical behaviour. However, 

the Maxwell model fails to describe creep and recovery, and the Kelvin-Voigt model does not 

explain relaxation. Their further development, the Zener model or the standard linear solid model, 

manages both phenomena, giving a basis for description of the elastic and viscoelastic behaviour 

of materials including thermoplastic polymers.121, 122 For instance, Haward and Thackray proposed 

an assumption, in which at the limit of high strains, stresses stored in the amorphous network of a 

semi-crystalline polymer become predominant.123 The material behaves as an ideal rubber and the 
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plot of true stress as the function of extension ratio σtrue(λ
2 – λ-1) reaches its asymptotic limit. This 

model allows for calculating stresses distributed over the amorphous network as: 

(1 – φc)σn = (1 – φc)G(λ2 – λ-1)    (4) 

where φc in the crystalline content, σn in the stress stored in the amorphous network, G is the shear 

modulus, and λ is the extension ratio. 

The process of viscoelastic stress relaxation in polymers is typically described with Eyring 

viscosity equation.124-126 However, complexity of polymer systems makes it practically unsolvable 

without numerous assumptions. One of the recent stress relaxation model derived from Eyring’s 

law of viscosities in relation to a Maxwell material was proposed by Hong et al.127: 

∆𝜎(𝑡) =  𝜎𝑟(0) − 2𝜎0atanh [tanh (
𝜎𝑟(0)

2𝜎0
) exp (−

𝑡

𝜏𝑟
)]   (5) 

where Δσ(t) = σr(t = 0) – σr(t) is the stress decay in a relaxation process, σ0 is the Eyring’s reference 

stress and τr is the relaxation characteristic time. Three fitting parameters are involved in this 

equation: σr(0) – the stress that will relax in infinite time, σ0 is the characteristic stress representing 

the slope of the stress relaxation curve in Δσr(ln t) coordinates and the characteristic time of the 

process τr. 

The deformation process of the crystalline domains is typically described phenomenologically. An 

elastoplastic component was added to the Maxwell representation of the Zener model by Strobl’s 

group.127, 128 In this instance, the reaction of the crystalline domains to the deforming stress is the 

residual of subtraction of the elastic and viscoelastic components from the aggregated stress. With 

this approach, forces responsible for crystallite, i.e. physical netpoints, deformations can be 

estimated at each applied strain. 
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Chapter 2 – Aims and strategy 

The majority of shape-memory polymer actuators are fixed to a single permanent shape. 

Furthermore, tuning of the actuator performance is often related to chemical modifications of the 

material. The primary aim of this thesis was to design and create a physical interaction for a shape-

memory polymer actuator matrix, allowing for its reprocessability and non-synthetic tuning of its 

actuation performance. 

A multiblock copolymer architecture provides a flexible platform for embedding anchoring points 

for physical cross-linking into a shape-memory polymer actuator. Further, the network junctions 

can be introduced into the material by addition of a cross-linking moiety with an in situ processing 

method. The reversibility of the intermolecular interactions facilitates a reset of the sample thermal 

history and geometry with non-destructive processing techniques. The cross-linking density 

regulated by the concentration of the low molar mass additive orchestrates the morphology, 

structure, the related thermal and mechanical properties, and actuation performance of the 

designed material.  

The work has been divided into three consecutive steps. At the first step, a polymeric material 

fulfilling the morphological requirements for shape-memory polymeric actuators has been created. 

Further, the designed physical interaction was examined to fulfill the morphological, thermal and 

mechanical criteria for stable physical cross-links. Explicitly, whether their physical properties 

permit them to maintain structural integrity in the thermal and deformational ranges of the shape-

memory transitions, and whether it is possible to reduce netpoints sizes, maximising the content 

of the functional shape-memory units. Finally, the shape-memory actuation in the developed 

materials was studied and the approaches for its tuning were analysed. The realisation of their 

concept has been approached with the following strategies:  

1. The multiblock copolymer would consist of immiscible PCL and PLLA. Here, phase dilution 

typical for multiblock copolymers provide PCL with a broad melting transition, which can be 

bisected into two distinct crystallisable domains with a separation temperature. PLLA acts as 

the anchoring point for PLA stereocomplexation in blends with PDLA oligomer. The 

multiblock structure and short length of the multiblock copolymer segments ensure presence 

of the mixed amorphous phase, where Tg can be adjusted by the multiblock copolymer 

composition.  
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2. Multiblock structure would contribute to formation of nano-scale PLA domains limiting the 

size of PLA stereocomplexes to these domains, which leads to their even distribution in the 

matrix. Comparatively short length of PLA chains required for stereocomplexation allows for 

reducing their sizes as physical netpoints and maximising the content of the skeleton-forming 

and actuating units. High difference in melting temperatures between PCL crystallites and 

PLA stereocomplexes prevents the melting of the latter during the thermal transitions of the 

first. PLA stereocomplexes’ microscopic structural transformations upon the macroscopic 

deformation of the blends can be investigated with the methodology of the adopted three-

component model. The strain and compositional ranges, where PLA stereocomplexes 

maintain integrity as physical netpoints of the matrix, can be defined as the conditions, at 

which the deformation behaviour of the materials cannot be attributed to fibrillation or 

amorphous matrix disentanglements. Deformation regimes at lower strains are followed by 

rotation, shear and slipping of the crystallites and do not reach the threshold, at which PLA 

stereocomplexes fail as the network junctions. 

3. PCL crystallites would bear the function of both the skeleton and actuator. PLA 

stereocomplexes would provide a physically cross-linked network. The effect of the 

adjustment of thermomechanical treatment and blend composition on shape-memory 

actuation would be studied. 

Attributing the desired functions to the segments of the multiblock copolymer PLLA-PCL requires 

a precise control over their length. Moreover, a large amount of chain entanglements 

corresponding to high molar masses is required to reach higher elasticity and deformation stability 

of polymeric materials. A multiblock copolymer with the designed molecular architecture will be 

synthesised via self-polycondensation reaction of diblock macromonomers of PCL and PLLA. 

Here PCL will be used as initiator in a ring-opening polymerisation of L,L-dilactide. High rates of 

L,L-dilactide polymerisation will reduce the reaction time, which would prevent the undesidred 

transesterification reactions. The self-polycondensation reaction will be conducted at ambient 

temperature in solution using dimethylaminopyridine p-toluenesulfonate as a catalyst and N,Nʹ-

diisopropylcarbodiimide as an activating agent. The molecular structure of the synthesised 

copolymer will be studied with proton magnetic resonance spectroscopy (1H NMR) and gel-

permeation chromatography (GPC). Further, the PLLA-PCL / ODLA blends will be prepared as 

solution casted films. The formation of PLA stereocomplex and its crystallinity will be 
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investigated with wide-range X-ray scattering (WAXS) and differential scanning calorimetry 

(DSC). The thermal properties of the pure PLLA-PCL and its ODLA blends, namely PCL melting 

and crystallisation transition and presence of the PCL / PLA mixed glass-transition temperature, 

will be investigated with dynamic mechanical analysis (DMA) and DSC. The phase morphology 

of the synthesised materials, as morphological feature size and distribution of the constituents in 

the material matrix will be studied with transmission electron microscopy (TEM), atomic force 

microscopy (AFM) and analysis of the small-angle X-ray scattering (SAXS) correlation function. 

The effect of PLA stereocomplex concentration on the mechanical properties of the synthesised 

materials will be investigated in a series of single elongation experiments. Further, the stability of 

stereocomplexes will be investigated with techniques proposed by the three-component model for 

mechanical deformation of semi-crystalline polymers as follows: The stress-strain curves will be 

decomposed into reversible and irreversible contribution in the step-cycle experiment. A sample 

is stretched to a certain elongation and then the stress is removed to 0. In each following cycle the 

sample is stretched to a higher strain. The recovered εe and unrecovered εp deformation is compared 

as the curves εe,p(εH) or εe,p(σtrue). The points of simultaneous abrupt change in the profile of the 

curves signify the transition between the macroscopic deformation behaviour attributed to different 

microscopic deformation mechanisms of crystallites. Initiation of fibrillation is assumed to be the 

strain limit for PLA stereocomplex structural integrity. The relaxation behaviour of the pure 

PLLA-PCL and its ODLA blends will be studied to calculate the viscoelastic reaction of the 

materials to the applied stress. The reaction of the purely elastic network will be calculated in the 

ideal rubber approximation. The distribution of the stresses between the viscoelastic, elastic and 

elasto-plastic components of the adopted model in a range of strains and compositions will be used 

to understand the limits for network-like behaviour of the PLA stereocomplex cross-linked matrix. 

The actuation performance will be investigated in cyclic thermomechanical experiments. The 

programming parameters Tprog and εprog as well as Tlow will be determined with DSC and the tensile 

studies to determine how they influence shape-memory actuation capability. The PCL crystallinity 

will be bisected by Thigh into the actuating and skeleton-forming units. Variation of Thigh will be 

used to change the ratio of actuating to skeleton-forming units, and to optimise the 

thermomechanical treatment to maximise εʹrev. Further, the ratio of PLLA-PCL and ODLA in the 

composition of the blend will be changed to adjust the PLA stereocomplex content. The effect of 

the PLA stereocomplex content, i.e. physical cross-linking density on εʹrev will be studied.  
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Chapter 3 – Organisation of the thesis 

This cumulative dissertation aims to design, create and characterise a shape-memory polymeric 

actuator system, where an in situ technique of controlling the physical cross-linking density allows 

for reconfiguring the material geometry and tuning the actuation performance with non-destructive 

processing methods. The content of the incorporated chapters is outlined below. 

Chapter 1 titled ‘Introduction’ is a description of the research background prior to the start and 

its significant developments during the completion of PhD project.  

Chapter 2 titled ‘Aims and Strategy’ describes motivation aims, the hypothesis formulated, and 

strategies employed in this thesis.  

Chapter 3 titled ‘Organisation of the Thesis’ presents the organisational structure of the thesis. 

Chapter 4 titled ‘Investigating the phase-morphology of PLLA-PCL multiblock copolymer / 

PDLA blends cross-linked using stereocomplexation’ – Appendix I. 

Chapter 5 titled ‘Strain recovery and stress relaxation behaviour of multiblock copolymer blends 

cross-linked with PLA stereocomplexation’ – Appendix II. 

Chapter 6 titled ‘Controlling actuation performance in physically cross-linked polylactone blends 

using polylactide stereocomplexation’ – Appendix III. 

Chapter 8 titled ‘Discussion’ is an overall discussion of the findings of this work.  

Chapter 9 titled ‘Summary and Outlook’ summarises the results of this work and potential future 

prospects. 
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Chapter 4 – Investigating the phase morphology of PLLA-PCL 

multiblock copolymer / PDLA blends cross-linked using 

stereocomplexation 

Summary 

In this publication, we investigate the morphological structure of physically cross-linked PLLA-

PCL / PDLA blends. The effects of the blend composition and the PLLA-PCL molecular structure 

on the morphology are elucidated with AFM, TEM and SAXS. We identify the formation of a 

lattice pattern, composed of PLA domains within a PCL matrix, with an average domain spacing 

d0 = 12–19 nm. The size of the PLA domains were found to be proportional to the block length of 

the PCL segment of the copolymer and inversely proportional to the PDLA content of the blend. 

By elucidating the phase structure and thermal character of the multifunctional PLLA-PCL / PDLA 

blends, we illustrate how composition affects the internal structure and thermal properties of 

multicomponent polymeric materials. 

Contribution to the publication 

 Literature review 

- Phase morphology of polymer blends and copolymers 

- Compatibilisation of immiscible or poorly miscible multi-material polymeric matrices 

- Role of crystallisation in phase separation 

- Formation of PLA stereocomplex in copolymers 

 Study design in discussions with the co-authors 

- Material selection and PLLA-PCL multiblock copolymer structure 

- PLLA-PCL / PDLA blends composition 

- Miscibility of components and phase separation 

 Experimental work 

- Multiblock copolymer PLLA-PCL synthesis and PLLA-PCL / PDLA blends preparation 

- Characterisation of the synthesised PLLA-PCL molecular structure with NMR and GPC, 

investigation of the thermal properties of the PLLA-PCL / PDLA blends with DSC and 

DMTA 

 Analysis and interpretation of the data 

- Interpretation of mutual dependency between molecular structure of PLLA-PCL and 

PDLA with thermal properties of their blends 

- Deduction of the phase structure of the PLLA-PCL / PDLA blends according to their 

thermal properties  
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- Analysis of the PLA and PCL domains distribution in the amorphous matrix 

- Calculation of domain sizes with the correlation function 

 Manuscript preparation 

- Manuscript outline in discussions with the co-authors 

- Writing the first draft of the manuscript 

- Manuscript revision and finalisation according to comments of the coauthors 

Publication – Appendix I 

Victor Izraylit, Oliver E.C. Gould, Karl Kratz, Andreas Lendlein, Investigating the phase-

morphology of PLLA-PCL multiblock copolymer / PDLA blends cross-linked using 

stereocomplexation. MRS Advances 2019 5 (14-15), 699-707 
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Chapter 5 – Strain recovery and stress relaxation behaviour of multiblock 

copolymer blends cross-linked with PLA stereocomplexation 

Summary 

In this publication, we evaluate whether PLA stereocomplexes can form stable physical cross-links 

in PLLA-PCL / PDLA blends. Through the investigation of the strain recovery in the step-cycle 

experiments and compliance of the stress relaxation behaviour with a three-component model for 

the deformation of semi-crystalline polymers, PLA stereocomplexes were found to possess 

sufficient stability in the true strain range εH < 2.25 to be described as firm physical netpoints at 

70 °C in the studied blends with PLA stereocomplex content ϕc SC ≥ 1.1 wt%, when the PCL 

domains are melted. Limiting ϕc SC ≤ 6 wt% broadens the behaviour inherent to elastic cross-linked 

networks to the strain values up until breakage of the samples, while the increase of ϕc SC triggers 

plastic deformations typical for semi-crystalline polymers. Redistributing of internal stresses from 

the amorphous to crystalline domains at increase of ϕc, calculated with the adopted model, was 

identified as a reason of PLA stereocomplexes failure as stable physical network junctions at 

higher ϕc SC. Within the experimentally determined strain and composition ranges, in which PLA 

stereocomplexes possess structural stability, they can form robust cross-links in a polymer 

network. 

Contribution to the publication 

 Literature review 

- Physical polymeric network junctions 

- Strain recovery and stress relaxation in polymeric networks 

- Molecular models for deformation of semi-crystalline polymers 

- Thermomechanical behaviour of PLA stereocomplex 

 Study design in discussions with coauthors 

- Material selection  

- Selection of the three-component model  

- Developing the experimental procedure for strain recovery and stress relaxation 

experiments 

- Design of the ex-situ WAXS experiments 

 Experimental work 

- Multiblock-copolymer PLLA-PCL synthesis and PLLA-PCL / PDLA blends preparation 
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- Creating a setup for the real-time video control of sample cross-section in mechanical 

experiments 

- Conducting single elongation, step-cycle and stress relaxation experiments  

 Analysis and interpretation of the data 

- Decomposition of deformation into subsequent strain ranges attributed to different 

deformation regimes of crystallites 

- Decomposition of the imposed stresses among viscoelastic, elastic and plastic 

contributions 

- Justification of characterizing PLLA-PCL / PDLA blends as physically cross-linked 

networks 

- Determination strain and composition limits for network-like and typical for semi-

crystalline polymers behaviour 

- Experimental proof of PLA stereocomplexes fibrillation with WAXS indirectly observed 

in mechanical experiments 

 Manuscript preparation 

- Manuscript outline in discussions with the co-authors 

- Writing the first draft of the manuscript 

- Manuscript revision and finalisation according to comments of the coauthors 

Publication – Appendix II 

Victor Izraylit, Matthias Heuchel, Oliver E.C. Gould, Karl Kratz, Andreas Lendlein, Strain 

recovery and stress relaxation behaviour of multiblock copolymer blends cross-linked with PLA 

stereocomplexation. Polymer 2020 209, 122984 
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Chapter 6 – Controlling actuation performance in physically cross-linked 

polylactone blends using polylactide stereocomplexation 

 

Summary 

The subject of this publication was PLLA–PCL multiblock-copolymer. By harnessing the 

stereocomplexation of copolymer chains with PDLA, we provide anchoring points for physical 

network formation and demonstrate how a blending process can be used to efficiently vary the 

mechanical properties of a shape-memory actuator. We investigate the effect of molecular 

structure on the actuation performance of the material in cyclic thermomechanical tests, with a 

maximum reversible shape change ε′rev = 13.4 ± 1.5% measured at 3.1 wt% of PLA stereocomplex 

content in the multiblock copolymer matrix. The thermophysical properties, crystalline structure, 

and phase morphology were analyzed with DSC, WAXS and AFM respectively, elucidating the 

structure-to-function relationship in physically cross-linked blended materials. The work 

demonstrates a one-step technique for manufacturing a polymeric actuator and tuning its 

performance in situ. 

Contribution to the publication 

 Literature review 

- Soft polymer actuators 

- Shape-memory actuation in physical polymeric networks 

- Multi-block copolymer synthesis 

- Thermomechanical behaviour of PLA stereocomplex 

 Study design in discussions with the co-authors 

- Material selection and PLLA-PCL multiblock copolymer structure 

- Synthetic approach to PLLA-PCL 

- PLLA-PCL / PDLA blends composition and preparation technique 

 Experimental work 

- Multiblock copolymer PLLA-PCL precursor and self-polycondensation catalyst 

synthesis 

- PLLA-PCL and PDLA synthesis, PLLA-PCL / PDLA blends preparation 
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- Characterisation of the synthesised PLLA-PCL molecular structure with NMR and GPC, 

investigation of the thermal properties of the PLLA-PCL / PDLA blends with DSC and 

DMA 

- Conducting thermomechanical experiments (shape-memory actuation) 

 Analysis and interpretation of the data 

- Identification of the averaged PLLA-PCL multiblock-copolymer molecular architecture 

- Identification of PLLA-PCL / PDLA blends crystalline structure 

- Analysis of critical parameters affecting shame-memory actuation capability 

- Identification of the blend composition as the key parameter for tuning the actuation 

performance 

 Manuscript preparation 

- Manuscript outline in discussions with the co-authors 

- Writing the first draft of the manuscript 

- Manuscript revision and finalisation according to comments of the coauthors 

Publication – Appendix III 

Victor Izraylit, Tobias Rudolph, Oliver E.C. Gould, Karl Kratz, Andreas Lendlein, Controlling 

actuation performance in physically cross-linked polylactone blends using polylactide 

stereocomplexation. Biomacromolecules 2020 21, 338-348. 
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Chapter 7 – Discussion 

In this chapter, the results presented in chapters 4-6 are collectively discussed in the context of the 

current state of the art. First, the advantages of the selected synthetic method of self-

polycondensation of the designed diblock macromonomers in front of other techniques for 

multiblock copolymer synthesis are considered in respect to intended physical network 

functionality. These results and detailed design criteria are presented in chapter 6. Further, the 

synthesised PLLA-PCL / ODLA matrix is evaluated to consent the morphological criteria for 

shape-memory polymer actuators. Their properties are further compared to other types of polymer 

networks cross-linked with physical interactions. The findings discussed in this subsection are 

presented in chapters 4-6. Finally, shape-memory actuation in the PLLA-PCL / ODLA blends, its 

optimisation and opportunities for its non-synthetic tuning are weighted against other physically 

and chemically cross-linked shape-memory polymer actuators. The materials for these discussions 

are presented in chapters 6. The chemical structure and simplified morphology of PLLA-PCL / 

ODLA blends is presented in Figure 5. 
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Figure 5. (a) Chemical structure of the PLLA-PCL / ODLA blend. The numbers of repeating units 

were varied as 3 ≤ k ≤ 350; 12 ≤ n ≤ 15; 20 ≤ l ≤ 80 and m was corresponding to 

Mn = 100 – 200 kg·mol-1 (b) Schematic illustrating the morphology of the PLLA-PCL / ODLA 

blends. The matrix consists of amorphous (dark green) and crystalline (light green helices) PCL 

segments, amorphous PLLA segments (blue) and ODLA molecules (red). PLLA and ODLA form 

stereocomplexes, illustrated with red/blue helices. (c) Schematic illustrating the phase morphology 

of the PLLA-PCL / ODLA blends. A continuous PCL phase (green), containing amorphous 

domains and crystalline lamellae (light green), encases isolated domains of PLLA (red) and ODLA 

(blue), which can form semi-crystalline PLA stereocomplexes domains (red/blue). The size of 

PLA domains lies within range d0 = 12 – 19 nm. 

Preparation of PLLA-PCL / ODLA thermoplastic elastomer 

The versatility of the copolymer chemistry has made them an attractive platform for the design of 

materials with desired structure and properties. To fulfill the strict morphological requirements for 
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shape-memory actuation a polymeric material has to possess three distinct structural units: two 

crystallisable domains and network junctions. The complexity of the thesis concept, to embed PCL 

crystallisable domains and PLLA anchoring points for PLA stereocomplexation into one 

multiblock copolymer molecule, demands a precise control over the sequence structure of the 

designed material, namely the repeating unit sequence length and tacticity of PLA repeating units. 

Sequential polymerisation of the monomers significantly increases the complexity of the reaction 

in synthesis of multiblock copolymers with larger amount of repeating segments. Longer ring-

opening polymerisation reactions of lactones at elevated temperatures typically result in 

transesterification, which additionally harms the sequence structure.129, 130 A broadly used 

approach of PEU synthesis is related to modification of the polymer backbone with urethane 

segments and diol initiator residues, which may cause unwanted hydrogen bonding between the 

multiblock copolymer molecules or hindering polyester segment crystallisation.131 Highly 

attractive for many purposes click-chemistry reactions require presence of the end-groups not 

naturally inherent to polyesters and therefore chemical modification of macromonomers.132, 133  

The selected synthetic approach, self-polycondensation of diblock macromonomers, allows for 

transferring an accurately designed sequence structure from the diblock macromonomers to the 

multiblock PLLA-PCL. The modularity of this method makes it possible to tune the structure of 

each constituent independently in a single process. In this way, the crystallinity of PLA and PCL, 

i.e. the structure of the functional units and density of the physically cross-linked network, can be 

designed at the synthesis step as a function of the PLLA-PCL sequence structure. The crystallinity 

can however be further altered and controlled for the application needs in the synthesised PLLA-

PCL by in situ composition adjustments of the PLLA-PCL / ODLA blends and their thermal 

treatment. This approach is somehow similar to design of ionomeric networks, where the 

functional units are embedded into the polymer backbone and the role of cross-linking anchors is 

played by ionic side-groups.134 The cross-linking agent there is an ion that is introduced into the 

matrix by e.g. mixing in a melt with salts or alkali treatment.135, 136 Ionomers are typically 

manufactured via copolymerization of different monomers.137, 138 A truly alternating sequence 

structure can be achieved in a similar manner by polycondensation.137 Formation of hydrogen 

bonding between polymer molecules requires specific groups in the backbone or at the side 

chains.139-141 Lacking necessity of a cross-linking agent on the one hand side eases the preparation 

of physical networks via cross-linking with hydrogen bonds. On the other hand side, this makes it 
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possible to tune the cross-linking density only at the synthetic step. This drawback makes hydrogen 

bonding a less alluring physical cross-linking method, than ionic interactions or the developed 

PLLA-PCL / ODLA stereocomplexation technique. 

Evaluation structure-to-property relationship in PLLA-PCL / ODLA blends  

The design of the PLLA-PCL / ODLA matrix implies that the PLA stereocomplexes bear the 

function of physical cross-links. To tackle with this role they have to fulfill three requirements, a 

morphological, thermal and mechanical, to be able to provide a network of cross-links that would 

remain stable during the thermomechanical treatment in shape-memory programming and cycles. 

PLA stereocomplexes have to be evenly distributed within the matrix, they have to remain intact 

in the temperature range of shape-memory actuation, and they have to maintain structural integrity 

during the mechanical treatment. Whereas the PLLA-PCL / ODLA blends have to fulfill additional 

morphological criteria inherent to all of the shape-memory polymer actuator matrices: possess two 

distinct crystallisable domains and remain flexible in their thermal transitions ranges for 

performing the actuation. The reduction of PLA stereocomplexes sizes in this perspective allows 

for increasing the content of the skeleton-forming and actuating domains, which favours higher 

generated actuating forces and therefore ε′rev. 

Morphology 

PLA stereocomplexes are distributed stochastically in bulk. To ensure that no large domains 

without PLA stereocomplexes are formed, their amounts should be increased through the reduction 

of their sizes. The reduction of PLA stereocomplex sizes allows for achieving the same cross-

linking density at a lower content of PLA, the cross-linking agent, increasing the content of the 

PCL domains. 

A multiblock copolymer approach in the material design is a typical way to compatibilise 

immiscible polymers as PLA and PCL.142, 143 Reduction of the average domain spacing to the 

nanometer scale leads to the miniaturisation of the PLA stereocomplex sizes and therefore their 

more even distribution in the PLL-PCL / ODLA matrix. Assuming that the domain average spacing 

is a function of the sequence lengths in PLLA-PCL, tuning the molecular structure and 

composition is the way to control the phase morphology. The PCL domains forming a continuous 

phase can form larger crystallites, which can be implemented as the actuating and skeleton-
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forming units. The same principle for creating the phase morphology is used in all copolymer-

based physical networks.144-146 The crucial comparison point here is the content of the interacting 

moieties responsible for the physical cross-linking. Reduction of their sizes, i.e. mass, increases 

the content of the functional domains in the matrix. A hydrogen bond, as it requires no cross-

linking agent, consists of the interaction itself and the interacting groups, which can be 

miniaturised to e.g. N-H···O=C lying in the backbone of a PEU.147 To realise ionic interaction, the 

ionisable groups of an ionomer have to be neutralised with ions.148 Unlikely the polymeric matrices 

cross-linked with hydrogen bonding, cross-linking with ionic interactions require more 

complicated moieties, which can even appear as oligomeric side-chains in e.g. sulfonated 

tetrafluoroethylene-based copolymer, and addition of ions, the content of which is however 

typically lower than 1 wt%.135 Utilising polymeric crystals as physical netpoints requires their 

significantly higher presence of the cross-linking moieties in the material. It is necessary to have 

a certain length of a repeating unit sequence in a polymer to be able to form a crystal.149 This value 

can even be higher in a copolymer due to interpenetration of the neighbouring polymer phase.150, 

151 Besides that, crystallites act as nucleation agents for further crystallisation involving additional 

molecules into one crystal.152, 153 This significantly increases sizes of the physical cross-links 

comparing to hydrogen bonds or ionic interactions. PLLA-PCL / ODLA blends contain PLA 

stereocomplexes in volumes of d0 = 12 – 19 nm strictly confined with PCL continuous phase, and 

they consist of short chains of 12 – 26 repeating units. This allows for reducing the content of PLA 

required for cross-linking down to 13 wt%, which is still incomparably more than content of side-

chains and ions in ionomers, and interacting groups for hydrogen bonding. The reversible shape-

memory actuation capability was shown to appear in PLLA-PCL / ODLA blends with only 1 wt% 

of ODLA, having maximum at 3 wt%. The PLLA content in PLLA-PCL was as high as 15 wt%, 

rendering its surplus unnecessary for PLA stereocomplexation. In light of that, a determined study 

can optimise the PLLA-PCL structure, decreasing the PLLA content in the copolymer and 

potentially reducing the total required PLA content in the blend down to 5 wt%. 

The pure PLLA-PCL multiblock copolymers have demonstrated high compatibility of the 

components resulting in the formation of a mixed amorphous matrix. In the selected cases, only 

PCL crystallites were observed in the PLLA-PCL structure, demonstrating a successful 

suppression of PLLA isotactic crystallisation. At the same time, the domain sizes limited by 

microphase separated structure allow PLA stereocomplexes for being even distributed within the 
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matrix. The designed PLLA-PCL / ODLA structure and synthetic approach make it possible not 

only to create an isotropic physically cross-linked shape-memory matrix, but also to tailor the 

morphology and adapt it when the properties require change. 

Thermal properties 

Selection of PLA from the whole range of polymers capable of stereocomplexation was dictated 

by its outstanding thermal properties along with broad availability of optically pure dilactide 

monomers. High molar mass PLA melts at Tm = 185 – 190 °C,91 while its stereocomplex Tm can 

go as high as 220 – 230 °C.99 Other polyester stereocomplexes, such as poly(2-hydroxybutanoic 

acid) and poly(2-hydroxy-3-methylbutanoic acid), have lower Tm = 200 °C and 193 °C 

respectively, which would even decrease for low molar mass chains within a copolymer. Poly(α-

methyl-α-ethyl-β-propiolactone) stereocomplex has comparable with PLA Tm = 215 °C.154 

Commercial unavailability and multi-step synthesis of its monomer make it a less attractive 

material. Several polycarbonates have been reported to form stereocomplex, e.g. poly(cyclohexane 

carbonate), CO2/1,4-dihydronaphthalene oxide copolymer, etc.155, 156 Although they can 

demonstrate significantly higher thermal stability Tm up to 370 °C than PLA, their degradation 

products are known to be acutely toxic.157 Stereocomplexes of polyamides and polyketones were 

not considered due to synthetic reasons. 

Non-overlapping melting peaks of PCL and PLA stereocomplex was imperative, thus, designed 

and realised already at the synthesis step. The multiblock structure of PLLA-PCL resulted in 

interpenetration of the phases typically occurring in copolymeric systems158 or being a sign of 

compatibilisation in homopolymer blends.159 This broadens melting peaks of PCL and PLA 

stereocomplex, even though the molecular weight distribution of the constituent molecules is 

narrow (ÐPCL = 1.11, ÐODLA = 1.17). A broader temperature range of PCL melting facilitates its 

separation into the actuator and skeleton forming units with Thigh. A similar effect broadening 

melting transitions has hydrogen bonding established between polymer molecules160 and 

interactions in ionised ionomers.161 A great advantage of the developed PLLA-PCL / ODLA blend 

is the reduced PLA stereocomplex melting point and high solubility in organic solvent unusual for 

PLA stereocomplex containing materials.99 This broadens the melt processing window and opens 

opportunities for solution processing. PLLA-PCL / ODLA blend is an easily recyclable plastic, 

which combined with its full biodegradability and biological origin of the raw materials makes it 
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a highly sustainable polymer. Other physical polymeric networks cross-linked by hydrogen 

bonding and ionic interactions, especially industrially produced, have strictly limited end-of-life 

options.136, 162, 163  

The discovered tunability of PLA stereocomplex thermal properties via adjustments of their 

morphology as physical cross-links in a polymer matrix opens a possibility of their combination 

with different copolymers in actuator materials. This also allows for adjusting processing and 

recycling conditions of physical networks cross-linked with PLA stereocomplexes. 

Mechanical performance 

Network properties of physical matrices can be evaluated by a number of approaches. The simplest 

one is the visual analysis of stress-strain curves, comparatively low Young’s modulus and high 

elongation at break, or pronounced strengthening behaviour.164, 165 However, the latter should be 

rather assigned to irreversible crystalline reorganisation processes and is a sign of plastic 

deformations in the material matrix.166, 167 The lower boundary of PLA stereocomplex 

concentration required for formation of physical network can be determined with dynamic 

rheological measurements. Here, the change of the loss tangent tan(δ) (ω) from frequency-

independent loss to extremal profile indicates the transition from viscoelastic to elastic behaviour 

of the material, i.e. network formation.105, 106 On the other side, elastomeric behaviour can be 

differentiated from the plastic one in free recovery experiments determining the ratio between 

reversible and irreversible deformation. 168 However, all of these approaches have restraints, 

because they can only determine a limited number of material properties responsible for elastic 

network-like behaviour and do not explain reasons for failure of physical netpoints. The approach 

presented in this thesis, besides defining strain and composition limits for elastic behaviour of 

PLLA-PCL blends, assigns microscopic processes and quantifies distribution of stresses between 

amorphous and crystalline domains responsible for physical network failure.  

The increase of covalent cross-linking density in an amorphous polymer first leads to formation of 

a chemical network and further to a thermoset. Low φc of PLA stereocomplexes in PLLA-PCL / 

ODLA blends grants it elastomeric properties, while further increase of PLA stereocomplexes φc 

would induce semi-crystalline behaviour.169 From the mechanical point of view, the main 

difference between the covalent and physical cross-links is their activation energy. Where a dense 

covalent network demonstrates high mechanical strength, growing stresses stored in the 
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amorphous domains of a physical network are gradually redistributed to the network junctions 

causing their irreversible deformation. The transition between deformation regimes of crystallites 

discussed in the Introduction defines the strain limits of the PLLA-PCL / ODLA blends as physical 

networks. The structural failure of PLA stereocomplexes is the onset of fibrillation determined in 

the step-cycle test. In the fibrillation regime of deformation, the stresses stored in the entangled 

amorphous network are so high that disintegration of the crystallites require less energy than 

further stretching of the amorphous domains. Therefore, the increase is observed only in the plastic 

contribution to the deformation, while the elastic remains constant. Analogically to the transfer 

between plastic and elastic deformation observed in the step-cycle experiment, deviations from the 

expected viscoelastic behaviour in the relaxation experiment towards plastic reorganisation of the 

crystallites indicates their failure as physical cross-links.  

The blending approach to formation of physical network in PLLA-PCL / ODLA blends allows for 

tuning the role of PLA stereocomplexes in the range from a cross-link to a structural element of 

the matrix. The minimal φc = 0.7%, i.e. network density, required for a network formation 

determined for PLLA-PCL / ODLA blends is significantly lower than 2.6 wt% or 5 wt% reported 

for other PLA stereocomplex based networks.105, 106 This is explained by smaller PLA 

stereocomplex average sizes d0 = 12 – 19 nm and their more even distribution in bulk than the 

micron scale crystallites reported in the literature.105, 106 PLA stereocomplexes in PLLA-PCL / 

ODLA blends demonstrate stability in broad temperature and strain ranges as well as in situ 

tunability of their properties untypical for other types of physical interactions. 

Shape-memory actuation 

The achieved εʹrev = 13.4 ± 1.5% was lower than 19-21% reported in the in classical works in the 

area,30, 31 or 17% achieved in chemically cross-linked PCL.44 A block copolymer approach was 

also employed for covalent shape-memory networks. For example, a diblock copolymer 

poly(ethylene-block-1-octene) can demonstrate εʹrev up to 18% at the stress-free conditions.58 

Comparatively high εʹrev = 25% has been achieved in chemically cross-linked blends of PCL and 

poly(ethylene-co-vinylacetate).170 There, the components of the blend separately bear actuating 

and skeleton-forming functions. The actuation performance is a complex function of the 

morphological structure and thermomechanical treatment of the shape-memory actuator matrix. 

Design of specific polymeric materials and chemical cross-linking undisputedly can lead to higher 
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εʹrev, however reprocessability and in situ tuning of εʹrev, possible for the PLLA-PCL / ODLA 

blends, are a significant competitive feature. Comparing to other physical networks, εʹrev is similar 

or even slightly higher than 10-11% reported for poly(3S-isobutylmorpholin-2,5-dione), 49  and 

assessed with formula (2) for poly(ethylene-co-methacrylic acid) or commercially available 

polyurethane composed of poly(1,4-butylene adipate) soft segments and 4,4′ methylenediphenyl 

diisocyanate, chain extended by 1,4-butanediol, as hard segments.46, 56, 171  

Manifold structure of shape-memory polymeric actuators and complexity of the thermomechanical 

treatment provides a broad spectrum of variable parameters responsible for the magnitude of 

actuation, which can be approached by chemical modifications of the matrix or non-synthetic 

tuning of the shape-memory actuation procedure. Synthetic approaches to tuning Qeff and εʹrev are 

related to changes in the content of the actuating and skeleton-forming units or the cross-linking 

density of the matrix. Variations in the skeleton-to-actuator ratio or structural constraints on their 

maximal crystallinity alternate the forces generated with crystallisation and melting of the actuator 

and ability of the skeleton to resist the force generated by phase transitions of the neighbouring 

elements of the matrix. 172 Meanwhile, the modification of the cross-linking density changes the 

mobility of the matrix components and interactions between them.48, 49 Common non-synthetic 

tools for tuning shape-memory actuation are adjusting thermomechanical parameters of the 

programming and actuation cycles. Here, programming conditions can be varied to achieve 

different degree of molecular orientation.43, 46 However, higher elongations could lead to 

destruction of cross-links and disentangling of the amorphous network spoiling εʹrev. With 

changing Tlow and Thigh, different portions of the actuating units can be melted and crystallised 

modifying εA and εB to tune εʹrev.
56 In material systems, where one broad melting transition plays 

the role of both types of functional units, variation of Thigh changes the ratio between them.  

The key finding of the actuation study in this thesis was the development of a non-synthetic 

approach to control the physical cross-linking density. Changing the mass ratio between the 

components of the PLLA-PCL / ODLA blends we were able to tune PLA stereocomplex φc, i.e. 

the cross-linking density. The dependency εʹrev(φc) was found to have an extremal behaviour with 

the maximum at ε′rev = 13.4 ± 1.5 % at φc = 3.1 wt%.  

Lower strength of the physical cross-links negatively affects ε′rev comparing to the covalent 

networks. Nevertheless, the developed PLLA-PCL / ODLA blends perform better than similar 
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physically cross-linked systems. The developed approach for in situ adjusting physical cross-

linking density demonstrated that ε′rev can be tuned without synthetic modification of the polymer 

architecture. Further, the reprocessability of the developed material removes the restrictions of a 

single post-processing geometry inherent to covalent networks.   
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Chapter 8 – Summary and outlook 

A structure design and manufacturing approach for a two-component physical network of poly(L-

lactide) and poly(ε-caprolactone) segments (PLLA-PCL) and poly(D-lactide) oligomer (ODLA) 

via PLA stereocomplexation have been developed. Modularity of its structure and synthesis 

procedures allows for modification of phase morphology and thermomechanical properties. In situ 

formation of the selected physical interactions and their reversibility grants the PLLA-PCL / 

ODLA matrix capability for fine tuning of the shape-memory actuation as well as its recyclability. 

First, PLLA-PCL has been synthesised, where the PLLA segment was sufficiently long to form 

PLA stereocomplexes in the blends with ODLA, but not long enough to undergo isotactic 

crystallisation. The segment number average lengths of 12-15 L-lactic acid and approximately 60 

hydroxyhexanoate repeating units have been experimentally determined for maximising the 

actuation performance ε′rev among the selected series. The required precision of the segment 

structure has been achieved by employing self-polycondensation of diblock macromonomers as 

the synthetic route to the PLLA-PCL. Due to mild conditions (room temperature and DMAP 

catalytic system), this approach allowed for accurate translation of the diblock structure to the 

multiblock with negligibly low amount of transesterification reactions and change in PLLA 

segment tacticity. The achieved high molar mass Mw ≈ 500 kg⸱mol-1 and narrow dispersity Ɖ ≈ 2 

positively affected the mechanical properties of the material by providing high amount of chain 

entanglements with the corresponding improvement in the strength and elasticity. Low Mw = 4 

kg⸱mol-1 of ODLA and the multiblock structure made PLA stereocomplexes in the PLLA-PCL / 

ODLA blends soluble in chloroform allowing for (re)processing of these materials. 

The structural components of the PLLA-PCL / ODLA blends have been evaluated to complement 

the requirements for realisation of shape-memory actuation. The multiblock structure of the 

macromolecules caused formation of a mixed amorphous phase of otherwise immiscible PLA and 

PCL with a single Tg = -40 – 0 °C depending on the material composition. The thermal transitions 

involved in the shape-memory actuation melting-crystallisation cycles onset in higher temperature 

ranges, making the PLLA-PCL / ODLA matrix elastic in the actuation temperature ranges. Partial 

phase dilution in PLLA-PCL, resulting in a broadening of PCL melting transition, made it possible 

to bisect its crystalline population into two domains, which were further assigned as more 

thermally stable skeleton-forming and less thermally stable actuating units. 
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The validity of PLA stereocomplex definition as physical netpoints has been evaluated with three 

criteria: morphological, thermal and mechanical. The even distribution of PLA stereocomplexes 

in the PLLA-PCL / ODLA matrix was derived from the microphase structure observed with TEM, 

SAXS and AFM. A structure of regular PLA domains surrounded by continuous PCL phase with 

average domain spacing d0 = 12-19 nm suggested that the PLA stereocomplexes must have sizes 

comparable to d0 allowing their even distribution in the material matrix. At the same time, the PCL 

continuous phase could contain larger crystallites favourable for shape-memory actuation. Due to 

lower Mw of the constituents and partial PLA/PCL phase dilution, PLA stereocomplex had 

comparatively lower melting temperature Tm ≈ 170 °C. However, its melting onset at 

Tonset ≈ 100 °C did not overlap with PCL melting transition ending at 70 °C proving that physical 

netpoints remain stable in the whole range of PCL thermal transitions.  

For the evaluation of the mechanical integrity of PLA stereocomplexes in the thermomechanical 

ranges of shape-memory actuation, their deformation mechanisms at different temperatures and 

strains have been studied. The microscopic behaviour of the PLLA-PCL / ODLA blends at 70 °C 

for the samples with PLA stereocomplex φc < 6±0.6 wt% in the full range of strains ε was 

characterised as elastomeric with structurally stable physical netpoints. The increase in PLA 

stereocomplex φc to 6.8 wt% limited the strain range of elastomeric behaviour to ε = 1000% with 

further decrease to 850% at higher φc. High PCL φc at 0 °C grants PLLA-PCL and its ODLA 

blends a typical semi-crystalline behaviour. The effect of PCL on the mechanical properties at this 

temperature is so high that it was not possible to evaluate unambiguously PLA stereocomplexes 

mechanical stability. Decomposition of the applied stresses with an adopted three-component 

model for semi-crystalline polymers into viscoelastic, elastic and elastoplastic contributions 

demonstrated disproportionation between loads distributed in the amorphous and crystalline 

domains, causing stress concentration and further structural failure of the latter with an increase in 

crystallinity or applied deformation. Adjusting the morphology, molecular structure, and 

composition of the PLA stereocomplex physical cross-links, it was possible to tune their 

crystallinity and thermomechanical properties. 

Suitable thermal parameters for shape-memory actuation were determined as Tlow = 0 °C and 

Tprog = 70 °C as the boarders of the PCL melting transition. Further, Thigh = 55 °C was determined 

in a shape-memory actuation experiment with variable Thigh. Molecular orientation, sufficient for 

realisation of the shape-memory actuation could be achieved at εprog > 300%. The highest 
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ε′rev = 13.4±1.5% has been achieved in the PLLA-PCL / ODLA blend with PLA stereocomplex 

φc = 3.1±0.3 wt%. The shape-memory actuation capability was found to be a function of PLA 

stereocomplex φc with maximal behaviour. The shape-memory actuation in the PLLA-PCL / 

ODLA blends can be tuned by adjusting ODLA content in range 1 – 10 wt%. 

The modular structure of PLLA-PCL opens a broad perspective for combinations of various 

functional elements in the design of smart polymers. The obtained knowledge of deformation 

mechanisms in PLA stereocomplexes provide a theoretical basis for development of PLA 

stereocomplex based polymer systems that can be used as biodegradable commodity plastics. The 

developed method for evaluation of PLA stereocomplexes structural integrity can be further 

employed for assessment of thermoplastic elastomers cross-linked with stereocomplexes of other 

polylactones, PMMA or any polymeric crystallites. The advantage of non-synthetic tuning of the 

shape-memory actuation performance combined with reprocessability of the developed material 

makes it an attractive candidate for cost-effective manufacturing of reconfigurable devices in fine 

biomedical and mechatronic applications.  
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ABSTRACT 

The macroscale function of multicomponent polymeric materials is dependent on their phase-
morphology. Here, we investigate the morphological structure of a multiblock copolymer 
consisting of poly(L-lactide) and poly( -caprolactone) segments (PLLA-PCL), physically 
cross-linked by stereocomplexation with a low molecular weight poly(D-lactide) oligomer 
(PDLA). The effects of blend composition and PLLA-PCL molecular structure on the 
morphology are elucidated by AFM, TEM and SAXS. We identify the formation of a lattice 
pattern, composed of PLA domains within a PCL matrix, with an average domain spacing d0 
= 12 – 19 nm. The size of the PLA domains were found to be proportional to the block length 
of the PCL segment of the copolymer and inversely proportional to the PDLA content of the 
blend. Changing the PLLA-PCL / PDLA ratio caused a shift in the melt transition Tm 
attributed to the PLA stereocomplex crystallites, indicating partial amorphous phase dilution 
of the PLA and PCL components within the semicrystalline material. By elucidating the phase 
structure and thermal character of multifunctional PLLA-PCL / PDLA blends, we illustrate 
how composition affects the internal structure and thermal properties of multicomponent 
polymeric materials. This study should facilitate the more effective incorporation of a variety 
of polymeric structural units capable of stimuli responsive phase transitions, where an 
understanding the phase-morphology of each component will enable the production of 
multifunctional soft-actuators with enhanced performance. 
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Strain recovery and stress relaxation behaviour of multiblock copolymer 
blends physically cross-linked with PLA stereocomplexation 
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A B S T R A C T   

Polylactide (PLA) stereocomplexes have attracted attention due to their ability to improve the thermal stability of 
bioplastics. Here, we evaluate whether PLA stereocomplexes can form stable physical cross-links in blends of a 
multiblock copolymer with poly(L-lactide) and poly(ε-caprolactone) segments (PLLA-PCL) and a poly(D-lactide) 
oligomer (PDLA). Through the investigation of the strain recovery in step-cycle experiments and compliance of 
stress relaxation behaviour with a three-component model for the deformation of semi-crystalline polymers, PLA 
stereocomplexes were found to possess sufficient stability in the true strain range εH < 2.25 to be described as 
firm physical netpoints at 70 ◦C in the studied blends with PLA stereocomplex content ϕc SC ≥ 1.1 wt%, when the 
PCL domains are melted. Limiting ϕc SC ≤ 6 wt% broadens the behaviour inherent to elastic cross-linked net-
works to the strain values up until breakage of the samples, while the increase of ϕc SC triggers plastic de-
formations typical for semi-crystalline polymers. Redistributing of internal stresses from the amorphous to 
crystalline domains at increase of ϕc calculated with the adopted model was identified as reason of PLA ster-
eocomplexes failure as stable physical network junctions at higher ϕc SC. Within the experimentally determined 
strain and composition ranges, in which PLA stereocomplexes possess structural stability, they can form robust 
cross-links in a polymer network. The knowledge gained here provides valuable design criteria for multifunc-
tional thermoplastic elastomers.   

1. Introduction 

Biobased polymers are sustainable materials synthesized from 
renewable resources characterized by neutral carbon footprint [1]. 
Among others, polylactide (PLA), its copolymers and blends find ver-
satile applications in medicine, packaging production and agriculture 
due to facile tunability of their physical properties [2–6]. Similarly to 
other polyesters with a stereocentre in the backbone [7], PLA tends to 
form thermally and mechanically stable stereocomplexes between two 
opposite stereoisomers [8]. This feature allows their use as an alterna-
tive for covalent cross-links in traditional polymeric networks [9–12], 
combining thermomechanical stability of the latter with reprocessability 
of the physical intermolecular interactions. Higher elasticity and resis-
tance to creep [13–15], inherent to thermoplastic elastomers 
cross-linked with PLA stereocomplexation, facilitates implementation of 
smart functionalities as shape-memory effect [16–18]. 

Although often referred as physical netpoints, PLA stereocomplexes 

are crystallites, which are less strong than covalent bonds and upon 
deformation should undergo a multi-step process of elasto-plastic 
structural reorganization typical for all crystals [19]. This raises the 
question, whether PLA stereocomplexes can be fully perceived as 
cross-links and what the limitations of this functionality are. A signifi-
cant part of the reported material systems cross-linked with PLA ster-
eocomplexes contain an additional semi-crystalline component [20]. 
This suggests the additional questions how the PLA stereocomplex net-
points interact with the second crystalline component and how its 
content affects the deformation behaviour of the whole system. 

In this work we attempt to classify PLA stereocomplexes as physical 
netpoints in a multiblock copolymer with poly(L-lactide) and poly 
(ε-caprolactone) segments (PLLA-PCL), where a network of physical 
cross-links is introduced through PLA stereocomplexation in blends with 
poly(D-lactide) oligomer (PDLA). The number-average block length for 
PLLA and PCL was fixed to 15 and 64 repeating units, respectively, and 
the number-average molar mass of PLLA-PCL was Mn = 238 kg mol− 1, 
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while the PDLA oligomeric compound had Mn = 3.5 kg mol− 1. Detailed 
material design considerations and a study of its crystalline structure and 
phase morphology were presented in the previous work [18,21]. In short, 
PLLA number-average segment length of 15 repeating units was found to 
be capable of PLA stereocomplexation, but not of isotactic crystallization, 
preventing formation of an additional crystallinity in the material, 
leaving PCL as the only crystalline domain in the pure PLLA-PCL. PCL 
number-average segment length of 64 repeating units was sufficient to 
form large crystalline population with content ϕc PCL up to 34 wt% and 

maintain high amount of PLLA segments for physical cross-linking. The 
morphological changes during PLA stereocomplex formation in the 
studied materials are schematically illustrated in Fig. 1a. Briefly, the 
short number-average length of the PLLA segments (15 repeating units) 
and PDLA molecules (26 repeating units) leads to smaller sizes of PLA 
stereocomplex crystallites and their even distribution in the matrix. The 
cross-linking density, i.e. PLA stereocomplex content ϕc SC, can be tuned 
by adjusting the PLLA-PCL/PDLA ratio in the blend. Miscibility of the 
blend components provided by multiblock structure of the PLLA-PCL and 

Fig. 1. (a) Schematic illustrating 
PLLA− PCL/PDLA blend structural change 
upon addition of PDLA homopolymer 
component. PDLA homopolymer (red) and 
PLLA segments (blue) form PLA stereo-
complex crystallites, which act as physical 
netpoints within the semi-crystalline PCL 
matrix (green). (b) Exemplary stress-strain 
curve for PLLA-PCL-SC10 at 0 ◦C with esti-
mated positions of the critical points A, B, C 
and D. (c) Exemplary images of a 
PLLA− PCL/PDLA blend sample passing 
through thresholds of deformation: A – true 
elastic limit, B – elastic limit; C – fibrillation 
onset; D – disentangling onset. (d) Sche-
matic illustrating the anticipated differences 
in structural changes in PLLA− PCL/PDLA 
blends during deformation ε at 70 ◦C with 
different PLA stereocomplex content ϕc SC, as 
if they behave as semi-crystalline polymers 
passing through subsequent deformation re-
gimes: truly elastic, elastic, crystallite 
sliding, fibrillation and network disen-
tangling; as elastic cross-linked polymer 
networks, where the network junctions 
remain undeformed; or amorphous polymer. 
The microscopic deformation mechanisms of 
a two-component semi-crystalline matrix at 
0 ◦C having PCL crystals and PLA stereo-
complexes is unclear. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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high mobility of the PDLA elaborates formation of mixed amorphous 
phase with a mixed glass transition Tg ≈ − 40 ◦C providing the materials 
with elasticity in the application temperature range. A transition between 
one- and two-component semi-crystalline systems can be done by melting 
the PCL domain at 70 ◦C and reaching its highest degree of crystallinity χc 
at 0 ◦C. 

In order to find out how PLA stereocomplex in the PLLA-PCL/PDLA 
blend should be classified, the precise differences between the me-
chanical behaviour of the networks and the semi-crystalline polymers 
should be defined. Mechanistically, the deformation of covalent net-
works generally implicates that any microscopic transformations occur 
in the amorphous phase [22]. Here, the models are built around entropic 
elasticity of the polymer chains [23,24], confinements applied to the 
junctions fluctuations [25,26] and restrictions of the chain movements 
provided by entanglements [27–29], while the netpoints internal 
structure is postulated to be stable. The model for behaviour of a 
semi-crystalline polymer matrix was initially proposed by Peterlin [19]. 
Within semi-crystalline polymeric materials, crystalline domains, 
dispersed between amorphous polymer, are organized into ordered 
lamellae within larger spherulites [30]. The classical understanding of 
plastic deformation of a semi-crystalline polymeric material involves 
compartmentalization into a series of deformation regimes [19]. At low 
strain, before the onset of necking, the lamellae are sterically reor-
ganized via shear, slip and rotation before spherulites are stretched into 
fibrils [31]. This process is accompanied by a partial loss of crystallinity 
[32,33]. Finally, the interaction of neighbouring fibrils stretches inter-
fibrillar ties and leads to unfolding [34]. Subsequently, the density of the 
material increases due to strain-induced crystallization and strain 
hardening is observed [35,36]. 

A schematic representation of the anticipated structural re-
organizations in PLA stereocomplex cross-linked PLLA-PCL/PDLA 
blends is illustrated in Fig. 1c and d. Here, if the density of the physical 
cross-links is too low, it would be insufficient to provide mechanical 
stability and the material would flow as a melted polymer. On the other 
hand, if the cross-link density is too high, the deformation would be 
transferred from the amorphous network to the PLA stereocomplex 
netpoints at lower strains causing elasto-plastic deformation of the 
latter. In this case the material would behave as a typical semi- 
crystalline polymer. The intermediate cross-link density should be suf-
ficient to provide mechanical stability and the spacing between the 
netpoints should be high enough to grant the material an elastic 
behaviour typical for a polymer network. Unclear, however, remains the 
deformation mechanism of a matrix containing both PCL crystallites and 
PLA stereocomplexes. 

To identify, whether the PLLA-PCL/PDLA blends behave as a semi- 
crystalline polymer or a network and at which ϕc SC the transition be-
tween these behaviours happens, their deformation behaviour was 
described with a model for semi-crystalline polymers initially proposed 
by Strobl’s group [37,38]. The deviations observed in the behaviour of 
the studied blends from the elements of the adopted model were inter-
preted in the context of the behaviour anticipated for polymer networks. 
The model postulates that the deformation consists of a reversible elastic 
and irreversible plastic contribution. Changes in their ratio indicate 
critical strain values, namely at points A, B, C and D, where the defor-
mation mechanisms subsequently substitute one another. Fig. 1c and 
d demonstrate a schematic representation of the morphological changes 
at these points and Fig. 1b shows their approximate positions on the 
stress-strain curve. Above point A, the true elastic limit, the deformation 
is no longer purely elastic. Isolated crystal sliding events provide an 
irreversible plastic contribution to the overall elongation. The crystal 
motion becomes a collective phenomenon at the elastic limit, point B. It 
can be characterized as the point with the maximal curvature at the yield 
point on the stress-strain diagram. At point C the stress reaches its 
critical value, at which crystallites are no longer stable, and fibril for-
mation begins. Finally, at point D the strain reaches a value which ini-
tiates the disentangling of the amorphous network. The strain values at 

A, B and C have been reported to be invariant strain values, showing no 
variation with crystallinity or temperature [37,39–41]. However, the 
stress values at these points directly depend on χc. The strain at point D 
can vary, depending on the conditions of the experiment, e.g. 
temperature. 

At the same time, the stresses are distributed within a semi- 
crystalline matrix among three constituents: viscous forces, elastic 
response of the amorphous network and the deformation forces of the 
crystalline domains. The principle schematics of the Hong-Strobl model 
is depicted in Fig. 2. The three branches describe three principle pro-
cesses happening during the stretching of a semi-crystalline polymeric 
material to εH with stress σ. The first branch is responsible for the 
viscoelastic behaviour of the material. The relaxing stress component σr 
is distributed to this branch of the model. This process can be described 
with an elastic modulus Er and the viscous parameters of the Eyring law 
of viscosities: the reference stress σ0 and the reference strain rate ε̇0. The 
second branch describes the purely elastic behaviour of the entangled 
amorphous network. As related to the amorphous network stress (1 – 
ϕc)σn(εH), dependent on the crystallite content in the material ϕc and the 
extension of the sample εH stored in this branch. The third branch deals 
with the stresses affecting the crystalline blocks and the elasto-plastic 
deformations εe(εH) and εp(εH). The crystalline contribution of the 
stress ϕc σc(εH) is distributed to this element. For the stress relaxation 
kinetics the Hong-Strobl model gives the following equation [37,38]: 

Δσ
(

t
)

= σr(0) − 2σ0atanh
[

tanh
(

σr(0)
2σ0

)

exp
(

−
t
τr

)]

(1)  

where Δσ(t) = σr(t=0) – σr(t) is the stress decay in a relaxation process, 
σ0 is the above mentioned reference stress and τr is the relaxation 
characteristic time. Three fitting parameters are involved in this equa-
tion: σr(0) – the stress that will relax in infinite time, σ0 is the charac-
teristic stress representing the slope of the stress relaxation curve in 
Δσr(ln t) coordinates and the characteristic time of the process τr. 

The effect of PLA stereocomplex content in PLLA-PCL/PDLA blends 
on the deformation behaviour of the material was investigated to 
establish compliance with the Hong-Strobl model. The mechanical 
properties were studied in single elongation experiments at T = 0 ◦C and 
70 ◦C. The strain ranges, at which the material gives a purely elastic 
response, and undergoes lamellar reordering and fibrillation were 
defined via decomposition of the tensile deformation into plastic and 
elastic component in the step-cycle experiment. Further, the distribution 
of stresses between viscoelastic, elastic and elasto-plastic contributions 
was investigated to understand which domain of the material experi-
ences the applied tensile loads. The stress relaxation behaviour was 
analyzed and fitted with the Hong-Strobl model Eq. (1) to determine the 
σr viscous forces. The (1-ϕc)σn(εH) amorphous network stresses were 
estimated in the ideal rubber approximation [42]. Finally, the de-
pendency of the stress constituents on the PLA stereocomplex content in 

Fig. 2. Stress distribution according to Hong-Strobl model threating deforma-
tion of semi-crystalline polymeric materials [37,38]. Adapted with permission 
from Ref. [37]. Copyright 2004 American Chemical Society. 
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the PLLA-PCL/PDLA blend was investigated. Out of these detailed 
thermo-mechanical investigations the strain and elongation ranges, at 
which PLA stereocomplexes provide sufficiently stable cross-links to 
preserve the integrity of the physical network, were derived. 

2. Experimental 

2.1. Materials 

The synthesis of PLLA-PCL, PDLA oligomer and film preparation as 
well as a detailed study of the crystalline structure and phase 
morphology was reported elsewhere [18,21]. PLLA-PCL studied in this 
work had number-average molecular weight of Mn = 238 kg mol− 1 and a 
polydispersity index of Đ = 2.01. The number-average block structure 
has been reported as 15 repeating units for the PLLA segment and 64 
repeating units for the PCL segment. PDLA used for PLA stereocomplexes 
formation possessed Mn = 3.5 kg mol− 1 and Đ = 1.17. A series of sam-
ples was studied in the work: the pure PLLA-PCL and its blends with 0.5, 
1, 2, 5, 6, 7, 8, 9 and 10 wt% of PDLA, where 10 wt% corresponds to its 
equimolar ratio with PLLA. The content of each crystalline fraction is 
shown in Table S1. The sample codes are PLLA-PCL-SCX, where X stands 
for the weight content of PDLA in a blend. A blend PLLA-PCL/PLLA10 
with 10 wt% of PLLA of Mn = 1.4 kg mol− 1 was prepared as a control 
sample. 

2.2. Mechanical tests 

All mechanical tests were performed with a thermomechanical ten-
sile tester Zwick Z1.0 (Ulm, Germany) equipped with a thermochamber 
and a temperature controller. The clamping distance was 10 mm in all of 
the experiments. 

Hencky measure of strain was used in the experimental data repre-
sentation εH = lnλ, where λ is the extension ratio. The change of sample 
cross-section was monitored in real time with a Optronis CR600x2 high- 
speed camera (Kehl, Germany) with Zeiss Planar T* 1,4/50 zf.2 optics 
(Oberkochen, Germany). The videos were achieved at a frame rate of 
500 fps in 1280 × 1024 resolution. The true sample width was calcu-
lated with digital image correlation (DIC). The frame rate was reduced 
to 2 fps and the series of images were processed in GOM Correlate 
software (Braunschweig, Germany). Exemplary sample images are pre-
sented in Fig. 1c and an exemplary dependency of a sample width on its 
elongation is presented in Fig. S1. The true stress σtrue was calculated by 
dividing load by the true cross-section area. The width of samples was 
measured with 5% error. 

Stress-strain curves were achieved by stretching the samples at 
defined temperatures and a constant deformation rate of 5 mm min− 1 

until breakage occurred. Elongation εbreak and stress σbreak at break were 
recorded. Young’s modulus E was calculated as the slope of the initial 
linear segment of σtrue(ε) curves. The values were calculated as average 
of three measurements. 

A step-cycle test was performed as it is described in the literature [39, 
40]. In short, a sample was stretched to a certain εH with a constant 
extension rate of 5 mm min− 1. Then, the stress was removed to 0 at the 
same contraction rate. At each following step the sample was elongated 
to a higher strain than at the previous one. The cycles were continued 
until sample breakage. 

For stress relaxation experiments a sample was stretched to a certain 
strain, which was defined according to the deformation step at the 
stress-strain diagram, at constant temperature, which was defined ac-
cording to the state of the material as reported with DSC-thermograms 
[18], at a strain rate of 5 mm min− 1 . The sample was left at constant 
temperature and strain for several hours. The stress relaxation in time 
was registered. 

2.3. Differential scanning calorimetry (DSC) 

DSC experiments were conducted on a Netzsch DSC 204 Phoenix 
(Nezsch, Selb, Germany) at heating and cooling rates of 10 K min− 1. 
Samples were weighed directly into pierced aluminium pans. For the 
determination of the thermal properties of the polymers and blends, 
measurements were taken during the first cooling and second heating 
run in the temperature range from − 100 to 200 ◦C. The crystallite 
content ϕc of all components was calculated from the obtained melting 
enthalpies ΔHm according to the equation: 

ϕc =
ΔHm

ΔH100
m

⋅100% (2)  

where ΔHm is the experimental melting enthalpy of a fraction, deter-
mined as the area under the melting peak. ΔH100

m is the specific melting 
enthalpy of 100% crystalline polymer, which is 135 J g− 1 for PCL [43] 
and 142 J g− 1 for PLA stereocomplex [44]. A statistical error of 10% for 
the measured enthalpy and 1 ◦C for the peak position provided by the 
manufacturer was considered for the measurements. 

2.4. X-ray crystallographic analysis 

Wide angle X-ray scattering (WAXS) measurements were performed 
with a D8 Discover spectrometer with a 2D-detector from Bruker AXS 
(Karlsruhe, Germany). The samples were stretched in a tensile machine 
at 70 ◦C to a predetermined strain at a constant deformation rate of 5 
mm min− 1 and fixed in a WAXS sample holder. The samples were 
transferred into the spectrometer and the ex-situ measurements were 
done at 70 ◦C. The sample dimensions during the measurements were 
approximately 20 × 1 × 0.15 mm3. Peak position was determined with 
Δθ = 0.1◦ error originating from variations in sample thickness and 
position in the sample holder. 

3. Results and discussion 

3.1. Mechanical properties 

3.1.1. Deformation behaviour 
Stress-strain curves, as shown in Fig. 1b and Fig. S2a, show the 

typical stretching behaviour of PLLA-PCL and its PDLA blends at 0 ◦C. A 
pronounced necking is followed by significant strain hardening. The 
stress-strain curves for all of the studied samples at 0 ◦C show little 
variation. However, the increase of total ϕc of both crystalline fractions 
in the samples with higher PDLA content results in the higher E. This 
indicates that the mechanical properties of the materials at this tem-
perature are influenced complimentarily by PCL crystallites and PLA 
stereocomplexes, while PCL crystallinity has an overwhelming effect 
due to its comparatively higher ϕc PCL. At 70 ◦C, when the PCL domains 
are in amorphous state, the mechanical properties of the specimens 
strongly depend on the PLA stereocomplex content (Fig. S2b and 
Table S2). No necking is observed and the profile of the curves is typical 
for elastomers [45]. The sample PLLA-PCL-SC05 having ϕc SC = 0.7 ±
0.1 wt% exhibited no form stability at 70 ◦C. This suggests that the 
physical network formed by PLA stereocomplexes in low ϕc SC < 1.1 wt% 
is not continuous within the volume of the sample, leaving unconnected 
cross-linked domains, which cannot contribute to macroscopic struc-
tural function. Although possessing some PLA stereocomplexes, the 
macroscopic behaviour of PLLA-PCL-SC05 is inherent to amorphous 
polymers. PLLA-PCL/PLLA10 having no PLA stereocomplexes possessed 
very low σbreak at 70 ◦C comparing to the other samples demonstrating 
that the mechanical strength at this temperature is provided by PLA 
stereocomplexation between PLLA-PCL and PDLA. 

To determine the strain ranges, where the macroscopic deformation 
of PLLA-PCL and its PDLA blends proceeds via different deformation 
mechanisms, a series of step-cycle experiments at T = 0 ◦C and 70 ◦C 
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were performed. At 0 ◦C the PCL domains have the highest crystallinity 
[18] and their effect on the strain recovery behaviour is maximized. At 
70 ◦C, the PCL crystalline domains are melted and only the impact of 
PLA stereocomplex on the mechanical properties is observed. The 
decomposition of the total strain into an elastic and plastic part allows 
determination of the four critical points: true elastic limit A, elastic limit 
B, onset of fibrillation C and amorphous network disentanglement 
initiation D [39]. Strain values at these points define the elongation 
ranges, where PLA stereocomplex junctions remain intact and the 
deformation of the PLLA-PCL/PDLA blends is characterized by the 
behaviour attributed to elastic polymeric networks. Approximate posi-
tions of the deformation critical points on the stress-strain curve is 
shown in Fig. 1b.The effect of PDLA content, i.e. PLA stereocomplex 
crystallinity, and temperature on critical εH was studied. 

Overlaying the step-cycle experimental data and a continuous stress- 
strain curve (Fig. 3a) demonstrates that the deformation behaviour is 
not affected by cyclic strain-recovery. The decomposition of the strain 
into plastic and elastic contribution was performed as follows: The 
recovered strain was subtracted from the peak strain value in the current 
cycle. The values of the elastic εe and plastic εp contributions to the 
deformation were determined as recovered and non-recovered elonga-
tion respectively (Fig. 3b). 

The critical points can be determined in two ways: from the profile of 
εH(σtrue) or εe,p(εH) plots. The critical point A limits the region where the 
total εH and εe overlap, and where εp(σtrue) intersects the σtrue axis or 
εp(εH) intersects the εH axis. The point B is defined as the point of 
gradient increase in the εp(σtrue) curve. The point C is assigned to the 
onset of the plateau of εe(σtrue) or εe(εH). D is assigned to the point where 
the εe plot starts decreasing in εH(σtrue) and εe,p(εH) representations [39, 
40]. The decomposition curves are depicted in Fig. 4 and S3 for the 
experiments at 0 ◦C and in Fig. 6 and S5 for the experiments at 70 ◦C. The 
effect of ϕc SC on the εH values at critical points is shown in Fig. 5. 

Strain values at the critical points at 0 ◦C were determined from the 
decomposition εH(σtrue) of the stress-strain curves (Fig. 4 and S3). The 
deformation decomposition εp,e(εH) of all samples at 0 ◦C overlap and 
show no dependency on ϕc SC (exemplary curves can be found in 
Fig. S4). This indicates that the PCL crystalline domains have an over-
whelming effect on the mechanical properties at this temperature. The 
determined positions of the critical points are presented in Fig. 5. 

Point A was determined for all tested samples at 0 ◦C as εH = 0.01. 
The true elastic limit remained invariant for all of the tested specimens. 
Purely elastic deformation of the amorphous matrix was observed at the 
same low value of εH < 0.01 in all of the studied blends. At point B in the 
step-cycle experiment at 0 ◦C, the elastic limit was determined in the 
range εH = 0.07–0.11 (Fig. 5). The elastic limit should not depend on the 
crystallinity of the material [40,41]. Here, ϕc PCL is similar in all of the 
samples [18]. The obtained result indicates that the density of PLA 
stereocomplex junctions and their interaction with PCL crystalline 

domains affect the deformation regimes compartmentalization of the 
latter. However, this could imply that the initial assumption that the 
critical stresses determined at 0 ◦C should be assigned exclusively to the 
PCL crystallites was not correct. The variation in εH at point B stems 
from simultaneous transfer between the deformation regimes of the both 
crystalline domains. The onset of fibrillation, point C, was determined at 
0 ◦C in the range of εH = 0.31–0.33 for the pure PLLA-PCL and the blend 
samples with lower PDLA content (PLLA-PCL-SC1 and PLLA-PCL-SC2) 
and as εH = 0.23 for PLLA-PCL-SC5 and PLLA-PCL-SC10. This can be a 
consequence of the higher number of crystalline domains. The corre-
sponding decrease of the amorphous spacing between them results in the 
reduced mobility of polymer chains. Therefore, the stresses required for 
disintegration of the crystallites through fibrillation are reached at lower 
deformations of the matrix. This leads to a shift of point C towards lower 
εH. Point D was not observed in any of the tested samples. We assume 
that the amorphous network does not disentangle before the breakage of 
the specimens. 

The ranges of the εH values at the critical points A, B and C corre-
spond to the PCL values previously reported in the literature [46]. Due 
to high ϕc PCL at 0 ◦C and its respectively high effect on the mechanical 
properties of the materials, the effect of ϕc SC is not clear. Neither defi-
nite is the stability and role of PLA stereocomplexes in the matrix at this 
temperature. The characteristic behaviour of the PLLA-PCL/PDLA 
blends at 0 ◦C is overwhelmed by deformation of PCL crystallites. No 
deviations from the adopted model were observed and the studied ma-
terials at 0 ◦C should be perceived as a semi-crystalline polymer matrix. 

The decomposed εp,e(εH) curves at 70 ◦C are presented in Fig. 6 and 
S5. At this temperature PLLA-PCL lost all mechanical integrity and could 
not be analyzed. Due to low PLA stereocomplex ϕc, the studied effects 
are not so pronounced as in the experiments at 0 ◦C and the definition of 
points A and B was challenging. The position of point A εH = 0.04 could 
be determined only from the PLLA-PCL-SC1 εp,e(εH) curves (Fig. S6). 
Higher εH value in the true elastic limit stem from higher spacing be-
tween PLA stereocomplex crystallites and respectively higher elonga-
tions required before they undergo any plastic deformations. Point B for 
PLLA-PCL-SC1 was determined as εH = 0.12. The defined elastic limit is 
close to the values obtained at 0 ◦C. 

Interestingly, the εp,e(εH) decomposition curves at 70 ◦C demon-
strated a behaviour attributed to fibrillation only for the samples with ϕc 

SC ≥ 6.8 wt%. εe(εH) reaches a plateau indicating the fibril formation 
mode of deformation at εC = 2.2–2.5 [39]. Similarly to the experiments 
at 0 ◦C, εH at point C decreases with the increase of ϕc SC. Point D could 
be determined only for the samples with the ϕc SC ≥ 7.4 wt% as 2.7–2.8. 
For the samples with ϕc SC ≤ 6 wt%, εp,e(εH) curves rise evenly until the 
sample breakage. This profile of the curves deviates from the observa-
tions in other experiments in this study and previously reported in the 
literature [39,41,47–49]. Comparing to the literature examples, such 
high deformations should result in fibrillation of PLA stereocomplexes 

Fig. 3. (a) Step-cycle experiment curve (black) and stress-strain curve (red) of PLLA-PCL-SC5 at T = 70 ◦C. (b) Decomposition of strain into plastic εp and elastic εe 
components of PLLA-PCL-SC5 at T = 0 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Determination of critical points A, B and C for PLLA-PCL-SC5 at 0 ◦C from decomposition εH(σtrue) in the step-cycle experiment. Red – plastic contribution, 
blue – elastic contribution, black – total deformation. Deformation decomposition of other samples is presented in Fig. S3. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. εH values at critical points determined in the step-cycle tests: square – point A; circle – point B; triangle – point C; rhombus – point D. (a) – at 0 ◦C and (b) – at 
70 ◦C. Missing data points were not observable in the step-cycle tests. 

Fig. 6. Strain decomposition εp,e(εH) in step-cycle experiments at 70 ◦C for (a) PLLA-PCL-SC1, (b) PLLA-PCL-SC6, (c) PLLA-PCL-SC7 and (d) PLLA-PCL-SC10. 
Deformation decomposition of other samples is presented in Fig. S5. 
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and, as it is seen in the samples with ϕc SC ≥ 7.4 wt%, disentangling of 
the amorphous network. However, these effects were not observed in the 
samples with ϕc SC ≤ 6 wt%. 

The fibrillation of PLA stereocomplexes was observed with WAXS. 
The deformation of PLLA-PCL blends happens in two steps. Initially, a 
strong equatorial maximum draws intensity from 300 isotropic reflec-
tion of PLA stereocomplexes with the increase of εH. Further, additional 
reflections occur, suggesting appearance of a new component, which can 
be attributed to PLA stereocomplex fibrils. Simultaneously, the free- 
standing 110 isotropic reflection starts developing into an equatorial 
maximum. The critical εH at which the onset of the fibrillation is 
observed in the WAXS experiments correlates with εC determined with 
the step-cycle tests. Exemplary 2D WAXS diagrams and orientational 
distribution function evolution are presented in Fig. 7. 

At lower PLA stereocomplex contents (≤6 wt% as in PLLA-PCL-SC6) 
due to higher spacing between crystallites the deformation of the 
amorphous matrix is not transferred to them. PLA stereocomplexes do 
not undergo fibrillation and remain intact as physical netpoints in the 
full εH range until breakage of the samples. Structural integrity of PLA 
stereocomplexes allows to interpret the observed elastic behaviour of 
the PLLA-PCL/PDLA blends with lower ϕc SC ≤ 6 wt% at 70 ◦C as a 
physically cross-linked network. 

3.1.2. Stress relaxation 
Stress relaxation experiments were performed to evaluate, if a model 

[37,38] treating deformation of semi-crystalline polymers is suitable for 
explanation of physical processes in PLLA-PCL/PDLA blends. Further, 
we extract the viscoelastic stress constituent σr(0) (Fig. 2) to treat the 
deformation of the studied materials with the adopted Hong-Strobl 
model. 

The stress relaxation of the samples was investigated at two tem-
peratures: at 70 ◦C to isolate PLA stereocomplex from semi-crystalline 
PCL and at 0 ◦C to ensure the crystallinity of both components. The ef-
fect of the variation of PLA stereocomplex crystallinity was studied in 
experiments with PLLA-PCL/PDLA blend variation. Stress relaxation 
curves were set at a fixed ε0 = 1.8 to determine the influence of tem-
perature and blend composition. The variation of the initial deformation 
ε0 in range 0.18–2.4 was performed to observe how stress relaxation 
processes in PLLA-PCL-SC10 change in different deformation regions εH, 
which were determined in the previous section (Fig. 5). 

To simplify data analysis with the model Eq. (1), the stress relaxation 
curves are plotted in Δσr(ln t) coordinates. Two exemplary curves of the 
stress relaxation of PLLA-PCL-SC10 with ε0 = 1.8 at T = 0 ◦C and 70 ◦C 
are presented in Fig. 8a and b respectively. 

The stress relaxation curves at 70 ◦C (exemplary curve in Fig. 8b) 
conform with the previously described systems [37]. The curves can be 
fitted with Eq. (1) with high precision, with the error of the fitting pa-
rameters calculation lower than 5% and their mutual dependency lower 
than 0.2. This implies that the model is applicable to PLLA-PCL/PDLA 
blends cross-linked with PLA stereocomplexation. 

With the incorporation of PCL crystallites to the network at 0 ◦C, the 
interaction of the semi-crystalline matrices of PCL and PLA stereo-
complex changes the stress relaxation behaviour of the materials 
(exemplary curve in Fig. 8a). The central part of experimental curve 
Δσ(ln t) can no longer be approximated with a line with a slope of σ0, as 
for the curve at 70 ◦C. This implies that the viscoelastic behaviour can no 
longer be described by the Hong-Strobl model. This profile of this 
relaxation curve is closely related to the high overall crystallinity of a 
material. Similar curves were reported by the authors of the model for 
samples of higher crystallinities [50]. 

Fig. 7. (a) 2D WAXS diagram of PLLA-PCL-SC10 stretched to εH = 2.6 in vertical direction. Orientational distribution function evolution of 300 (b) and 110 (c) 
reflections. Red – εH = 2, green – εH = 2.4 and blue – εH = 2.6. θ – angle between the lattice plane normal and the tensile axis. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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The stress relaxation curves illustrating the effect of matrix content 
on the stress relaxation behaviour are depicted in Fig. 9. At T = 70 ◦C the 
PLLA-PCL sample was observed to possess no mechanical strength. 
Further, Δσ(t) of the relaxation processes in the PLLA-PCL-SCX series 
align according to ϕc SC in the matrix (Fig. 9b). Although the relaxation 
times τr were reported not to be dependent on the crystallinity of the 
matrix components, for PLLA-PCL-SCX blends they are proportional to 
the content of PLA stereocomplex in the matrix. Stress relaxation process 
in PLLA-PCL-SC10 demonstrate an increase in relaxation characteristic 
times from τr = 6.9 min in PLLA-PCL-SC1 to 300 min (Table 1). Very low 
overall crystalline content in the blend samples PLLA-PCL-SC1, PLLA- 
PCL-SC2 and PLLA-PCL-SC5 led to high matrix elasticity at 70 ◦C, where 
PCL is amorphous. Due to the higher mobility of the polymer chains in 
the amorphous network in blends with a lower ϕc SC, the viscoelastic 
rearrangement of the amorphous matrix required less time. The increase 
of the relaxed stress σr(0) and characteristic stress σ0 is explained with 
higher values of σtrue in the beginning of relaxation process due to higher 
ϕc SC. Viscoelastic stress relaxation at 70 ◦C in all of the studied blends 
follows the Hong-Strobl model. This indicates that there is no significant 
amount of microscopic reorganizational processes in the PLA stereo-
complex junctions parallel to viscoelastic flow in the amorphous do-
mains, which could affect the stress distribution among amorphous and 
crystalline domains. In other words, PLA stereocomplex stay stable in all 
of the studied blends during stress relaxation at 70 ◦C demonstrating 
their suitability as netpoints in a physical matrix. The extracted σr(0) 
were used in the following section to distribute stresses between the 
branches of the Hong-Strobl model (Fig. 2). 

All stress relaxation curves at 0 ◦C (Fig. 9a) demonstrate an unex-
pected behaviour, which cannot be fitted with the Hong-Strobl model 
Eq. (1). No dependency on PLA stereocomplex content in the PLLA-PCL- 
SCX blend samples is observed. However, the pure PLLA-PCL follows a 
similar relaxation pathway as the blends, although it possesses only PCL 

crystallinity. This implies that unusual relaxation behaviour comes not 
from interaction of PLA stereocomplex and PCL crystallinity, but solely 
from high ϕc PCL. Assuming that PCL domains are able to form larger 
crystallites than PLA stereocomplex, due to bigger number-average sizes 
of the constituent molecules (64 repeating units per segment for PCL 
versus 15 repeating units per segment for PLLA), PCL has higher crys-
talline presence in the matrix and smaller potential spacing between its 
crystallites. This may result in greater microscopic rearrangements in 
PCL crystalline domains when compared to PLA stereocomplex at lower 
macroscopic deformations of the matrix. Crystalline sliding and fibril-
lation attributed to PCL in the previous sections happen at compara-
tively low strains: εB = 0.09 and εC = 0.27. At deformation εH = 1.8 in 

Fig. 8. Stress relaxation curves of PLLA-PCL-SC10 with ε0 = 1.8 at 0 ◦C (a) and at 70 ◦C (b).  

Fig. 9. Stress relaxation curves of PLLA-PCL – yellow, PLLA-PCL-SC1 – blue, PLLA-PCL-SC2 – green, PLLA-PCL-SC5 – purple, and PLLA-PCL-SC10 – red. Black – 
fitting curves achieved with Hong-Strobl model [37] with ε0 = 1.8 at (a) T = 0 ◦C and (b) T = 70 ◦C. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 1 
Stress relaxation fitting parameters as achieved treating the stress relaxation of 
PLLA-PCL/PDLA blends at 70 ◦C with the Hong-Strobl model [37].  

Sample IDa ε0
b σr(0), MPac σ0, MPac τr, minc 

PLLA-PCL 1.8 – – – 
PLLA-PCL-SC1 1.8 0.78 0.23 6.9 
PLLA-PCL-SC2 1.8 1.3 0.29 13 
PLLA-PCL-SC5 1.8 2 0.37 14.7 
PLLA-PCL-SC10 0.18  0.08 0.02 4.9 

0.4 0.31 0.06 5.7 
0.9 1.2 0.21 40 
1.8 5.1 0.63 300 
2.4 64 4.8 10,000 

The error of determination is lower than 5% of the values. The mutual parameter 
dependency is lower than 0.2. 

a Sample code in format PLLA-PCL-SCX, where X stands for the weight ratio of 
PDLA in a blend. 

b Initial strain in stress relaxation experiments. 
c Hong-Strobl model fitting parameters. 
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parallel to the viscoelastic relaxation of the amorphous domains, the 
PCL crystallites experience continuous process of breakage and 
restructuring [51]. The effect of this process on the macroscopic me-
chanical behaviour is so pronounced that it is impossible to define by the 
implemented experimental techniques what happens to the PLA ster-
eocomplex network junctions. 

The relaxation curves in the experiments with a variation of ε0 are 
presented in Δσr(ln t) coordinates in Fig. S7. 

At 0 ◦C the stress relaxation curves at ε0 = 0.18 behave differently 
when compared to the experiments at other initial deformations, which 
possess similar profiles. Here, ε0 = 0.18 lies in the strain range charac-
terized with the crystallite sliding deformation mechanism, while at the 
higher strains εH = 0.4 – 2.4 the crystallites in the sample were observed 
to undergo fibrillation. (Fig. 5). This alters the distribution of internal 
stresses among the branches of the Hong-Strobl model (Fig. 2). The 
contribution of the elasto-plastic branch is significantly lower in com-
parison to the viscoelastic and elastic branches in the case of εH = 0.18. 
Interestingly, high ϕc PCL at 0 ◦C makes it impossible to apply relaxation 
equation to the Hong-Strobl model (1) even at low deformations ε0 =

0.18, further indicating that PLLA-PCL/PDLA blends cannot be studied 
as a physical network at this temperature and any strains. 

The profile of stress relaxation curves at 70 ◦C analogously depends 
on the deformation mechanism at a particular ε0 (Fig. S7). A dependency 
of the calculated relaxation time τr on ε0 was observed, increasing from 
5 min at ε0 = 0.18 to 10,000 min at ε0 = 2.4. Reports in the literature 
indicate that no changes in the characteristic relaxation time is expected 
with the variation of ε0 [37]. In the studied materials such a large in-
crease can be explained by the collective effect of the variation in ε0, 
different matrix structure and low ϕc SC = 10.7 wt%. The high molecular 
weight Mn = 238 kg mol− 1 of PLLA-PCL and low length of crystallizable 
segments, number-average 15 repeating units, lead to a high dispersity 
of PLA stereocomplexes in the matrix and high elasticity of the material. 
As a result, the viscoelastic flow of PLLA-PCL at 70 ◦C differs from 
behaviour of the semi-crystalline PEVA initially reported for the model 
[37]. Further, consent with the model equation indicates that PLA 
stereocomplex junctions undergo no or little irreversible restructuring as 
breakage and recrystallization. This demonstrates that PLA stereo-
complexes possess sufficient thermomechanical stability at 70 ◦C to act 
as firm cross-links in a broad range of deformations. 

3.2. Model considerations of the deformation of PLLA-PCL/PDLA 

The stress constituents σr, (1 – ϕc)σn(εH) and ϕc σc(εH) in a quasi- 
static stress-strain dependence were extracted from the stress relaxa-
tion and deformation data in the previous sections. Here, the viscoelastic 
forces σr were determined as the relaxed stresses at infinite time 
(Table 1). The amorphous network elastic contribution (1 – ϕc)σn(εH) 
can be determined from the stress-strain curves in an ideal rubber 
approximation [42]. Plotting σtrue(λ2 – λ− 1) and approximating its strain 
hardening region with a straight line, the shear modulus G of a Gaussian 

network can be calculated:  

(1 – ϕc)σn = (1 – ϕc)G(λ2 – λ− 1)                                                       (3) 

Exemplary plots can be found in Fig. S8. The contribution of crys-
talline domains ϕc σc(εH) can be calculated simply by subtraction of the 
elastic and viscoelastic constituents from the total stress. An exemplary 
stress decomposition of the stress-strain curve of PLLA-PCL-SC10 at 
70 ◦C is depicted in Fig. S9. 

The decomposition of the stress-strain curves at 0 ◦C would incur 
significant errors, because the stress relaxation model Eq. (1) cannot 
reliably extract σr from the relaxation curves. The experiments at 70 ◦C 
were treated with the Hong-Strobl model. The effect of PLA stereo-
complex content on the fraction of each stress component for different 
PLA stereocomplex content ϕc in PLLA-PCL/PDLA blends at εH = 1.8 is 
shown in Fig. 10. 

The absolute value of all three stress fractions increases with the 
increase of PLA stereocomplex ϕc. The fraction of the elastic forces in the 
total stress was observed to be independent from the PLA stereocomplex 
content. The fraction of elasto-plastic forces increases followed, by the 
decrease of the viscoelastic constituent. The stresses are redistributed 
from the amorphous domains to the crystalline network junctions with 
the increase of cross-linking density causing their plastic deformation. 
This result supports findings made in the strain recovery section, where 
at 70 ◦C only the sample with the highest PLA stereocomplex ϕc showed 
the behaviour typical for semi-crystalline polymers. 

4. Conclusion 

The performance of PLA stereocomplexes as physical netpoints in 
blends of a multiblock copolymer with poly(L-lactide) and poly(ε-cap-
rolactone) (PLLA-PCL) segments with poly(D-lactide) oligomer (PDLA) 
was investigated. Structural stability of PLA stereocomplexes at 70 ◦C in 
PLLA-PCL/PDLA blends with PLA stereocomplex content ϕc SC ≤ 6 wt% 
in a strain range of εH < 3 observed in step-cycle experiments indicates 
that the mechanical stability of the physical cross-links in the studied 
materials is sufficient to provide the latter with an elastic network-like 
behaviour. The increase of ϕc SC over 6.8 wt% restricts the behaviour 
inherent to elastic cross-linked network to the strain range of εH ≤ 2.4, 
with further decrease to εH = 2.2 at ϕc SC = 10.7 wt%. Above these ϕc SC 
and εH ranges PLLA-PCL/PDLA blends deformation behaviour can be 
attributed to plastic deformation of semi-crystalline polymers. ϕc SC =

0.7 ± 0.1 wt% is too low to provide a consistent physically cross-linked 
network, which is required for realization of the targeted macroscopic 
structural function. Compliance of stress relaxation at 70 ◦C in PLLA- 
PCL/PDLA blends with ϕc SC up to 10.7 wt% with the Hong-Strobl 
model for mechanical behaviour of a semi-crystalline polymer demon-
strates that no crystalline reorganization occurs, at least not in a sig-
nificant amount, in parallel to the relaxation processes. PLA 
stereocomplexes remain intact and can serve as firm physical network 
junctions in a strain range of εH ≤ 2.25. The decomposition of the 

Fig. 10. Contribution to σ of viscoelastic (red 
squares), elastic (blue triangles) and elasto-plastic 
(green circles) forces for PLA stereocomplex content 
ϕc variation in PLLA-PCL/PDLA blends at εH = 1.8 
and T = 70 ◦C in absolute values (a) and their frac-
tions of σtrue (b). The error considered in the calcu-
lations stems from systematic error of the single 
elongation and stress relaxation experiments, fitting 
error of the Hong-Strobl model and error in the ideal 
rubber approximation. It was calculated as 13% of the 
σtrue value. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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elongation curves at 70 ◦C into viscoelastic, elastic and elasto-plastic 
contributions illustrates that with the increase of ϕc SC the internal 
stresses are redistributed from the viscoelastic constituent of the amor-
phous phase to the elasto-plastic deformations of the PLA stereocomplex 
domains causing their irreversible restructuring and further failure as 
network junctions. At the lower T = 0 ◦C, the effect of PCL crystalline 
domains on the mechanical behaviour of the studied blends was too 
prominent to unambiguously identify the influence of PLA stereo-
complexes and their suitability as physical cross-links. The presented 
results define the strain and composition limitations where PLA ster-
eocomplexes can generate mechanically stable physical netpoints. The 
applied methods for basic investigation of semi-crystalline polymer 
deformation can provide a solid platform for assessment of structural 
stability of physical cross-links in polymer networks. This knowledge is 
relevant for the design of multifunctional thermoplastic elastomers or 
hydrogels, which can exhibit functions, such as degradability or a shape- 
memory behaviour. 
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Table S1. Crystalline structure of PLLA-PCL and its PDLA blends. 

Sample IDa φc PCL 
b, wt% φc SC 

b, wt% 
PLLA-PCL* 30±3 - 
PLLA-PCL-SC05 32±3 0.7±0.1 
PLLA-PCL-SC1* 31±3 1.1±0.1 
PLLA-PCL-SC2* 35±3 1.3±0.1 
PLLA-PCL-SC5* 29±3 6±0.6 
PLLA-PCL-SC6 33±3 6±0.6 
PLLA-PCL-SC7 33±3 6.8±0.7 
PLLA-PCL-SC8 30±3 7.4±0.7 
PLLA-PCL-SC9 34±3 9.3±0.9 
PLLA-PCL-SC10* 27±3 10.7±1.1 

a Sample code in format PLLA-PCL-SCX, where X stands for the weight ratio of PDLA in a blend; 
* samples have been reported in [1]; b crystallite mass content calculated as ratio between ΔHm 
acquired with DSC and the melting enthalpy of 100% crystalline polymer 𝛥𝐻  135 J⸱g-1 for PCL 
[2] and 142 J⸱g-1 for PLA stereocomplex [3]. 
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Figure S1. PLLA-PCL-SC10 width in a single elongation experiment measured with DIC (blue) 
and calculated with an assumption of constant volume of the sample between the tensile machine 
clamps (red).  
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Figure S2. Stress-strain curves at T = 0 °C (a) and T = 70 °C (b) for sample PLLA15-PCL64 
(black), PLLA-PCL-SC1 (blue), PLLA-PCL-SC2 (green), PLLA-PCL-SC5 (purple), and PLLA-
PCL-SC10 (red). 
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Table S2. Mechanical properties of PLLA-PCL and its PDLA blends at 0 °C and 70 °C. 

Sample IDa T, °C E, MPab σbreak, MPac εbreak
c
 

PLLA-PCL 

0 

241±28 380±73 2.15±0.1 
PLLA-PCL-SC1 231±27 410±64 2.21±0.08 
PLLA-PCL-SC2 231±11 394±56 2.15±0.06 
PLLA-PCL-SC5 256±24 306±114 2.11±0.12 
PLLA-PCL-SC10 310±35 534±82 2.3±0.14 

PLLA-PCL-SC1 

70 

1.87±0.13 71±6 2.83±0.08 
PLLA-PCL-SC2 1.96±0.1 97±16 2.81±0.15 
PLLA-PCL-SC5 3.19±0.15 115±14 2.71±0.11 
PLLA-PCL-SC10 5.34±0.21 255±21 2.62±0.7 

PLLA-PCL/PLLA10 1.57±0.2 13±7 2.38±0.27 
a Sample code in format PLLA-PCL-SCX, where X stands for the weight ratio of PDLA in a blend; 

PLLA-PCL/PLLA10 – control blend with 10 wt% PLLA; b Young’s modulus, defined as a slope 

of the initial linear section of the stress-strain curves; c stress and elongation at break. The deviation 

for these measurements was defined as statistical error in 3 measurements.  
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Figure S3. Determination of critical strain points A, B and C from total deformation data (black) 
at T = 0 °C and their division in plastic (red) and elastic (blue) contribution for samples PLLA-
PCL (a), PLLA-PCL-SC1 (b), PLLA-PCL-SC2 (c), and PLLA-PCL-SC10 (d).  
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Figure S4. Deformation decomposition εp,e(εH) of PLLA-PCL-SC5 at 0 °C. Red – plastic 

contribution, blue – elastic contribution. 
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Figure S5. Strain decomposition εp,e(εH) in step-cycle experiments at 70 °C for (a) PLLA-PCL-

SC2, (b) PLLA-PCL-SC5, (c) PLLA-PCL-SC8 and (d) PLLA-PCL-SC9. 
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Figure S6. Strain decomposition εp,e(εH) in step-cycle experiment at 70 °C for PLLA-PCL-SC1 
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Figure S7. (a) Stress relaxation curves (logarithmic scale) of PLLA-PCL-SC10 at T = 0 °C at 

various ε0: yellow – εH = 0.18, red – εH = 0.4, green – εH = 0.92, blue – εH = 1.8 and purple – εH = 

2.25. (b) Stress relaxation curves of PLLA-PCL-SC10 at 70 °C at various ε0 yellow – εH = 0.18, 

red – εH = 0.4, green – εH = 0.92, blue – εH = 1.8 and purple – εH = 2.4. Black – fitting curves 

achieved with Hong-Strobl model [4]. 
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Figure S8. Quasi-static stress-strain relation (red squares) and amorphous network elastic stress 

contribution (dashed line) for PLLA-PCL-SC10 at 70 °C 
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Figure S9. Quasi-static stress decomposition of the stress-strain curve of PLLA-PCL-SC10 at 

70 °C (full line) into contributions of viscoelastic (red squares), elastic (dashed line) and 

elastoplastic (green circles) forces. 
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ABSTRACT: Within the field of shape-changing materials, synthetic chemical modification has been widely used to introduce
key structural units and subsequently expand the mechanical functionality of actuator devices. The introduction of architectural
elements that facilitate in situ control over mechanical properties and complete geometric reconfiguration of a device is highly
desirable to increase the morphological diversity of polymeric actuator materials. The subject of the present study is a
multiblock copolymer with semicrystalline poly(L-lactide) and poly(ε-caprolactone) (PLLA−PCL) segments. By harnessing the
stereocomplexation of copolymer chains with a poly(D-lactide) oligomer (PDLA), we provide anchoring points for physical
network formation and demonstrate how a blending process can be used to efficiently vary the mechanical properties of a shape-
memory actuator. We investigate the effect of molecular structure on the actuation performance of the material in cyclic
thermomechanical tests, with a maximum reversible shape change εrev′ = 13.4 ± 1.5% measured at 3.1 wt % of polylactide
stereocomplex content in the multiblock copolymer matrix. The thermophysical properties, crystalline structure, and phase
morphology were analyzed by DSC, WAXS and AFM respectively, elucidating the structure-to-function relationship in
physically cross-linked blended materials. The work demonstrates a one-step technique for manufacturing a polymeric actuator
and tuning its performance in situ. This approach should greatly improve the efficiency of physically cross-linked actuator
fabrication, allowing composition and physical behavior to be precisely and easily controlled.

■ INTRODUCTION

Polymeric actuator materials are capable of reversibly and
repetitively changing their shape in response to an external
stimulus. Their actuation behavior can be derived from a wide
variety of physical phenomenons, including the swelling/
deswelling of hydrogels,1−3 self-organization of liquid crystal-
lites,4−6 and oriented crystallization and melting of program-
mable shape-memory polymers. The nature of the shape
transformation can be controlled, and tailored, to a specific
function, by altering the physical manifestation of the material
or by modifying the macromolecular architecture of key
structural components.
A shape-memory polymeric material, capable of free-

standing thermoreversible motions, typically consists of three
functional elements: (i) actuation units, which undergo

oriented crystallization during cooling and melting upon
heating, (ii) skeleton units, which define the programmable
shape of the actuator as well as the direction of motion, and
(iii) netpoints interlinking both actuation and skeleton units.7

Soft shape-memory polymeric actuators utilizing chemical
netpoints,8−10 and physical netpoints11−16 have been reported.
While covalently cross-linked actuator materials are restricted
to shape changes determined at the point of their
manufacturing, the reprocessability of physically interlinked
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networks enables them to undergo complete geometric
reconfiguration.9 This capability for reconfiguration allows
for the definition of a new actuation pattern and physical
functionality.
A wide variety of intermolecular interactions has been used

to generate physical cross-links in polymeric actuator materials.
In recent work, hydrogen bonding within directly synthesized
poly(3S-isobutylmorpholin-2,5-dione) networks enabled the
creation of stable physical netpoints within a poly(ε-
caprolactone) (PCL) matrix.15 Ionic interactions between
sodium ions in a random copolymer of poly[ethylene-co-
(methacrylic acid)] with 30 wt % methacrylic acid groups
neutralized with sodium were used to create physical
netpoints.17 Finally, thermally stable PE crystals within a
diblock copolymer of PE and poly(1-octene) have been
successfully utilized as physical netpoints during actuation.18

However, in these examples, the modification of material
composition and subsequent mechanical behavior require
costly and time-consuming synthetic alterations of the polymer
architecture within the material. The ability to adjust the
material composition in physically cross-linked materials
through an in situ processing method should greatly improve
our ability to implement morphological diversity in actuating
devices. Controlling the cross-link density of a polymeric
actuator material is crucial to both improving its actuation
performance and tailoring its physical behavior to a certain
application, allowing for the variation of important material
characteristics like E modulus or elongation at break. In this
study, we demonstrate the use of a blending approach to
modify the structure of a polymeric material, allowing us to
imbue it with a reprogrammable actuation capacity and to
efficiently control its actuation performance. By blending a
material, which is incapable of actuation in its pure form, with
a low molecular weight polymeric additive, we are able to vary
the cross-link density and tune the actuation performance by
simply adjusting the composition of the blend. Here, unlike in
previous work, strong physical netpoints are formed in situ
during the actuator material processing.
To realize this, we need to design the main component of

the blend in such way that all the principal components of the
matrix are embedded into its structure. Advances in multiblock
copolymer chemistry have made the introduction of multiple
functional chemical entities into one macromolecule possible.
The potential shape-memory behavior of poly(ε-caprolactone)
(PCL) has been widely demonstrated, where the polymer’s
broad melting transition can be used to provide both skeleton
and actuator domains.19,20 Here, the PCL crystallite population
can be bisected by the selection of a suitable actuation
temperature, with the more thermally stable fraction providing
a rigid backbone, while the less thermally stable fraction drives
the actuation. The second requirement of our material is the
provision of specific anchoring points for the formation of
physical netpoints. To realize a two part blending method for
network creation, a polymeric segment capable of forming
stable physical netpoints when introduced to an additive
compound is required. We have chosen polylactide (PLA) to
introduce this function. When combined with a stereoisomer,
polylactide stereocomplexation can be used to create thermally
and mechanically stable crystallites.21−23

As the high molecular weight (number-average molecular
weight Mn > 200 kg·mol−1) blend component we synthesized a
multiblock copolymer composed of poly(ε-caprolactone)
segments with an average segment length of approximately

60 repeating units and poly(L-lactide) segments with an
average segment length of approximately 15 repeating units.
The segment lengths of all components were designed to
ensure the formation of stereocomplex crystallites without
latent pure crystallization, to provide sufficient actuation force
and to ensure the form stability of the material. While PLA
homopolymers have been shown to undergo homocrystalliza-
tion at average segment lengths of 5−7 repeating units,24 the
decreased flexibility of PLLA segments in a multiblock
copolymer should increase the critical segment length for
homocrystallization of PLLA.25,26 As a working principle for
the in situ generation of physical netpoints, the formation of
PLA stereocomplexes was realized by blending the copolymer
with poly(D-lactide) (PDLA). This approach is facilitated by
developments in synthetic methods to reliably produce
oligomeric compounds.27 The synthesis of PLLA−PCL with
a well-defined segment structure was based on the self-
polycondensation of diblock macromers.28−30 Due to an
insignificant amount of transesterification reaction, this
technique allows the repetitive transfer of the segment
structure of the diblock precursor to the multiblock copolymer.
This enables the block length of the key structural units to be
specified during the diblock synthesis, before scaling up to the
high molecular weight multiblock copolymer.
To explore the influence of PLA stereocomplex content in

the PLLA−PCL/PDLA blends on the thermal and mechanical
properties of the materials, blend samples with varying weight
content of PDLA homopolymer component were prepared. By
varying the average molecular weight of the PDLA
homopolymer component, we gained insight into the
molecular weight range where physical network formation is
possible. Molecular design and compositional variation were
used to modify the phase-structure and thermal properties of
the blends, with the aim of generating a physical network
which enables functional physical behavior in the form of
macroscale reversible actuation. The molecular structure of the
samples, determined using NMR and GPC, thermal properties,
measured by DSC and DMTA, and crystalline structure,
elucidated with WAXS and DSC measurements, were related
to physical network formation and actuation function as
measured by cyclic thermomechanical testing.

■ EXPERIMENTAL SECTION
Materials. Chloroform (99.9%, Carl Roth, Karlsruhe, Germany),

toluene (99.5%, Carl Roth, Karlsruhe, Germany), methanol (99%,
Carl Roth, Karlsruhe, Germany), anhydrous 1-hexanol (99%, Acros
Organics, Geel, Belgium), tin(II) 2-hexanoate (Sn(Oct)2) (96%, Alfa
Aesar, Massachusetts, USA), dimethylaminopyridine (DMAP) (99%,
Sigma-Aldrich, Missouri, USA), p-toluenesulfonic acid monohydrate
(pTSA) (98.5%, Sigma-Aldrich, Missouri, USA), anhydrous benzy-
lalkohol (BnOH) (98%, Acros Organics, Geel, Belgium), 10%
palladium on activated carbon (Alfa Aesar, Massachusetts, USA),
deuterated chloroform (99.8% Sigma-Aldrich, Missouri, USA), L,L-
dilactide (99.5%, Corbion, Amsterdam, Netherlands) and D,D-
dilactide (99.5%, Corbion, Amsterdam, Netherlands) were used as
received. Tetrahydrofuran (THF) (99.9% Carl Roth, Karlsruhe,
Germany), dichloromethane (DCM) (99.9% Carl Roth, Karlsruhe,
Germany) and N,N′-diisopropylcarbodiimide (DIPC) (98%, Sigma-
Aldrich, Missouri, USA) were stored over molecular sieves. ε-
Caprolactone (99%, Acros Organics, Geel, Belgium) was distilled
before use. Dimethylaminopyridine p-toluenesolfonate (DMAP·
pTSA) was synthesized as reported elsewhere.31

Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR
spectra were recorded using a DRX Avance 500 MHz spectrometer
(Bruker, Rheinstetten, Germany) at room temperature in deuterated
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chloroform. Chemical shifts (δ) are reported in parts per million
(ppm) relative to residual chloroform at δ 7.26 ppm. Samples were
dissolved in CDCl3 at a concentration of 15 mg·mL−1. The spectra
were evaluated according to the position and intensity of signals of
corresponding groups.32

Error values for calculation of molecular weight from 1H NMR data
were estimated as a combination of saturation effects, intensity losses
due to isotropic sidebands, unevenness of the magnetic field in the
sample, and the line shape causing overlapping of the peaks. An
estimated error of approximately 12% of the measured value was
calculated.
Gel-Permeation Chromatography (GPC). Number-average

molecular weights of starting materials and products were determined
by high-throughput gel permeation chromatography (GPC), using a
Tosoh EcoSEC HLC-8320 gel permeation chromatograph equipped
with a refractive index detector (Tosoh Bioscience, Stuttgart,
Germany) combined with a PSS Universal Data Center (PSS,
Mainz, Germany), a viscometer ETA2010 (PSS, Mainz, Germany), an
EcoSEC UV detector 8320 (Tosoh Bioscience), a light scattering
detector SLD7100 (PSS, Mainz, Germany), and two HT-GPC
columns type PSS SDV analytical linear M 5 μm (PSS, Mainz,
Germany) connected in series. For the measurements, by universal
calibration, tetrahydrofuran (THF) was used as an eluent (35 °C, flow
rate 1.0 mL·min−1) with 0.05 weight content 3,5-di-tert-butyl-4-
hydroxytoluene as an internal standard in order to determine the
hydrodynamic volume as a function of elution volume. Molecular
weight and dispersity calculations were performed using WINGPC 6.2
(PSS) SEC software (Polymer Standard Service, Mainz, Germany).
The error was considered as 10% of the measured value calculated
based on variations in the measurement of polystyrene calibration
standards.
Differential Scanning Calorimetry (DSC). DSC experiments

were conducted on a Netzsch DSC 204 Phoenix (Nezsch, Selb,
Germany) at heating and cooling rates of 10 K·min−1. Samples were
weighed directly into hermetic aluminum pans. For the determination
of the thermal properties of the polymers and blends, measurements
were taken during the first cooling and second heating run in the
temperature range from −100 to +200 °C.
The degree of crystallinity (χc) of all components was calculated

from the obtained melting enthalpies (ΔHm) according to the
equation

χ =
Δ

Δ
× ×

H
H W

1
100c

m

m
100

where ΔHm is the experimental melting enthalpy of a fraction,
determined as the area under the melting peak. ΔHm

100 is the specific
melting enthalpy of 100% crystalline polymer, which is 135 J·g−1 for
PCL33 and 142 J·g−1 for PLA stereocomplex.34 W is the weight
content of the fraction in the copolymer of the blend. The PLA
stereocomplex fraction was calculated as the maximal amount of
coupling L- and D-lactide units. DSC was used for the measurement of
χc to enable the characterization of our samples at 0 °C, as opposed to
at ambient temperature (25 °C) where the PCL segment of the
multiblock copolymer is partially molten. A statistical error of 10% for
the measured enthalpy and 1 °C for the peak position provided by the
manufacturer was considered for the measurements.
Dynamic Mechanical Thermal Analysis (DMTA). DMTA

measurements were performed using an Eplexor 25 N (Gabo,
Ahlden, Germany) equipped with a 25 N load cell using a standard
test specimen type (DIN EN ISO 527−2/1BB). The applied
oscillation frequency was 1 Hz. The measurement was performed in
the temperature sweep mode from −100 to 100 °C with a constant
heating rate of 1 °C·min−1. The glass transition (Tg) was determined
at the peak maximum of the loss modulus (E″) vs temperature curve.
Temperature measurements were recorded with a manufacturer-
determined accuracy of ΔT = 1 °C.
Wide-Angle X-ray Scattering (WAXS). WAXS measurements

were performed with a D8 Discover spectrometer with a 2D-detector
from Bruker AXS (Karlsruhe, Germany) in the temperature range of

25−100 °C. The samples of dimensions 2 × 0.5 cm and width 150
μm were fixed at both ends during characterization. Peak position was
determined with Δθ = 0.1° error originating from variations in sample
thickness and position in the sample holder.

Thermomechanical Testing. All mechanical tests were per-
formed using a thermomechanical tensile tester Zwick Z1.0 (Ulm,
Germany) equipped with a thermochamber and a temperature
controller. A clamping distance of 10 mm was used in all of the
experiments. Elongation at break εbreak of the samples was tested by
stretching the samples at defined temperatures and a constant
deformation rate of 5 mm·min−1 until breakage occurred. The
actuation capability of the material was characterized by program-
ming, followed by three repetitive actuation cycles. The sample was
heated in the thermo-chamber at the programming temperature Tprog
= 70 °C for 10 min to remove the thermal history in the PCL
segments. Then, the sample was elongated to the programming strain
εprog = 300−1250% at 5 mm·min−1. The sample was held at Tprog and
εprog for 5 min to allow the initial relaxation processes align the
polymer chains along the deformation axis. At the final step of
programming, the temporary shape was fixed at 0 °C under constant
force. Then the force applied to the sample was reduced to 0.05 N, at
which the zero-force reversible shape-memory effect (rbSME) test
was carried out. The actuation cycle was performed in a temperature
window 0−55 °C, where the minimum temperature of the actuation
cycle Tlow = 0 °C was defined based on DSC data and the maximum
temperature of the actuation cycle Thigh = 55 °C was defined in a
rbSME experiment where Thigh was systematically varied. A sample
was programmed at Tprog = 70 °C and εprog = 1000% with shape
fixation at Tlow = 0 °C. An actuation cycle was conducted between
Tlow = 0 °C and a Thigh which was raised between 50 and 100 °C in 5
°C increments for each consequent cycle. The cycle with the highest
εrev′ was used to determine the Thigh value used in subsequent
experiments. Actuation performance εrev′ was calculated as

ε
ε ε

ε
′ =

−
× =

−
+

×
l l

l
100%

100
100%b a

a

b a

a
rev

where la and εa are the length of the sample and its engineering strain
at the beginning of the actuation cycle at Thigh and lb and εb are the
length of the sample and its engineering strain at the beginning of the
actuation cycle at Tlow. The εrev′ values were calculated as an average
in three subsequent cycles. The process is schematically illustrated in
Figure S2.

Atomic Force Microscopy (AFM). AFM measurements were
performed on a MFP-3D-BioTM AFM (Asylum Research, Goleta,
USA) equipped with a Cooler/Heater controller (Asylum Research,
Goleta, USA). Samples were prepared by cutting with a diamond
knife. The samples, with an approximate thickness of 100 nm, were
placed on a silica grid before imaging, and imaged at 28 °C and at 70
°C. Samples were equilibrated at each investigated temperature for
10 min before measurement. AC mode with a scan rate of 0.5 Hz was
used for imaging. AC200TS probes (Olympus, Tokyo, Japan) with a
typical driving frequency of approximately 150 kHz (individual
variation from 100 to 200 kHz) and a typical spring constant of
approximately 9 N·m−1 (individual variation from 2.8 to 21 N·m−1)
were used. The tip radius and height were 5−10 nm and 14 ± 1 μm
respectively, with a three-side shape (front angle of 0 ± 1°, a back
angle of 35 ± 1°, and a side angle of 15 ± 1°). A scan size of 1 × 1
μm was used.

Synthesis of Multiblock Copolymer with Poly(L-lactide) and
Poly(ε-caprolactone) Segments (PLLA−PCL). A PCL-precursor
was synthesized via ring-opening polymerization (ROP) of ε-
caprolactone. 100 g ε-caprolactone were put into closed reaction
flask under an argon flow and heated to 140 °C with an oil bath. 1300
mg BnOH and 178 mg Sn(Oct)2 were added through a syringe in 50
mg·ml−1 dry THF solutions. After 2.5 h the reaction mixture was
cooled and dissolved in 500 mL chloroform. Precipitation into
methanol gave a white precipitate, which was filtered through a glass
filter with average pore size 10−16 μm and dried under vacuum. A
yield of 94% was recorded. PLLA−PCL was synthesized via ROP of
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L,L-dilactide with PCL as the macroinitiator. Then, 31 g of PCL was
dissolved in 150 mL of toluene and dried using a rotary evaporator.
The PCL was then placed into a reaction flask with 10 g of L,L-
dilactide under argon flux. The vessel was then heated to 140 °C using
an oil bath. A 56 mg sample of Sn(Oct)2 was added through a syringe
at a concentration of 50 mg·mL−1 in dry THF solution. After 4 h, the
reaction mixture was cooled and dissolved in 250 mL of chloroform.
The reaction mixture was precipitated into methanol, resulting in a
white precipitate, which was filtered through a glass filter with average
pore size 10−16 μm and dried under vacuum. An 88% conversion of
L,L-dilactide was determined by NMR measurements. The benzyl
protective group was removed via a hydrogenation reaction. A 30 g
sample of PLLA−PCL diblock copolymer was dissolved in 150 mL of
THF and put into a Büchi ecoclave reactor. Then 300 mg Pd/C was
added. The reaction was left for 36 h at 50 °C under a hydrogen
atmosphere. The reaction mixture was precipitated into methanol,
and the resulting white precipitate was filtered through a glass filter
with average pore size 10−16 μm and dried under vacuum. The final
multiblock copolymer was synthesized via self-polycondensation
reactions of the PLLA−PCL diblock copolymers. Then 4 g of the
multiblock copolymer was dissolved in 100 mL of toluene and dried
using a rotary evaporator. The multiblock copolymer was then put
into a reaction flask under argon and dissolved in DCM. Here, 8.8 g of
DMAP, 35.2 g of DMAP·pTSA, and 85 mg of DIPC were added as
DCM solutions. The reaction lasted 3 days at ambient temperature.
The reaction mixture was diluted with 100 mL of DCM and
precipitated into methanol giving a white precipitate, which was
filtered and dried in vacuum. The PLLA−PCL multiblock copolymer
used in the study was PLLA15-PCL64, where indexes stand for the
average segment length in repeating units, as determined using NMR.
The molecular structure of the synthesized multiblock copolymer is
presented in Table S1. An exemplary NMR spectrum is presented in
Figure S1.

1H NMR (500 MHz CDCl3): δ = 5.15 (q, nH, CH-5); 5.1 (q, H,
CH-5′); 4.15 (t, 2H, CH2-4′); 4.05 (t, mH, CH2-4′); 2.4 (t, 2H, CH2-
1′); 2.3 (t, mH, CH21); 1.65 (m, 4(m + 1)H, CH2-2), 1.6 (d, 3(n +
1)H, CH3-6), 1.4 (m, 2(m + 1)H, CH2-3), where m + 1 and n + 1 are
the number-average segment lengths of PCL and PLLA, respectively,
in the PLLA−PCL multiblock copolymer, and l is the number-average
count of PLLA−PCL diblock repeating units in the multiblock
copolymer. Signals of the groups marked with a prime originate from
monomer (PCL or PLLA) units having an opposite neighboring
monomer unit (PLLA or PCL respectively) in the multiblock
copolymer chain. m was determined as the ratio of the integral
intensities of δ 2.3 and δ 2.4 peaks. n was determined as δ 5.15 and δ
5.1 maxima. The molar ratio of PLLA and PCL in the block
copolymers was calculated as the ratio of the integral intensities of the
signals in the δ 5−5.2 ppm and δ 5−5.2 ppm regions. To calculate the
number-average molecular weight MNMR of the diblock repeating
units the ratios were then multiplied by the molecular weight MPLA =
72 kg·mol−1 and MPCL = 114 kg·mol−1, respectively.
PDLA was synthesized via Sn(Oct)2 catalyzed 1-hexanol-initiated

ROP of D,D-dilactide. A series of PDLA samples with different
molecular weight in the range Mn = 0.6−3.5 kg·mol−1 were achieved.
The exemplary synthesis was performed as following: 15 g of D,D-
dilactide was transferred to a closed reaction flask under an argon flow
and heated to 140 °C with an oil bath. Then 2.1 g of 1-hexanol and 40
mg of Sn(Oct)2 as a 50 mg·mL−1 dry THF solution were added
through a syringe. After 45 min, the reaction mixture was cooled and
dissolved in 20 mL of chloroform. Precipitation into cold methanol
gave a white precipitate, which was filtered through a glass filter with
average pore size 10−16 μm and dried under vacuum. A yield of 81%
was recorded.

1H NMR (500 MHz CDCl3) δ = 5.15 (q, kH, CH-1); 4.35 (q, H,
CH-1′); 1.6 (d, 3kH, CH3-6), 1.4 (d, 3kH, CH3-6′), where k + 1 is
the number-average segment length of PDLA molecules. Signals of
the groups marked with a prime originate from the monomer units
located in the end of the polymer chain. k was determined as the ratio
of the integral intensities of the signals in δ 5.15 and δ 4.35 regions.
The number-average molecular weight MNMR of PDLA was calculated
by multiplication of the ratio of intergral intensities by the molecular
weight MPLA = 72 kg·mol−1 of a repeating unit.

Film Preparation. Films were prepared via solution casting. The
components of the blend were dissolved in a predetermined ratio in
chloroform. The solution was stirred for 3 h until the polymers were
dissolved, before pouring into a PTFE Petri dish, covering with
aluminum foil and left to evaporate in ambient conditions for several
hours. Dog-bone-shape specimens (length 10 mm, width 3 mm, with
an increased grip fixation area) were cut for mechanical testing. To
reprocess a prepared sample into an alternative shape, the material
was dissolved in chloroform and recast from solution into an
alternative mold. Molds in the shape of a circle and triangle were used
for the films prepared, shown in Figure 1c.

■ RESULTS AND DISCUSSION
Design, Synthesis, and Characterization of PLLA−

PCL/PDLA Blends. The design of PLLA−PCL and PDLA
aimed to maximize the actuation performance of the final
blend material by optimizing the property-function ratio on a
molecular level. As stated previously, two thermally distinct
crystalline domains are required within the material for
successful actuation, PCL crystallites to provide actuator and
skeleton domains and PLA stereocomplex crystallites to
provide the cross-links necessary to ensure the network
structure. To prevent the crystallization of PLLA polymer
segments before stereocomplexation, their length was reduced
to an average segment length of 15 repeating units. This
number was experimentally determined as the chain length of
PLLA long enough for PLA stereocomplex formation, but too
short for the solitary crystallization. While PLA homopolymers
have been shown to undergo homocrystallization at average
segment lengths of 7 repeating units,24 the decreased flexibility
of PLLA segments in a multiblock copolymer25,26 explains the
observed lack of homocrystallization in the material. For PCL,
an average block length of approximately 60 repeating units
was chosen to provide a sufficient amount of actuation force
during temperature change. A list of prepared samples can be
found in Table S1. Further increasing the average PCL
segment length led to synthetic complications, originating from
steric hindrance during knotting of the polymer chain,
reducing the availability of hydroxyl groups during initiation
of L,L-dilactide ring-opening polymerization.
GPC analysis (Figure S3) of PDLA homopolymers

synthesized with lower number-average chain lengths (3, 6,
and 9 repeating units as measured by NMR) showed an
increase in polydispersity index (Đ) from 1.17 to 1.42 with a
decrease in average chain length from 26 to 3 repeating units,
as shown in Table S2. This increase of Đ, and the overall
decrease of molecular weight, was undesirable in this study as it
increased the proportion of PDLA homopolymer below the
critical average chain length for stereocomplex formation of 7
repeating units as determined in the literature.24 DSC
measurements of samples prepared from PLLA15-PCL64
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Figure 1. (a) Synthesis of multiblock copolymer containing poly(L-lactide) and poly(ε-caprolactone) segments (PLLA−PCL). Block lengths are
number-average values obtained from 1H NMR intergration. (b) Schematic illustrating PLLA−PCL/PDLA blend structural change upon addition
of PDLA homopolymer component. PDLA homopolymer (red) and PLLA segments (blue) form PLA stereocomplex crystallites, which act as
physical netpoints within the polymer matrix. Crystalline PCL segments of the multiblock copolymer provide skeleton domains (dark green) and
actuation domains (light green). (c) Images showing the reprocessing of the blend material via dissolution of form A in chloroform, before using
solution casting to generate form B.

Table 1. Thermal Properties of Blend Samples Containing PLLA15-PCL64-SC10 Multiblock Copolymer and PDLA
Homopolymer as Measured by DSC

PCL PLA stereocomplex

average PDLA chain length (repeating units) Tm (°C)a Tc (°C)
a ΔH (J·g−1)b χc (%)

c Tm (°C)a Tc (°C)
a ΔH (J·g−1)b χc (%)

c

3 53 ± 1 18 ± 1 38 ± 4 42 ± 4 130 ± 1 − 1.2 ± 0.1 4 ± 0.4
6 52 ± 1 15 ± 1 43 ± 4 46 ± 4 125 ± 1 − 6 ± 0.6 20 ± 2
9 54 ± 1 17 ± 1 28 ± 3 31 ± 3 148 ± 1 44 ± 1 6.5 ± 0.7 22 ± 2
26 42 ± 1 19 ± 1 34 ± 2 38 ± 2 171 ± 1 55 ± 1 10 ± 2 37 ± 2

aMelting and crystallization temperatures determined as the maximum of the respective peaks in the second heating and the first cooling runs.
bIntrinsic melting enthalpy was determined as the area under the melting peak in the second heating run. cDegree of crystallinity, as the ratio
between the intrinsic melting enthalpy ΔHm and the melting enthalpy of a 100% crystalline material ΔHm

100, which is 135 J·g−1 for PCL33 and 142
J·g−1 for the PLA stereocomplex.34
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and PDLA homopolymers with average chain lengths of 3, 6,
and 9 repeating units revealed a decrease in PLA stereo-
complex crystallinity from 37 ± 2% at an average chain length
of 26 repeating units to 4 ± 0.4% at an average chain length of
3 repeating units as shown in Table 1. WAXS measurements
indicated stereocomplex formation at PDLA average chain
lengths of 6, 9, and 26 repeating units but revealed no
stereocomplex formation at a PDLA average segment length of
3 repeating units, as shown by the absence of 2θ = 11°
reflection attributed to the PLA stereocomplex (Figure S4).
DSC measurements (Figure S5) also revealed that the decrease
of the PDLA number-average molecular weight Mn resulted in
a reduction in the PLA stereocomplex melt transition
maximum from 171 ± 1 to 125 ± 1 °C. Higher average
chain lengths than 26 repeating units were experimentally
found to reduce the miscibility of the PDLA with the
copolymer, reducing the homogeneity of the stereocomplex
formation, and increasing the formation of pure PLA
crystallites. The high mobility of the low molecular weight
PDLA component in solution encourages the formation of
stereocomplex crystallites without the need for post processing,
e.g., annealing. To maximize stereocomplex crystallinity and
retain the high PDLA miscibility associated with low molecular
weights, the molecular weight of PDLA was fixed at Mn = 1.9
kg·mol−1 or an average chain length of 26 repeating units for
the following experiments.
A targeted number-average molecular weight of 200 kg·

mol−1 was chosen for the copolymer for the following reasons:
the stereocomplex, which acts as the physical cross-links of the
polymer network, can be destroyed at high deformations of the
material during shape-memory effect (SME) programming.
While some elongation-induced crystallization is caused by this
deformation, the overall loss in network anisotropy hinders the
orientated crystallization needed for rbSME. However, some
crystal sliding, which causes stereocomplex destruction, is an
inevitable process with some stereocomplex crystallites
destroyed and reformed. To reduce the effect of this process,
the amount of cross-links, i.e., stereocomplex crystallites, per
molecule should be increased. This reduces the chance that a
certain polymer chain will lose orientational information upon
the loss of cross-linking within the material. To increase the
amount of stereocomplex crystals per molecule, without
changing the blend composition, the chain length of the
copolymer must be increased. This molecular weight increase
leads to an improved deformability of the material, a higher
obtainable molecular orientation, and higher εrev′ values. The

multiblock copolymer was produced with a block length and
number-average molecular weight measured as PLLA15-
PCL64 Mn = 238 kg · mol−1, as shown in Table S1.
With increasing PDLA homopolymer weight content, excess

material unable to form a stereocomplex generates pure PDLA
crystallites, causing the appearance of additional PLA
crystallinity. Decreasing the PDLA content to an equal or
lower amount than the PLLA provided by the copolymer
removes the pure PDLA crystallinity. This is caused by the
energetic preference for PDLA to form stereocomplex over
pure crystallites.34 The highest absolute PLA stereocomplex
crystallinity was observed in the PLLA15-PCL64-SC10 sample.
Samples with a lower PDLA content were investigated here to
minimize any nonstereocomplex associated PLA crystallization.
As a result of the low block length of the PLLA segment of the
multiblock copolymer, PLLA polymer unoccupied by stereo-
complexation with PDLA remained in an amorphous state in
the polymer matrix.
The reprocessability of the PLLA−PCL/PDLA physically

cross-linked matrix was demonstrated by recasting a film after
initial shape formation. The PLA stereocomplex in the PLLA−
PCL/PDLA blends were found to be soluble in chloroform,
likely as a result of the low molecular weight of its constituents
(an average segment length of 15 repeating units for the PLLA
segments and average chain length of 26 repeating units for the
PDLA oligomer). During this process, the physical network is
destroyed and reformed during solvent evaporation with the
complete loss of mechanical information within the material.
Images of the initial shape and the recasted one are presented
in Figure 1c. The WAXS spectra and the DSC curves of the
initial and the recasted material are presented in Figure S6.
The cross-link density, i.e., stereocomplex crystallite content,
was varied by alteration of the ratio of PLLA−PCL/PDLA in
the blend. At high molecular weights (Mn > 200 kg mol−1)
chain entanglement can affect the mechanical properties of the
physically cross-linked matrix. At 70 °C, the PCL crystals are
completely molten (Table 2, Figure 2 and Figure S8) and the
mechanical strength is derived solely from the PLA stereo-
complex and chain entanglement. As expected, the mechanical
strength of a sample was found to be dependent on the PLA
stereocomplex content of the blend (Figure S9), and at this
temperature, the pure PLLA−PCL possessed no mechanical
strength. Hence, the contribution of molecular entanglement
to the mechanical properties of the samples was deemed to be
negligibly low.

Table 2. Thermal Properties of PLLA−PCL Multiblock Copolymer and its Blends with PDLA Homopolymer as Measured by
DSC

PCL PLA stereocomplex

sample Tm
a (°C) Tc

a (°C) ΔHb (J·g−1) χc
c (%) Tm

a (°C) Tc
a (°C) ΔHb (J·g−1) χc

c (%)

PLLA15-PCL64 52 ± 1 13 ± 1 41 ± 4 35 ± 4 − − − −
PLLA15-PCL64-SC1 53 ± 1 15 ± 1 42 ± 4 44 ± 4 172 ± 1 − 1 ± 0.1 35 ± 2
PLLA15-PCL64-SC2 51 ± 1 16 ± 1 47 ± 5 48 ± 5 171 ± 1 51 ± 1 1.9 ± 0.2 28 ± 2
PLLA15-PCL64-SC3 52 ± 1 18 ± 1 36 ± 4 33 ± 3 176 ± 1 59 ± 1 5.9 ± 0.6 71 ± 7
PLLA15-PCL64-SC4 52 ± 1 20 ± 1 29 ± 3 27 ± 3 174 ± 1 61 ± 1 6.5 ± 0.7 58 ± 6
PLLA15-PCL64-SC5 49 ± 1 16 ± 1 39 ± 4 41 ± 4 176 ± 1 49 ± 1 8.5 ± 0.8 60 ± 3
PLLA15-PCL64-SC10 43 ± 1 20 ± 1 37 ± 4 41 ± 4 178 ± 1 78 ± 1 15 ± 2 56 ± 6

aMelting and crystallization temperatures determined as the maximum of the respective peaks in the second heating and the first cooling runs.
bIntrinsic melting enthalpy was determined as the area under the melting peak in the second heating run. cDegree of crystallinity, as the ratio
between the intrinsic melting enthalpy ΔHm and the melting enthalpy of a 100% crystalline material ΔHm

100, which is 135 J·g−1 for PCL33 and 142
J·g−1 for the PLA stereocomplex.34
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Polylactide Stereocomplex Formation in PLLA−PCL/
PDLA Blends. Thermophysical data for the analyzed samples
are shown in Table 2. The obtained DSC curves for sample
PLLA15-PCL64 (Figure 2 and Figure S8) displayed a melting
transition with a maximum at 52 ± 1 °C, attributed to PCL.
This supports the assumption that the LLA segments of the
PLLA−PCL copolymer (with a number-average segment
length of 15 repeating units) are too short to undergo isotactic
crystallization. A sample from the blended material, PLLA15-
PCL64-SC10, displayed a melting temperature range of
approximately 100−180 °C with a peak maximum at Tm =
171 ± 1 °C, attributed to PLA stereocomplex, with a melting
enthalpy ΔH corresponding to a relative crystallinity of χc = 37
± 2%. The lower measured melting temperature of the PLA
stereocomplex, when compared to literature data (>200 °C),34

is likely the result of the relative short length of the PLA
molecules involved in its formation. Data obtained for the
sample PLLA15-PCL64-SC10, displayed a decrease in the Tm
attributed to PCL crystallites to 42 ± 1 °C with a melt
temperature range of approximately 38−58 °C. This is likely
the result of interactions between the PLA stereocomplex and
PCL crystallites within PLLA−PCL. However, the material’s χc
remained at the same level of 38 ± 2%, demonstrating a
sufficient amount of PCL for actuation.
WAXS was used to further elucidate the crystalline structure

of the material at two temperatures: 25 and 70 °C. (Figure 3
and Figure S7) At higher temperatures the PCL is molten
according to the obtained DSC data (Figure 2 and Figure S8).
Nonblended samples, such as PLLA15-PCL64, display signals
attributed to PCL (110) and (200) scattering in the region 2θ
= 21.5° and 2θ = 24° respectively. At 70 °C, only an
amorphous halo can be observed for this material. The
measured PCL signals overlap with the scattering from PLA
stereocomplex (300), (030) planes at 2θ = 20.5° and (220) at
2θ = 24°. A free-standing (110) PLA stereocomplex maximum
at 2θ = 12° is an indicator of its presence at 25 °C. The blend
PLLA15-PCL64-SC10 retains a 12° signal at 70 °C, while the
molten PCL in the other samples made identification of the
signals at 20.5° and 24° difficult. Changes in the crystalline
structure of the materials between 25 and 70 °C demonstrate

that the PDLA generates a thermostable physically cross-linked
matrix.
AFM phase images revealed the presence of hard crystalline

areas at room temperature for both PLLA−PCL multiblock
copolymers and its blends with 10 wt.% of PDLA (Figure S10).
The blend sample displayed more hard areas than the pure
PLLA−PCL, due to the presence of additional stereocomplex
crystallites. Heating to 70 °C caused a complete disappearance
of the hard crystals in the PLLA−PCL. In the blend sample at
70 °C (Table 2; DSC curves are shown in Figure 2 and Figure
S8), crystallinity was observed that, due to the absence of
crystalline PCL, can only originate from the PLA stereo-
complex. PCL crystallinity was restored after cooling the
samples to 10 °C.

Actuation Capability. The rbSME performance of a
material is dependent on the function of certain key structural
units within the polymer matrix. Within the samples presented
here, the PLA stereocomplex acts as the physical netpoints of
the matrix, providing structural stability and preventing
polymer slippage on deformation. By choosing a transition
temperature that bisects the PCL crystallite population, it can
provide both actuator and skeleton domains. The higher
melting fractions stay crystallized, providing the skeleton
domain, and maintain network anisotropy with the polymer
matrix. The PCL fractions with a lower Tm function as actuator
domains, whose melting and crystallization provide the driving
force for reversible macroscale shape change. The conceptual
schematics of the supramolecular structure transformations
during the actuation is depicted in Figure 4a.
The dependency of actuation performance on the

programming strain εprog was investigated for the PLLA15-
PCL64-SC1 sample using uniaxial tensile testing. The obtained
results are summarized in Table 3. While an increase in the
measured value of εrev′ from 11% to 12.6% was observed with a
decrease of εprog from 1250% to 500%, the error values
obtained for these measurements (1.3−1.5%) prevent us from
inferring a relationship between programming strain and εrev′.
rbSME experiments where εprog was varied in the range of 1000
to 500% for samples PLLA15-PCL64-SC10, PLLA15-PCL64-
SC2, PLLA15-PCL64-SC3, PLLA15-PCL64-SC4, and
PLLA15-PCL64-SC5 also showed no correlation between

Figure 2. DSC thermograms of samples PLLA15-PCL64 (dashed
line) and PLLA15-PCL64-SC10 (solid line) obtained from second
heating (red) and first cooling (blue) run.

Figure 3. WAXS profiles of PLLA15-CL64 (blue) and PLLA15-
CL64-SC10 (red) obtained at 25 °C (solid line) and at 70 °C
(dashed line).
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εprog and εrev′ (Table S3). At εprog = 300% no rbSME was
observed. We propose that here the variation in deformation
mechanism in different strain regions plays an important role.
Literature reports have demonstrated that a semicrystalline
polymeric material undergoes structural changes upon tensile
deformation in a series of different deformation modes.35,36

This restructuring follows different mechanisms depending on
the applied strain. At the lowest elongation the deformation is
purely elastic and the crystallites undergo no structural
changes. Furthermore, before the elastic limit, crystalline
sliding takes place in a random manner, and with increase of
the strain over the elastic limit, this movement becomes
coordinated. An increase in strain beyond this point causes

crystalline lamellae fragmentation through fibrillation, which
can be observed as strain hardening. At the highest
deformation the amorphous network disentangles and the
material loses any memory of the initial structure. The
deformation mechanism of stereocomplex containing blends
will be studied at greater length in following work. A
programming strain of εprog = 1000% was chosen for further
experiments.
As the PCL segments provide both the skeleton and the

actuator domains, the skeleton/actuator ratio can be varied by
modifying the temperature profile of the rbSME process.7 In
contrast to material systems where geometry-determining and
actuation domains have different chemistry and structure, the

Figure 4. (a) (Top) Schematic illustration of structural changes within PLLA−PCL multiblock copolymer blends during actuation. The orientation
of the polymer chains is kept by the PCL skeleton domains (dark green) while the network is cross-linked by PLA stereocomplex (blue − PLLA,
red − PDLA). Crystallization and melting of the PCL actuator domains (light green) drives the actuation. (a) (Bottom) Image series showing
shape change of a film sample during programming and actuation with no external stress applied. (b) rbSME curves of PLLA15-PCL64 and (c)
PLLA15-PCL64-SC10 as measured by cyclic thermomechanical testing. The black line shows the strain change during the experiment as the
sample is exposed to a cyclic temperature change (red dotted line).
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variation of skeleton/actuator ratio in the described PLLA−
PCL/PDLA blends can be performed by modifying Thigh of a
rbSME. To determine the optimum Thigh an actuation cycle
was conducted between Tlow = 0 °C and a Thigh which was
raised between 50 and 100 °C in 5 °C increments for each
consequent cycle with sample PLLA15-PCL64-SC10. The
cycle with the highest εrev′ was used to determine the Thigh
value used in subsequent experiments. The highest value of
εrev′, 7.9 ± 0.5%, was measured for the sample PLLA15-
PCL64-SC10 at Thigh = 55 °C (Figure S11). As a result the
temperature range for each actuation cycle was set as 0−55 °C.
The actuation performance of PLLA−PCL/PDLA blend
samples was measured over three cycles. The mixed glass
transition of the multiblock copolymer was determined by
DMTA as Tg = −40 ± 3 °C for all samples. This transition lies
outside of the rbSME temperature range and subsequently
does not interfere with the actuation performance of our
samples.
PLLA15-PCL64 samples without stereocomplexation show

no rbSME (Figure 4b). Without stereocomplex crystallites the
material is not able to generate sufficient network anisotropy
on deformation. However, samples blended with PDLA
(PLLA15-PCL64-SC10) display a sustained actuation per-
formance (Figure 4c), due to the presence of PLA stereo-
complex induced cross-linking. The shape transformation of an
axially programmed PLLA15-PCL64-SC10 strip during pro-
gramming and actuation is shown in Figure 4a.
To determine the dependency of εrev′ on the molecular

weight of the PDLA homopolymer component of the blends,
cyclic thermomechanical testing was performed on blend
samples containing PDLA homopolymer with average chain
lengths of 3, 6 and 9 repeating units as determined by NMR.
Testing revealed that the variation in actuation performance
εrev′ with the reduction of PDLA homopolymer average chain
length from 26 to 7 repeating units was below the margin of
error calculated Δεrev′ = 1.5% for the measurements. However,
samples prepared from PDLA homopolymer with an average
segment length of 3 showed no actuation capability, consistent
with the relatively low stereocomplex crystallinity value, 4 ±
0.4%, obtained in DSC measurements of this sample.
A reduction of PDLA weight content in the blends was

observed to lead to an increase of εrev′. With the decrease of
PDLA26 in the matrix from 10 wt % to 1 wt % the εrev′

increased from 5.9 ± 0.5% to 12.5 ± 0.5%, where the
stereocomplex content was measured using DSC. The
observed effect can be understood in comparison with
traditional covalently cross-linked rbSME-matrices, where the
actuation performance is highly dependent on the cross-link
density. If the cross-link density of the network is too high,
deformation causes breakage of the intermolecular interactions
providing cross-linking before a change in molecular
orientation occurs. If the cross-link density is too low,
deformation of the material causes slippage of the polymer
chains without a corresponding change in molecular
orientation. At large number-average molecular weights (Mn
> 200 kg·mol−1) and a number-average molecular weight of
the PLLA−PCL diblock repeating unit of approximately 8 kg·
mol−1 (average block lengths of 64 hydroxyhexanoate
repeating units and 15 L-lactide repeating units), a stereo-
complex content of 0.8 ± 0.1 wt % was sufficient to ensure a
rbSME.
Changing the weight ratio of PLLA−PCL and PDLA in the

blends directly leads to the variation of PLA stereocomplex
content. The effect of PLA stereocomplex crystallite content,
i.e., cross-linking density, on the magnitude of the rbSME in
experiments with identical programming parameters (ε0 =
1000%, Tprog= 70 °C) is shown in Figure 5. rbSME
performance increased with an increase in PLA stereocomplex
concentration to a content of 3.1 ± 0.2 wt %, after which a
drop off of εrev′ is observed.

■ CONCLUSION
In this paper, we demonstrate how the stereocomplexation of a
poly(L-lactide) and poly(ε-caprolactone) (PLLA−PCL) multi-
block copolymer with a poly(D-lactide) oligomer (PDLA) can
be used to provide anchoring points for physical network
formation. The ability to introduce physical cross-linking via a
blending process enabled the efficient variation of mechanical
properties of a shape-memory actuator. Cyclic thermomechan-
ical testing was used to investigate the effect of blend
composition on the actuation performance of the material,
with a maximum actuation performance of εrev′ = 13.4 ± 1.5%
measured. This method, capable of the realization of such
actuation behavior in a reprocessable material, presents
significant advantages over similar shape-changing materials,
which are often limited to a single postprocessing form. With

Table 3. Measurement of εrev′ in PLLA−PCL Blend Samples with Variation of Weight Content of PDLA Homopolymer and
Programming Strain εprog

sample ε0
a (%) χc stereocomplexb (%) stereocomplex contentc (wt %) εrev′ d (%)

PLLA15-PCL64-SC10 1000 37 ± 2 7.5 ± 0.2 5.3 ± 0.5
PLLA15-PCL64-SC5 1000 60 ± 3 6 ± 0.2 7.7 ± 0.5
PLLA15-PCL64-SC4 1000 58 ± 6 5 ± 0.3 10 ± 0.7
PLLA15-PCL64-SC3 1000 71 ± 7 3.1 ± 0.2 13.4 ± 1.5
PLLA15-PCL64-SC2 1000 28 ± 2 1.1 ± 0.1 12 ± 1.2
PLLA15-PCL64-SC1 1250 35 ± 2 0.7 ± 0.1 11 ± 1.5
PLLA15-PCL64-SC1 1000 35 ± 2 0.7 ± 0.1 11.4 ± 1.5
PLLA15-PCL64-SC1 750 35 ± 2 0.7 ± 0.1 11.8 ± 1.3
PLLA15-PCL64-SC1 500 35 ± 2 0.7 ± 0.1 12.6 ± 1.5

aProgramming elongation used for shape-memory experiments. bDegree of crystallinity of PLA stereocomplex determined with DSC as a ratio of
melting enthalpy of PLA stereocomplex (integral intensity of the melting peak) to the melting enthalpy of 100% crystalline PLA stereocomplex
ΔHm

100 = 142 J·g−1 normalized by the PLA content in the blend (Table 1).30 cCalculated from the melting enthalpy of PLA stereocomplex and
PLA content of the blends as measured by DSC. dActuation performance measured in the shape-memory experiments, as calculated from

ε ̀ = × = ×ε ε
ε

− −
+100% 100%l l

lrev 100
b a

a

b a

a
, where la and εa are the length of the sample and its engineering strain at the beginning of the actuation

cycle at Thigh and lb and εb are the length of the sample and its engineering strain at the beginning of the actuation cycle at Tlow.
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this work, we demonstrate a powerful and efficient method to
modify material composition, and subsequent mechanical
behavior, without the synthetic modification of polymer
architecture. Such methods to adjust the network structure
of physically cross-linked materials through in situ processing
should provide a platform for the creation of low cost
reconfigurable devices in robotics and biomedicine.
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Supporting information 

 

Figure S1. 500 MHz 1H NMR spectra of PLLA15-PCL64 measured in CDCl3 solution. 
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Table S1. Molecular structure of the reported PLLA-PLC and their precursors. 

Samplea 

 
MNMR

b, 
kg·mol-1 

Mn
c,  

kg·mol-1 
Mw

c, 
kg·mol-1 

Đc 

 
PLA/
PCLd 

PCL block 
length, 
repeat 
unitse 

PLA block 
length, 
repeat 
unitse 

PCL64 9.7 12 20 1.6 - 85 - 
PLLA15-
PCL64 
diblock 

precursor 

12.2 17 25 1.48 16/84 65 27 

PLLA15-
PCL64 - 238 483 2.03 17/83 64 15 

a The sample name PLLAX-PCLY, where X indicates the PLLA average block length of the end product PLLA-
PCL multiblock copolymer determined with 1H-NMR and Y indicates the PCL number average block length of 
the end product PLLA-PCL multiblock copolymer determined with 1H-NMR. 
b Determined with 1H-NMR as ratio of the integral intensity of a quadruplet in the 5.2 region attributed to CH-
signal of a chain unit of PLLA segments and a quadruplet in the 4 ppm region attributed to PCL CH2-signal of a 
chain unit (Figure S1) to the integral intensity of a quadruplet in 4.4 ppm region attributed to PLLA carboxyl end 
group for the block copolymer samples and a quadruplet in 3.8 ppm region attributed to PCL carboxyl end group 
for the PCL homopolymer. The ratios were then multiplied by the molecular weight MPLA = 72 kg · mol-1 and 
MPCL = 114 kg · mol-1 respectively. 
c Number and weight-average molecular weight and polydispersity index. Determined with a multidetector GPC 
setup against universal calibration using tetrahydrofuran as eluent with a flow rate of 1 mL · min-1 equipped with 
a light scattering detector. Where Đ was calculated as a ratio of weight and number average molecular weight. 
d Calculated from 1H-NMR spectra as the ratio of the integral intensities of a quadruplet in the 5.2 region attributed 
to CH-signal of a chain unit of PLLA segments and a quadruplet in the 4 ppm region attributed to PCL CH2-signal 
of a chain unit (Figure S1). 
e Determined with 1H-NMR as a ratio of the integral intensities (quadruplet in the 5.2 region attributed to CH-
signal of a chain unit of PLLA segments and a quadruplet in the 4 ppm region attributed to PCL CH2-signal of a 
chain unit (Figure S1)) of the main peak and its right or left shoulder for PLLA and PCL respectively. Where the 
main peak is attributed to the repeating units having the same neighbor and the shoulder having the same 
multiplicity is attributed to the repeating units having a different neighbor in the multiblock copolymer chain. 
The error of GPC was considered as 10% of the measured value according to deviations in the calibration curve 
achieved for the machine with polystyrene standards. 
The deviation of 1H-NMR data was considered as combination of saturation effects, unevenness of the magnetic 
field in the sample and the line shape causing overlapping of the peaks. The last element has the highest input into 
the calculation error resulting total deviation of approx. 12%. 
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Figure S2. Schematic illustration of thermomechanical treatment in rbSME experiments. A 
dog-bone shaped sample is fixed in a tensile testing machine in an undeformed (no strain ε 
applied to the sample and its length L = l0) not loaded state (σ0 = 0) at the room temperature T 
= 25 °C. The sample is programmed by deformation at Tprog to the programming strain εprog. In 
the following step the shape is fixed by cooling the sample to Tlow before reduction of the 
applied stress σ to 0. The actuation cycle is performed by subsequent changing the temperature 
in the thermo chamber of the tensile machine between Tlow and Thigh, which causes changes in 
sample length due to crystallization-induced elongation and melting-induced contraction. 
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Figure S3. Molecular weight distributions of PDLA oligomers PDLA3 (yellow), PDLA6 
(green), PDLA9 (red) and PDLA26 (black). Measurements were performed on a multidetector 
GPC setup against universal calibration in THF and an eluent flow rate of 1 mL·min-1. 
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Figure S4. WAXS spectra at the ambient temperature of blend samples containing PLLA15-
PCL64-SC10 multiblock copolymer with PDLA homopolymers of different number average 
lengths: 3 (red), 6 (blue), 9 (green) and 26 (black) repeating units determined with 1H NMR. 
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Figure S5. DSC traces of blend samples containing PLLA15-PCL64-SC10 multiblock 
copolymer with PDLA homopolymers of different number average lengths in order starting 
from the central x-axis: 3, 6, 9 and 26 repeating units determined with 1H NMR. The second 
heating (red curves) and the first cooling (blue curves) runs at 10 °C heating/cooling rate. 
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Table S2. Average molecular weight and polydispersity of PDLA homopolymers. 

Samplea 
Segment length, 

repeating unitsb 
Mn, kg · mol-1 c Mw, kg · mol-1 c Đc 

PDLA3 3 0.6 0.8 1.42 

PDLA6 6 1 1.4 1.35 

PDLA9 9 1.3 1.7 1.31 

PDLA26 26 3.5 4.1 1.17 
a The sample name PDLAX where X indicates the PDLA segment length determined with 1H-NMR. b Determined 
with 1H-NMR as ratio of the integral intensity of a quadruplet in the 5.2 region attributed to CH-signal of a chain 
unit of PDLA and a quadruplet in the 4.4 ppm region attributed to PLLA carboxyl end group. c Number and weight-
average molecular weight and polydispersity index. Determined with GPC against universal calibration using 
tetrahydrofuran as eluent with a flow rate of 1 mL · min-1 equipped with a light scattering detector. Where Đ was 
calculated as a ratio of weight and number average molecular weight. 
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Figure S6. (a) WAXS spectra and (b) DSC traces of PLLA15-PCL64-SC10 initial sample 
(blue) and re-casted physical network (red), here the second heating and first cooling traces 
with 10 °C min-1 rates are shown. 
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Figure S7. WAXS spectra of PLLA12-PCL58 (blue), PLLA15-PCL64-SC1 (yellow), 
PLLA15-PCL64-SC2 (green), PLLA15-PCL64-SC5 (purple) and PLLA15-PCL64-SC10 (red) 
at 25 °C 
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Figure S8. DSC traces of PLLA-PCL / PDLA blends with different PDLA content in order 
starting from the central x-axis: PLLA15-PCL64, PLLA15-PCL64-SC1, PLLA15-PCL64-
SC2, PLLA15-PCL64-SC3, PLLA15-PCL64-SC4, PLLA15-PCL64-SC5, PLLA15-PCL64-
SC10. The second heating and the first cooling runs at 10 °C heating/cooling rate. 
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Figure S9. Stress-strain curves at 70 °C and deformation rate 5 mm min-1 of PLLA15-PCL64 
blended with different amounts of PDLA. Blue – PLLA15-PCL64-SC01, green – PLLA15-
PCL64-SC02, purple PLLA15-PCL64-SC05, red – PLLA15-PCL64-SC10 
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Figure S10. AFM phase image of PLLA-PCL multiblock copolymer at 25 °C (a) and 70 °C (b) 
and its blend with 10 wt.% of PDLA at 25 °C (c) and 70 °C (d) 
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Table S3. Effect of the programming strain εprog, on the actuation performance ε’rev of PLLA-
PCL / PDLA blends. 

Sample namea εprog, %b ε’rev, %c 

PLLA15-PCL64-SC10 
750 5.3±0.5 

1000 5.3±0.5 

PLLA15-PCL64-SC5 
500 8.9±1.2 
750 6.1±0.5 

1000 7.7±0.5 

PLLA15-PCL64-SC2 
500 10±1.5 
750 10±0.9 

1000 12±1.2 

PLLA15-PCL64-SC1 

500 12.6±1.5 
750 11.8±1.3 

1000 11.4±1.5 
1250 11±1.5 

 a The sample name LLAX-CLY-SCZ, where X and Y indicate the block length of PLLA and PCL 
respectively determined with 1H-NMR, and Z indicates, the weight content of PDLA in the blend. b 
Programming elongation of the rbSME experiment. c Reversible actuation performance determined as 
the ratio of the change in the sample length in an actuation cycle to its length in the beginning of the 
cycle at Thigh 
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Figure S11. Reversible elongation change of PLLA15-PCL64-SC10 with a variation of Thigh, 
as measured by cyclic thermomechanical testing. 
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