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Abstract Microscaled non-woven fabrics with fiber diameters in the range 1.8-3.1 m were prepared by 

electrospinning from a chloroform solution of a degradable multiblock copolymer (PDLCL) consisting 

of crystallizable poly(-pentadecalactone) hard segments (PPDL) and poly(-caprolactone) switching 

segments (PCL). The surface morphology and microstructure of the non-woven fabrics were 

characterized by scanning electron microscopy, temperature-controlled scanning probe microscopy, 

wide angle X-ray diffraction (WAXD), and small angle X-ray scattering (SAXS). The microstructural 

analysis demonstrated that the rod-like domains of hard segment (PPDL) formed in the electrospun 

PDLCL fiber functioned as physical crosslinks. Cyclic, thermomechanical tensile tests showed that the 
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electrospun PDLCL fabrics exhibited good shape-memory properties with strain recovery rates of Rr = 

89-95 % and strain fixity rates of Rf = 82-83% after the 2nd cycle, when small deformations were 

applied at clinically relevant temperatures.  
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1. Introduction 

Electrospinning is a straightforward and versatile method for forming continuous thin fibers based 

on an electrohydrodynamical process. This method has the following advantages: (i) applicability for a 

broad spectrum of molecules such as inorganic molecules, synthetic polymers, proteins, and DNA; and 

(ii) ability to produce thin fibers with diameters in the micrometer and nanometer range 1-6. Electrospun 

fibers or non-woven fabrics with large surface to volume ratio have recently attracted much attention for 

applications such as high-performance filter media, protective clothes, composites, drug delivery 

systems, and biomaterial scaffolds for tissue engineering 2, 7-10 .  

Shape-memory polymers (SMPs) possess the ability to memorize a permanent shape that can 

substantially differ from their temporary shape, the latter being obtained after a programming step. The 

transition from the temporary shape to the permanent one could be initiated by an external stimulus such 

as heat 11. Recently, in particular multifunctional SMPs combining at least two different functionalities 
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were intensively studied 12-15 and have found growing interest in different application fields e.g. as 

smart textiles 16 or medical devices 17, 18. In this context especially degradable SMPs are of particular 

interest for application in regenerative medicine approaches such as tissue engineering or induced auto-

regeneration 19-28. Temperature-sensitive thermoplastic SMPs generally consist of two components on 

the molecular level: physical cross-links (hard segments) determining the permanent shape and 

switching segments fixing the temporary shape at temperatures below their thermal transition 

temperature Ttrans 
29. Typical examples for such multifunctional thermoplastic SMPs are degradable 

linear multiblock copolymers exhibiting a phase-segregated morphology 19-21, 25, 28. Although, a broad 

variety of thermo-sensitive thermoplastic SMPs have been developed so far only a few reports address 

the investigation of electrospun fibers or structures thereof 19, 30, 31. 

In the present study, we explored the shape-memory capability of electrospun non-woven fabrics 

prepared from degradable multiblock copolymers consisting of two crystallizable segments, poly(-

pentadecalactone) hard segments (PPDL) and poly(-caprolactone) switching segments (PCL), which 

we named PDLCL. PDLCL was synthesised by the prepolymer method via co-condensation of two 

oligomeric PCL and PPDL macrodiols using an aliphatic diisocyanate as linker 19, 20, 28, 32. The aims of 

this study are (i) to prepare non-woven fabrics of PDLCL by electrospinning; and (ii) to characterize 

their morphology, internal microstructures, thermal properties, as well as their (iii) shape-memory 

properties. Here we examined the shape-memory capability of electro-spun PDLCL fabrics by applying 

small deformations (m) ranging from 25% to 50%, where structural changes within the non-woven 

fabric (e.g. rearrangement of fiber orientation) should dominate the stress-strain behaviour. Additionally, 

in this work temperatures in the clinically relevant temperature range above body temperature up to 

60 °C 33 were applied for programming and fixation of the temporary shape as well as for activation of 

the shape-memory effect (SME).  

     

2. Experimental 

2.1 Materials 
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PDLCL was prepared in two steps. First, the precursors were synthesized, which were than linked 

to the multiblock copolymers. For the synthesis of PPDL-diol 400 g -pentadecalactone (Geyer GmbH, 

Friedrichsthal, Germany, 97%) was dried under vacuum for 24 h. 19.5 g 1,8-Octanediol (Fluka, 

Taufkirchen, Germany, p.a., dried with 4 Å molecular sieve) and 75.7 mg dibutyltin oxide (Sigma-

Aldrich, Taufkirchen, Germany, 98%; 90 ppm Sn) were added at 130 °C under N2 atmosphere. The 

progress of the ring-opening polymerization was controlled by means of gel permeation 

chromatography (GPC). After the polymerization for 21 days, the reaction mixture was dissolved in 

THF (Fluka, Taufkirchen, Germany, p.a.) and poured into a large amount of an ethanol/water mixture 

(50/50 vol%) to precipitate the polymer. The poly(-pentadecalactone)diol was washed with ethanol 

(Berkel AHK, Berlin, Germany) and dried under vacuum at room temperature. The resulting poly(-

pentadecalactone)diol was obtained in a yield of 93%. 

For synthesis of the multiblock copolymer according to the co-condensation method 19, 20, 400 g 

of that PPDL-diol as telechelic precursor (Mn
app = 4400 g·mol-1 and Tm = 90 °C), 600 g PCL-diol (Mn = 

3000 g·mol-1 and Tm = 43 °C, Solvay, Warrington, UK) and 4.4 g hexamethylene diisocyanate (HMDI, 

> 99%, Fluka, Taufkirchen, Germany) were reacted in toluene at 88 °C for 3 days using 160 mg 

dibutyltin laurate as catalyst. The product was obtained by precipitation in liquid nitrogen (yield 99%). 

In order to determine the apparent molecular weight and polydispersity (PD), GPC measurements 

were performed on a system consisting of a PU-1580 pump (Jasco, Tokyo, Japan), 300 mm x 8 mm 

SDV columns-linear XL 10 µm (Polymer Standards Service GmbH, Mainz, Germany) as well as of an 

UV and a refractive index detector (Jasco, Tokyo, Japan). Chloroform (Acros Organics, Geel, Belgium) 

was used as eluent at a flow rate of 0.75 mlmin-1 at ambient temperature. For evaluation of the data, the 

conventional calibration technique based on polystyrene standards with Mn between 1000 g·mol-1 and 

3000000 g·mol-1 (Polymer Standards Service GmbH, Mainz, Germany) was used. 

The copolymer composition was confirmed from the ratio of the 1H-NMR PPDL signal at 1.25 

ppm ( ICH2 ,PPDL ) and the PCL signal at 1.39 ppm ( ICH2 ,PCL ), recorded on a 500 MHz Bruker Avance 
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spectrometer (Karlsruhe, Germany) using deuterated chloroform as solvent and tetramethylsilane as 

internal standard. The PPDL weight content in wt% related to the starting composition of PPDL and 

PCL segments was calculated according to Eq. 1:  

2
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M n,PDL  and M n,CL  being the number average molecular weights of the respective repeating units. 

For the preparation of spinning solutions, chloroform (extra-pure grade, Wako, Osaka, Japan ) 

was used as the solvent of PDLCL. PDLCL/chloroform solutions with concentrations ranging from 5 to 

15 wt% were used. Organic solvent, pyridine (extra-pure grade, Wako, Osaka, Japan), was used as the 

additive for preparation of thinner fibers by electrospinning.   

 

2.2 Electrospinning  

The electrospinning device was the same as that used in a previous study 34. The polymer 

solution was contained in a syringe with a stainless steel nozzle (1.0 mm internal diameter). The nozzle 

was connected to a high-voltage regulated DC power supply (HDV-20K 7.5STD, Pulse Electronic 

Engineering, Noda, Japan). A constant volume flow rate was maintained via a syringe-type infusion 

pump (MCIP-III, Minato Concept, Tokyo, Japan). An aluminum plate (5  5 cm2 area) was used as 

counter electrode. The distance between the nozzle tip and the counter electrode was 15 cm, the applied 

voltage was 15 kV, and the flow rates were 20 l/min. The spun fibers were collected on the counter 

electrode to form a free-standing fabric with about 100 m thickness. The electrospinning was carried 

out at 25 ºC and at less than 20 % relative humidity. 

 

2.3 Surface morphology, internal microstructure and thermal properties of PDLCL fabrics  

The surface morphologies of the non-woven fabrics were observed using a scanning electron 

microscope (SEM, SM-200, Topcon, Tokyo, Japan) operated at 10 kV. All samples were sputter-coated 

with Au.  
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The surface morphology at 25 ºC and 70 ºC was characterized by a temperature controlled 

scanning probe microscope (SPM, Nanonavi E-sweep,  SII Nanotechnology, Chiba, Japan) in the phase 

contrast mode.  

Crystalline structures of PDLCL samples were investigated by wide angle X-ray diffraction 

(WAXD) measurements (RINT-2100 and RU-200, Rigaku, Akishima, Japan). WAXD intensity 

distribution as a function of the diffraction angle was measured using a diffractometer. The degree of 

crystallinity was evaluated as the ratio of the crystalline peak areas to the total area under the scattering 

curve.  

Small angle X-ray scattering (SAXS) measurements were carried out using an instrument 

(Nanoviewer, Rigaku, Akishima, Japan) working at 40 kV and 20 mA with Ni-filtered CuKa radiation 

(wavelength of 0.15418 nm). The X-ray beam was collimated by a pinhole type slit. The two 

dimensional intensity data were detected using an imaging plate film (BAS-IP SR127, Fujifilm, Tokyo, 

Japan). The polymer sample and imaging plate film were set in a vacuum chamber to eliminate air 

scattering. The distance between sample and imaging plate film was 482 mm, and the exposure time 

was set to 120 min for each sample. The two dimensional intensity data were read with a RINT-RAXIS-

DS3 scanner (Rigaku, Akishima, Japan). The one dimensional profiles in the scattering angle (2) range 

between 0.2 and 3 were obtained by averaging the two dimensional data. The long period was estimated 

from the one-dimensional correlation function (1(x)) defined as: 
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where I(s), s , and x are the scattering intensity, the absolute value of the scattering vector (=2sin()), 

and the correlation length, respectively.  

The thermal analysis of the non-woven fabrics was carried out using a differential scanning 

calorimeter (DSC, DSC6100, Seiko Instruments, Chiba, Japan). The samples were heated from 0 to 200 

ºC. All heating and cooling procedures were performed with a constant heating and cooling rate of 10 

Kmin-1. 
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2.4 Shape-memory properties 

The shape recovery rate Rr was used to quantify the ability of the material to regain its original 

shape 29. For a cycle N, Rr is calculated from the strain value of the temporary shape )(Nu and the strain 

values of the tension-free states )(Np  and )1( Np of two subsequent cycles N - 1 and N. 
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The shape fixity rate Rf is defined as the quotient of the elongation )(Nu  in the tension-free 

state after cooling to Tlow and the extension m
29. 
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Rf is a measure how well the material can fix the applied maximum deformation m  in the temporary 

shape.  

In order to obtain information on relaxation and reorganisation in PDLCL non-wovens, cyclic 

thermomechanical measurements of the non-woven fabrics were performed by means of a 

thermomechanical analyser (TMA/SS6100, Seiko Instruments, Chiba, Japan). PDLCL as-spun fabrics 

were cut into rectangular stripes with dimension of 1.5   15.0   0.1 mm3.  

Each cycle consisted of a multi-step programming module (i, ii), where the temporary shape is 

created, and a recovery module (iii) where the original shape is recovered. Every recovery module is 

completed by a waiting period of 10 minutes.  

Two different kinds of cyclic thermomechanical measurements were applied: In method (A) a 

low maximum strain of m = 25% was applied, which was constant for all five subsequent cycles, while 

during method (B) m was increased as in the four subsequent cycles from 25% to 35% to 50% (cycles 3 

and 4). The extension rate was 1.25 mm/min in all experiments with fabrics. 

For programming the test stripe of the non-woven fabric was heated to a temperature Tprog = 

Thigh= 60 ºC (which was above the melting temperature of the PCL switching segments Tm,PCL = 53 °C 
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obtained from DSC analysis) and stretched to m (i). Then the sample was kept at 60 °C for 10 min to 

allow relaxation and afterwards cooled down to the fixation temperature Tlow = 40 ºC (< Tm,PCL = 53 °C) 

under a constant extension m and is unloaded to 0 % stress at 40 ºC. Finally the stress is removed. The 

observed elongation of the sample in the temporary state is u (ii). Afterwards  for recovery under stress-

free conditions the sample was heated to a temperature Thigh = 60 ºC (> Tm,PCL = 53 °C but below the 

onset of the Tm of the PPDL segments). While heating the sample contracts (the permanent shape is 

recovered), giving the strain value of the tension-free state p . 

 

3. Results and Discussion 

3.1 Characterization of PDLCL 

The apparent number average molecular weight obtained for the synthesized multiblock 

copolymer PDLCL was Mn
app = 65000 g·mol-1, with a polydispersity of PD = 2.2. The calculated PPDL 

weight content of 41 wt% determined by 1H-NMR corresponds well to the reaction ratio of the poly(-

caprolactone)diol and poly(-pentadecalactone)diol in the starting material mixture.  

 

3.2 Characterization of non-woven PDLCL fabrics  

To identify the optimal conditions for the fiber formation, PDLCL fabrics were created by 

electrospinning from polymer solutions of various polymer concentrations (5-15 wt%). Fig. 1 shows the 

surface SEM images of the achieved non-woven fabrics. All solutions showed good processability 

below 15 wt% polymer content, whereby the fiber diameter increased with increasing polymer 

concentration of the solution. At higher concentration above 15 wt%, on the other hand, the jet was not 

stable and the polymer solution often clogged up at the tip of nozzle. A smooth fibrous structure without 

beads was formed above 12.5 wt%. In general, the addition of electrolytes to the spinning solution 

increases the solution conductivity and enhances the formation of the field-induced electric charges 

causing electrostatic repulsion on the surface of the jet. This effect allows the forming of thin and 

homogeneous fibers by electrospinning 35. We used pyridine as organic electrolyte. The advantage of 

Gelöscht: 2 
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the organic electrolyte, such as pyridine, is that it is evaporated during electrospinning and does not 

remain in the resulting fiber. The addition of pyridine was effective for forming thin fibers (Fig. 1f-h). 

We used the fabrics with comparatively narrow fiber diameter distribution, which were created from the 

15 wt% solution containing 10 wt% of pyridine, for the thermomechanical measurements and other 

characterizations. 

The thermal properties of the non-woven PDLCL fabrics were investigated by DSC. The DSC 

thermogram showed two melting peaks with a maximum around 53 °C and 85 ºC (Fig.2). The peak 

around 53 ºC was attributed to the melting point (Tm,PCL) of crystallites of the PCL phase and that at 85 

ºC to the Tm,PPDL of the crystallites of the PPDL phase 20.  

           To investigate the internal microstructure of the PDLCL fabric, WAXD and SAXS 

measurements were carried out. Fig. 3a shows the X-ray diffraction profile of the electrospun PDLCL 

fabric, where two diffraction peaks at 21.4 and 23.9 degrees were observed. WAXD was mainly applied 

for determination of the overall degree of crystallinity (DOC) PDLCL as the two segments of the 

multiblock copolymer PCL and PPDL exhibit an isomorphous crystal structure 36-40. The degree of 

crystallinity of the PDLCL fabric calculated by the WAXD data was 24%. This value is lower than the 

values of as-received PDLCL in the range of 33-39% 20. This difference can be explained by the rapid 

solidification during electrospinning, which does not allow sufficient time for copolymer blocks to 

reach their equilibrium morphologies 41.  

Fig.3b shows the small angle X-ray scattering curve of the PDLCL fabric. A weak scattering 

peak was observed. Fig.3c shows the one-dimensional correlation function (1(x)) obtained from the 

scattering profile. The long period of periodic structures in the as-spun PDLCL estimated from the 

correlation function was 10 nm. These periodic structures are discussed further in the following 

paragraph 3.3.  

 

3.3 Shape-memory properties 
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The shape-memory capability of the PDLCL non-woven fabrics was explored by conducting cyclic, 

thermomechanical tensile tests, using clinically relevant temperatures for deformation, fixation and 

recovery. While in test method (A) a constant deformation of m = 25% was applied in each cycle in 

method (B) m was increased in subsequent cycles from 25% to 50%. Fig. 4 shows the obtained strain-

stress curves of the cyclic thermomechanical measurements and the calculated Rf and Rr values, relaxed 

stress, and Young’s moduli are summarized in Table 1. The Young’s moduli at 40 °C were larger than 

those at 60 °C. This is due to the coexistence of the crystallites of PPDL and PCL phases in the fabrics 

at 40 °C (At 60 °C, crystallites of PCL phase melted and only the crystallites of PPDL phase existed in 

the fabrics). Rr obtained in test method (A) varied significantly between the first and the second cycle, 

whereas the following cycles are similar to the results of the second cycle with Rr  89%. In contrast Rf 

was found to be constant around Rf = 83% for all cycles. The difference is commonly observed in such 

cyclic tests and it is attributed to the molecular-scaled reorganization of polymer accompanied with 

deformation of the sample (i.e., the break of the crosslinks mentioned previously) 42. This showed that 

the electrospun PDLCL fabrics have well reproducible shape-memory properties, when a relatively 

small extension and clinically relevant temperatures of Tprog = Thigh= 60 ºC and Tlow = 40 ºC were 

applied. In contrast, when m was increased from 25% to 50% in test method (B) Rr could not reach the 

values of the aforementioned experiments with constant m = 25% after the second cycle. As shown in 

Fig. 4b, the stress increased linearly until the point that strain reached the value of the previous cycle, 

and then the relaxation of stress occurred. This resulted in the decrease in the recovery rates.  

To discuss the mechanisms of the SME based on deformation of the internal microstructures of 

the PDLCL fabrics, first we have to consider the effect of macroscopic structural change of the fabric 

with a fibrous network structure (Fig. 5a). After the first programming and recovery process, the 

macroscopic change of the fabric structure was observed (Fig. 5b). During the following cycles the 

macroscopic structure of the deformed non-woven fabric remains unchanged. For comparison, we 

prepared the aligned PDLCL fabric prepared by electrospinning with rotating collector (Fig. 5c) and 

then characterized the shape-memory properties. The recovery rate is almost same to that of non-aligned 
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fabric (Table S1). These results supported that the shape-memory properties were substantially 

determined by the internal structures of multiblock copolymers, but not by macroscopic structural 

changes within the non-woven fabric.  

To elucidate the relationship between the shape-memory properties and the internal 

microstructure  of the as-spun fabrics, the surface morphology at 25 and 70 ºC was characterized by 

SPM. The samples were heated from 25 to 70 ºC and then cooled to 25 ºC. These temperatures were 

chosen from the DSC results (Fig. 2) according to the temperature interval of Tm, PCL and well below the 

onset of Tm, PPDL, in order to be able to observe the SPM phase contrast differences between PCL and 

PPDL domains. Fig. 6 shows the SPM phase contrast images of the non-woven PDLCL fabrics at 

different temperatures. The rod-like structures, where the phase lag was relatively small, were observed 

on the surface of the fibers at room temperature (Fig. 6a). At 70 ºC, half of the rods disappeared (Fig. 

6b), and after recooling to room temperature, they appeared again (Fig. 6c). The average distance 

between two rod-like structures displayed in Fig. 6a was 10 nm. This value corresponds exactly to the 

long period calculated from the SAXS measurement mentioned earlier. Therefore we can conclude that 

these structures originate from crystal regions in the fiber schematically shown in Fig. 6d. When the 

electrospun fiber was heated, the rod-like structures of the crystalline PCL switching domains melted 

and the fiber became more elastic because of the gained mobility of PCL segment. After cooling, the 

rod-like structure (PCL crystal) appeared again. These results supported the hypothesis that the rod-like 

domains of hard segments (PPDL crystals) formed in electrospun PDLCL fabrics functioned as physical 

crosslinks. Interestingly, such rod-like structures could not be observed on the surface of solvent-casted 

and spin-coated PDLCL films (Fig.S1).  

As mentioned above, the relaxation of stress during programming caused the decrease in the recovery 

rates when test method B with increasing m-values was applied (Fig. 4b). Now this can be attributed to 

the rearrangement of the polymer chains including the hard segments in the fiber, as evidenced by the 

SPM image of the surface of the electrospun PDLCL fiber after programming (elongated at Thigh, Fig. 

6e). The rod-like structures were aligned along the fiber axis. In the recovery process, the oriented 
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switching segments of PCL shrink after reheating by entropy driven recoiling. The aligned rod-like 

domains of crystallized hard segments (PPDL crystal), however, cannot recover the original structure. 

This rearrangement also influenced the Young’s modulus at 40 ºC for test method B, which showed the 

cycle number-dependent decrease.  

 

 

4. Conclusions 

Non-woven fabrics based on degradable multiblock copolymer (PDLCL) were prepared by 

electrospinning. The average diameter of the fibers in the fabrics ranged from 1.8 to 3.1 m. The 

electrospun PDLCL multiblock copolymer showed good shape-memory properties with strain recovery 

rates of 89-95% and strain fixity rates of 82-83% after the 2nd cycle, when small deformations were 

applied at clinically relevant temperatures.  

The SPM observation and SAXS measurement revealed that the electrospun PDLCL multiblock 

copolymer contained rod-like structures, which originated from the crystalline domains of the 

copolymer in the fiber. The rod-like crystalline structures of PPDL worked as physical crosslinks up to 

70 °C, which is below the onset of Tm,PPDL. These structures could not be seen in PDLCL samples 

obtained by other processes (i.e., cast and spin-coated films), but they became aligned along the fiber 

axis after programming at 60 °C. Therefore we hypothesize that the variation of the characteristic 

dimension (e.g. fiber diameter) of semi-crystalline SMPs can be a promising tool to systematically 

influence the arrangement and reorganisation of crystalline structures during programming and recovery 

and in this way the shape-memory capability.  
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Table 1
The strain recovery rate (Rr) and fixity rate (Rf) obtained from the cyclic thermomechanical 

measurements of PDLCL non-woven fabrics. (fixed programming parameters Tprog = 60 °C, Tlow = 40 

°C and Thigh = 60 °C) 

 

 

 

Method A  Method B 

Young’s 

modulus 

[MPa] 

Young’s 

moduls 

[MPa] 

Cycle 

No. 
m 

[%] 

Rf(N) 

[%] 

Rr(N) 

[%] 

Relaxed 

stress 

[MPa] 
°C °C

m 

[%]

Rf(N) 

[%] 

Rr(N) 

[%] 

Relaxed 

stress 

[MPa] 
°C °C

 25 83 58 0.064 7.8 3.6 25 92 49 0.084 21.2 2.7 

2 25 82 89 0.056 8.0 3.6 35 92 76 0.11 19.5 3.3 

3 25 82 93 0.057 7.9 3.6 50 93 80 0.14 17.8 3.3 

4 25 83 95 0.053 7.8 3.6 50 - - - - 3.4 
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Figure 1. Surface SEM images of the electrospun fabrics from PDLCL/chloroform solutions with 
various polymer concentrations: (a) 5 wt%; (b) 7.5 wt%; (c) 10 wt%; (d) 12.5 wt%; (e) 15 wt% (f) 15 
wt% containing 1 wt% of pyridine; (g) 15 wt% containing 5 wt% of pyridine; (h) 15 wt% containing 10 
wt% of pyridine. The average fiber diameters were; (b) 0.2 ± 0.1 m; (c) 0.7 ± 1.2m; (d) 1.2 ± 0.4m; 
(e) 3.1 ± 1.3 m; (f) 2.7 ±1.2 m; (g) 2.7 ±1.0 m; (h) 1.8 ±0.4 m, which were determined by SEM 
image analysis using Adobe Photoshop software (CS4 Extended, San Jose, USA).  
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Figure 2. DSC thermogram obtained from the first heating run for PDLCL non-wovens. 

a

10 m 10 m 10 m

10 m 10 m 10 m

10 m 10 m

b c

d e f

g h

a

10 m10 m 10 m10 m 10 m10 m

10 m10 m 10 m10 m 10 m10 m

10 m10 m 10 m10 m

b c

d e f

g h

Formatiert: Schriftartfarbe:
Automatisch

Gelöscht: .



 

17

0 0.05 0.1 0.15 0.2

S (1/nm)

In
te

n
si

ty
 (a

.u
.)

C
o

rr
e

la
tio

n
 ｆu

n
ct

io
n

0 5 10 15 20

x (nm)

b

c

10 20 30 40

(110)

(200)

a

In
te

n
si

ty
 (a

.u
.)

2 (degree)

 

 

Figure 3. (a) WAXD and (b) SAXS profiles of non-woven PDLCL fabrics obtained at ambient 
temperature. (c) Correlation function obtained by SAXS data. 
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Figure 4. Strain-stress curves of PDLPCL non-wovens obtained by the cyclic thermomechanical 
measurements with Tprog = Thigh= 60 ºC and Tlow = 40 ºC. Method A: five subsequent cycles with m = 
25% (a) and Method B: four subsequent cycles with increasing m from 25% to 50% (b). The inserted 
dashed lines indicate the linear regression applied for calculation of the Young´s modulus.  

 

 

 

 

 

 

Figure 5. SEM images of as-spun PDLCL multiblock copolymer (a) before and (b) after the first 
programming and recovery process (m = 25%, Method A); and (c) aligned PDLCL fabric prepared by 
electrospinning with rotating collector. 
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Figure 6. SPM phase mode images of the surface of electrospun PDLCL multiblock copolymer at 
different temperatures: (a) 25 ºC; (b) 70 ºC; and (c) 25 ºC after heat treatment. (d) Schematic 
representation of the internal structures of the as-spun PDLCL multiblock copolymer. (e) SPM phase 
mode image of the surface of the electrospun PDLCL fiber taken at 25 ºC after programming 
(elongation to m = 25% at T high = 60 °C). Direction of the arrow in the image (e) represents fiber axis. 

 

 

 

 

Supporting Information 

a b c

100 nm 100 nm 100 nm

a b c

100 nm100 nm 100 nm100 nm 100 nm100 nm

Heating CoolingHeating Cooling

PCL crystal

PPDL crystal

amorphous
d

Heating CoolingHeating Cooling

PCL crystal

PPDL crystal

amorphous

Heating CoolingHeating Cooling

PCL crystal

PPDL crystal

amorphous
d

100 nm

e

100 nm100 nm

e



 

20

Table S1. Shape-memory properties of PDLCL fabrics with aligned fiber morphology obtained by the 
cyclic thermomechanical measurements with Tprog = Thigh= 60 ºC and Tlow = 40 ºC in three subsequent 
cycles with m = 25% according the test method (A)  

 

 

 

 

 

 

 

 

 

 

Figure S1. SPM phase mode images of the surface of (a) solvent casted and (b) spin coated PDLCL 
multiblock copolymer at 25 °C. The cast film and spin coated film were prepared on the glass plate and 
silicon wafer from 10 wt% and 2 wt% PDLCL/chloroform solutions, respectively.  
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