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Temperature-Memory Effect of Copolyesterurethanes and 
their Application Potential in Minimally Invasive Medical 
Technologies
 Minimally invasive surgery often requires devices that can change their 
geometry or shape when placed inside the body. Here, the potential of ther-
moplastic temperature-memory polymers (TMP) for the design of intelligent 
devices, which can be programmed by the clinician to individually adapt 
their shifting geometry and their response temperature  T  sw  to the patient´s 
needs, is explored. Poly( ω -pentadecalactone) as hard segments and poly(  ε  -
caprolactone) segments acting as crystallizable controlling units for the 
temperature-memory effect (TME) are chosen to form multiblock copolymers 
PDLCL. These components are selected according to their thermal proper-
ties and their good biocompatibility. Response temperatures obtained under 
stress-free and constant strain recovery can be systematically adjusted by vari-
ation of the deformation temperature in a temperature range from 32  ° C 
to 65  ° C, which is the relevant temperature range for medical applications. The 
working principle of TMP based instruments for minimally invasive surgical 
procedures is successfully demonstrated using three temperature-memory 
catheter concepts: individually programmable TM-catheter, an in-situ program-
mable TM-catheter, and an intelligent drainage catheter for gastroenterology. 
  1. Introduction 

 Biocompatible, stimuli-sensitive materials, have attracted tre-
mendous interest for biomedical applications such as intelligent 
medical devices or controlled drug delivery systems. [  1–4  ]  In this 
context shape-materials such as shape-memory alloys (SMA) [  5  ,  6  ]  
or shape-memory polymers (SMP) [  7–11  ]  and their composites 
are an especially promising class of candidate materials, as they 
have the capability to perform self-suffi cient, pre-defi ned shape 
shifts. SMP-based implants can be inserted in a compact shape 
via a minimally invasive surgery and unfold to their application 
relevant shape in the body. So far, various thermo-sensitve SMP-
based medical devices are being explored for applications such 
as aneurysm treatment, [  12  ]  cloth removal, [  13  ]  stents, [  14  ,  15  ]  arch-
wires in orthodontics [  16  ]  or dialysis needles. [  17  ]  A major break-
through was achieved by the introduction of multifunctional 
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SMP, which combine shape-memory 
capability with degradability, as a second 
surgery for explantation of the device can 
be avoided in this way. Self-tightening 
intelligent sutures [  18  ]  or multifunctional 
controlled drug delivery systems [  19  ]  are 
examples for biomedical applications, 
which are explored on the basis of these 
multifunctional materials. 

 Thermosensitive SMPs are polymers, 
which can be deformed and fi xed in a 
second temporary shape, which remains 
unchanged until heat is applied resulting 
in the recovery of the original shape. For 
creation of the temporary shape, typically 
a heating-deformation-cooling process 
called programming is utilized, where the 
deformation is performed at temperatures 
above the thermal transition ( T  trans ) of the 
SMP’s switching segment and the fi xa-
tion of the temporary shape is achieved 
by cooling to temperatures below  T  trans , 
while keeping the deformation stress. 
Finally, heating of the programmed SMP to temperatures above 
the response temperature results in the activation of the shape-
memory effect. [  20  ,  21  ]  

 Although substantial progress was achieved in the develop-
ment of SMP systems for medical applications with response 
temperatures between room temperature or temperatures 
slightly above body temperature, the currently reported mate-
rials do not allow adaptation of the switching temperature ( T  sw ), 
the characteristic temperature related to shape change during 
programming. Therefore, a biocompatible polymer material will 
be required, which allow an accurate and easily adjustment of 
the shifting geometry as well as  T  sw  according to the individual 
requirements by the surgeons directly in the operating theatre. 

 The recently introduced temperature-memory technology 
might be a promising approach to reach the above mentioned 
goal. A temperature-memory effect (TME) is the capability of a 
polymer to remember the temperature, where it was deformed 
before, by reversing this deformation when this temperature is 
exceeded again. [  22–25  ]  And in this way the class of temperature-
memory polymers (TMP) enables the realization of various 
response temperatures with the same polymer material, without 
requiring synthesis of a new material. [  9  ]  

 In contrast to SMPs, temperature-memory polymers exhibit 
a broad thermal transition   Δ   T  trans  (either a glass transition  T  g  
or a melting transition  T  m ) [  22  ,  23  ,  25  ]  and are able to memorize a 
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deformation temperature ( T  deform ) within   Δ   T  trans  applied during 
a specifi c thermomechanical treatment called temperature-
memory creation procedure (TMCP). The temperature-memory 
capability of such polymers is a result of the fact that the tem-
porary shape is solely fi xed by the polymer chains, which are 
in the rubbery state at  T  deform . The so established temporary 
shape remains stable until the fi xing domains start to get fl ex-
ible, when the material is heated again to  T  deform  and in this 
way allowing the recovery of the original shape. [  22  ,  25  ,  26  ]  The 
high accuracy of the TME reported for recently introduced 
TMPs with crystallisable controlling units in combination with 
a small recovery temperature interval (  Δ   T  rec ) for completion of 
the shape change makes TMPs with crystallisable controlling 
units very attractive for biomedical applications as minimally 
invasive surgical devices. 

 Here, we report on a thermoplastic elastomer based on 
biocompatible polymer segments and a set of temperature-
memory (TM) demonstrator devices. Our structural concept for 
the thermoplastic TMP is a multiblock copolymer consisting of 
two different crystallizable segments. The hard segments asso-
ciated to the highest melting temperature determine the per-
manent shape of the material. The second type of crystallizable 
segment acts as TME controlling segments. The related melting 
temperature range should be lower than for the hard segment 
 T  m -range, but at the same time both temperature ranges should 
partly overlap. 

 In this way the hard segments can support the TME by for-
mation of crystallites in the upper temperature range of the 
deformation temperature  T  deform . Another essential selection 
criterion of the melting temperature ranges is that the resulting 
response temperatures, which should be adjustable, are in the 
desired clinically relevant temperature range. 

 The multiblock copolymers (named PDLCL) were synthe-
sized by co-condensation of two segment forming macrodiols 
and an aliphatic diisocyanate according to the method described 
in. [  27  ]  A biocompatible poly(  ε  -caprolactone)diol (PCL) [  28  ]  
macromer with a melting temperature ( T  m ) slightly above body 
temperature was selected as crystallizable switching segment 
and biocompatible poly( ω -pentadecalactone) (PPDL) [  29  ]  was 
selected as hard segment forming component. 

 The temperature-memory properties of the prepared copoly-
esterurethanes were explored using cyclic, thermomechanical 
tests consisting of a TMCP where the TME is created by vari-
ation of  T  deform , followed by a recovery module either under 
stress-free conditions or constant strain conditions for determi-
nation of the response temperatures. 

 Finally, the applicability of such biocompatible tempera-
ture-memory thermoplastics was investigated using three 
temperature-memory catheter concepts. 

   2. Results and Discussion 

   2.1. Thermoplastic Temperature-Memory Polymers 

  A series of biocompatible copolyesterurethanes containing 
crystallizable switching and hard segments was synthesized 
by co-condensation of two macrodiols with an aliphatic diiso-
cyanate. [  27  ]  In this study PPDL-diol with an apparent average 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
molecular weight of  M  n  ( app )  =  5600 g mol  − 1  and a  T  m   =  
91  ° C, which was prepared by ring-opening polymerization 
of  ω -pentadecalactone with ethylene glycol as initiator was 
utilized. A crystallizable switching segment was realized by 
incorporation of poly(  ε  -caprolactone) segments (PCL,  M  n   =  
3000 g mol  − 1 ,  T  m   =  43  ° C). The resulting copolyesterurethanes 
were named PDLCL. This chemical structure is displayed in 
Supporting Information Figure S1. In this study the impact of 
the hard segment content on the temperature-memory capability 
of the thermoplastics was investigated by variation of the PPDL 
hard segment contents in the range from 30 wt% to 60 wt%. 

 The composition (PPDL content) of the copolyesterurethanes 
was confi rmed by  1 H-NMR from the signals at   δ    =  1.25 ppm 
(PPDL) and   δ    =  1.39 ppm (PCL) as described in Supporting 
Information Method 1. The characteristic thermal and mechan-
ical properties of the different PDLCL materials were reported 
in [  27  ]  and are summarized in Supporting Information Table S1. 
For all multiblock copolymers, two melting transitions ( T  m ) as 
well as two crystallization transitions ( T  c ) are observed in the 
DSC thermograms, which demonstrate the occurrence of crys-
talline PCL and PPDL domains. The melting transition related 
to the PCL controlling units covered a temperature range of 
   Δ    T  m   ≈  35  ° C starting from 20  ° C with a broad peak having a 
maximum around  T  m,PCL   =  44  ° C, while the peak maximum of 
the melting transition attributed to the PPDL was observed at 
 T  m,PPDL   =  81  ° C to 86  ° C with a    Δ    T  m   ≈  35  ° C. From the DSC an 
overlap of both melting transitions was apparent in the tem-
perature regime from 50  ° C to 70  ° C. The obtained  T  m s were 
almost independent from the composition of the PDLCL mate-
rial. Furthermore, in dynamic mechanical analysis at varied 
temperature (DMTA) measurements, a glass transition was 
observed as maximum of the tan   δ   -temperature-curve.  T  max, δ   
was in the range from −33  ° C to −22  ° C, whereby  T  max, δ   was 
found to increase with increasing PPDL hard segment content. 
Therefore, the glass transition might be attributed to a mixed 
amorphous phase. The evaluation of the temperature-memory 
capability of PDLCL was performed in the melting temperature 
range of the PCL segments from 25  ° C to 55  ° C. 

 The infl uence of variations of the hard segment contents on 
structural changes was examined by determining the overall 
degree of crystallinity (DOC) via wide angle X-ray scattering 
(WAXS). Here, the isomorphous crystal structure of poly(  ε  -
caprolactone) and poly( ω -pentadecalactone) [  30–34  ]  caused an over-
lapping of appropriate diffraction peaks from PCL and PPDL 
and the DOC could not be separated into fractions assigned to 
these components. The obtained DOC values for the prepared 
copolyesterurethanes varied from 33  ±  1% to 39  ±  1%, whereby 
the lowest DOC was observed for PDLCL050 containing similar 
weight contents of PPDL and PCL macrodiols in the starting 
material mixture (see Supporting Information Table S1). 

    2.2. Temperature-Memory Creation Procedure 

  The concept for creating a temperature-memory capability of the 
prepared copolyesterurethanes with crystallizable switching and 
hard segments was applying a temperature-memory creation 
procedure (TMCP), where the deformation at different  T  deform  
should determine the memorized response temperatures  T  sw  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3057–3065
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    Figure  1 .     Schematic representation of a cyclic, temperature-memory test 
consisting of a temperature-memory creation procedure (TMCP) and 
recovery modules under stress-free and constant strain conditions. The 
different gray shades of the sample illustrates the applied temperatures: 
 T  high  (gray),  T  deform  (light gray) and  T  low  (dark gray). Steps 1–4 represent 
TMCP: cooling from  T  high  to  T  deform  (step 1), elongation from  ε  p  to  ε  m  at 
 T  deform  (step 2) and cooling from  T  deform  to  T  low  under constant stress  σ  m  
(step 3) followed by removing the stress at  T  low  (step 4). Step 5 represents 
the recovery modules achieved by heating from  T  low  to  T  high : under stress-
free conditions (step 5A) and under constant strain conditions (step 5B1), 
while the stress is removed to allow recovery at  T  high  (step 5B2).  
and  T  σ    ,max . The TMCP should be designed in such a way that the 
mechanical deformation is predominantly fi xed by that fraction 
of switching segment crystallites or even low melting hard seg-
ment fraction having a melting temperature close to  T  deform . 

 A schematic representation of a cyclic, temperature-memory 
test consisting of a multi-step temperature-memory creation 
procedure (TMCP) and recovery modules under stress-free and 
constant strain conditions is illustrated in  Figure    1  . In step (1) 
the test specimen is cooled from  T  high   =  70  ° C or 65  ° C, which 
was above  T  m,PCL  and below  T  m,PPDL  to the applied  T  deform . Step 2 
represents the key process of the TMCP, where the deforma-
tion to  ε  m  at  T  deform  is performed. Cooling from  T  deform  to  T  low  
© 2012 WILEY-VCH Verlag G

    Figure  2 .     Photograph series of temperature-memory demonstration exper
 T  deform   =  35  ° C (a,b) or 55  ° C (c,d) serves as thermosensitive switch that 
voltage is recorded (e);  T  deform   =  35  ° C (dotted line) and  T  deform   =  55  ° C (so

Adv. Funct. Mater. 2012, 22, 3057–3065
under constant stress  σ  m  (step 3) followed by removing the 
stress at  T  low  (step 4), whereby  T  low  was chosen below the onset 
of  T  m (PCL), completed the TMCP resulting in the fi xed tempo-
rary shape  ε  u . Recovery under stress-free conditions is achieved 
via heating from  T  low  to  T  high , whereby the original shape  ε  p  
is recovered and the switching temperature  T  sw  can be deter-
mined as infl ection point of the strain-temperature curve. [  35  ]  In 
contrast, during recovery under constant strain conditions (step 
5B1), heating from  T  low  to  T  high  is performed at fi xed strain, 
while the recovery stress is monitored, whereby the response 
temperature  T  σ    ,max  is related to the maximum recovery stress 
  σ   max . [  35  ]  Finally, removing the stress allows recovering  ε  p  at  T  high  
(step 5B2).

   The following demonstration experiment was designed to 
demonstrate the temperature-memory capability of PDLCL. A 
pre-elongated (programmed) polymer ribbon serves as ther-
mosensitive switch that activates a LED lamp at predetermined 
temperatures, while the change in voltage is recorded ( Figure    2   
and Supporting Information Video S1). In this experiment 
a PDLCL040 ribbon was deformed to    ε    m   =  150% at  T  deform   =  
35  ° C or 55  ° C, while fi xation of the temporary shape was 
achieved by cooling to  T  low   =  −10  ° C. The shape recovery of the 
PDLCL040 ribbon programmed at  T  deform   =  35  ° C activates the 
switch at 39  ° C, while for the PDLCL040 ribbon programmed at 
 T  deform   =  55  ° C, the switch is not activated until a temperature of 
54  ° C is reached. This experiment impressively demonstrated 
the temperature-memory capability of PDLCL materials after 
application of TMCP.

   To survey our assumption that step 2 during TMCP is the key 
process, which is responsible for creation of TME, wide angle 
X-ray scattering (WAXS) experiments were performed to explore 
the infl uence of the different TMCP steps on the crystallinity of 
the material. All investigated samples (PDLCL040) exhibit sim-
ilar DOC values of about 55% after fi nishing TMCP independent 
from the applied  T  deform . DOC increased during each subsequent 
step of TMCP. A major increase in DOC from values of 21%-28% 
to values of 37%–50% was obtained after step 2 (deformation at 
3059wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  3 .     a) Change in overall degree of crystallinity (DOC) determined 
via wide angle X-ray scattering (WAXS) for PDLCL040 programmed at dif-
ferent  T  deform  at different steps during TMCP. The WAXS experiments were 
performed at room temperature (original) before starting TMCP, at  T  high   =  
70  ° C, after cooling from  T  high  to  T  deform  (step 1), after elongation to     ε     m  at 
 T  deform  (step 2) and after cooling to  T  low  under constant stress (step 3). 
Dotted line with open squares:  T  deform   =  35  ° C; dashed-dotted line with 
half-fi lled squares,  T  deform   =  45  ° C; solid line with fi lled squares,  T  deform   =  
55  ° C. b) DSC thermograms obtained for PDLCL050. Heating curves from 
 T  low  to  T  high  (corresponding to step 5A, stress free recovery) after thermal 
treatment in analogy to temperature-memory programming, but without 
application of external stress. First cooling from  T  high  to  T  deform  with a 
cooling rate of 10 K min  − 1  and afterwards keeping the samples at  T  deform  
for 10 min. The included arrows indicate the shift of the melting tempera-
ture related to the temperature-memory switching segment. Solid line: 
 T  deform   =  55  ° C; dashed-dotted line:  T  deform   =  45  ° C; dotted line:  T  deform   =  
35  ° C; dashed line:  T  deform   =  25  ° C.  
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 T  deform ) ( Figure    3  a), whereby strain-induced crystallization was 
found most pronounced for  T  deform   =  35  ° C.

   In addition, DSC experiments were carried out, where the 
samples were exposed solely to the thermal treatment applied 
during TMCP, meaning without mechanical deformation 
(see Experimental section). The thermograms obtained in the 
following reheating step from  T  low  to  T  high  are displayed in 
Figure  3 b for different  T  deform . While  T  m,PPDL  is independent 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
from the applied  T  deform ,  T  m,PCL  increased with increasing  T  de-

form  up to  T  deform   =  45  ° C, whereby for  T  deform   >  25  ° C two peaks 
could be observed for the PCL related melting transition. This 
effect might be attributed to isothermal crystallization, [  36  ]  at  T  de-

form  occurring during step 1. For  T  deform   =  55  ° C the formation 
of a shoulder of the PPDL melting peak in the range of 60  ° C 
to 70  ° C was observed, which might be caused by annealing of 
PPDL crystallites. Subsequent cooling from  T  deform  to  T  low  leads 
to a second melting peak attributed to the crystallization of PCL 
segments, which are amorphous at  T  deform . Therefore, we can 
conclude that besides the prominent strain-induced crystal-
lization also thermally-induced crystallization processes could 
contribute to the formation of crystallites acting as reversible 
crosslinks, and fi xing the temporary shape during TMCP. 

 An alternative thermomechanical experiment was carried out 
to demonstrate that the deformation at  T  deform  within the    Δ    T  m  of 
the PCL switching segment is necessary for creation of TME. In 
this experiment a PDLCL040 sample was fi rst deformed at  T  high  
 =  65  ° C or 70  ° C and then cooled to  T  deform  and subsequently 
to  T  low  allowing isothermal crystallization at both temperatures. 
Three subsequent cycles under stress-free recovery conditions 
were performed, in which  T  deform  was varied from 55  ° C to 
25  ° C (2 nd  cycle) and again to 55  ° C (3 rd  cycle).  T  sw , which was 
determined in each cycle, remained constant at 56  ° C and was 
not infl uenced by variation of  T  deform  (Supporting Information 
Figure S2). This experiment demonstrates impressively that a 
solely thermal treatment at  T  deform  is not suffi cient to infl uence 
 T  sw . A specifi c thermomechanical conditioning is required to 
realize a TME, which allows memorizing  T  deform . 

    2.3. Quantifi cation of Temperature-Memory Properties 

  Temperature-memory properties of PDLCL were investigated 
by cyclic, thermomechanical tensile tests carried out on a ten-
sile tester equipped with a thermo chamber, a detailed descrip-
tion is given in the Experimental section. Each cycle consists 
of TMCP where the temperature-memory is programmed 
and a recovering module where the response temperature is 
determined. 

 Two different recovery modules were applied: stress-free 
and constant strain conditions. Under stress-free conditions 
( σ   =  0 MPa) TME is quantifi ed by determination of  T  sw . Under 
constant strain conditions, where the recovery stress is moni-
tored, the response temperature  T  σ    ,max  can be obtained at the 
maximum recovery stress   σ   max  generated during the TME (for 
details see Experimental section). Typical results obtained for 
PDLCL040 under constant strain or stress-free conditions are 
displayed in  Figure    4   for  T  deform   =  25  ° C (black line) and 55  ° C 
(gray line). The corresponding response temperatures were 
found to be in the range of the applied deformation temper-
atures ( T  deform   =  25  ° C,  T  sw   =  34  ° C,  T  σ    ,max   =  47  ° C;  T  deform   =  
55  ° C,  T  sw   =  53  ° C,  T  σ    ,max   =  65  ° C), which demonstrates the suc-
cessful temperature-memory functionalization of the copolyes-
terurethanes by application of TMCP.

   A key characteristic for the TME is the infl uence of  T  deform  
on  T  σ    ,max  and  T  sw , which is shown in  Figure    5   for PDLCL050. 
In a series of experiments (each three cycles) with PDLCL050 
 T  deform  was varied, while all other parameters were kept constant 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3057–3065
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    Figure  4 .     Quantifi cation of TME by cyclic, thermomechanical tests. 
The graphs show the second test cycle including  TMCP  (step 1–4), and 
recovery under stress-free conditions (step 5A) [a] as well as under con-
stant strain control (step 5B1) [b] with  ε  m   =  150%,  T low  =  0  ° C and  T  high   =  
65  ° C for PDLCL040. Black line:  T  deform   =  25  ° C and gray line:  T deform  =  
55  ° C.  
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    Figure  5 .      T  σ ,   max  and  T  sw  as a function of  T  deform  determined in cyclic ther-
momechnical tests for PDLCL050 with:    ε    m   =  150%,  T  low   =  0  ° C and  T  high  
 =  70  ° C, horizontal, half-fi lled squares:  T  σ ,   max , four subsequent cycles: 
 T  deform   =  55  ° C - 45  ° C - 35  ° C - 25  ° C, open squares:  T  σ ,   max  each three cycles 
at  T  deform   =  25  ° C or 35  ° C or 45  ° C or 55  ° C, vertical half-fi lled squares: 
 T  σ ,   max , four subsequent cycles:  T  deform   =  25  ° C - 35  ° C - 45  ° C - 55  ° C, 
fi lled circles:  T  sw  each three cycles at  T  deform   =  25  ° C or 35  ° C or 45  ° C or 
55  ° C. The errors for the applied  T  deform  and the determined response 
temperatures  T  sw  and  T  σ ,   max  were estimated according the accuracy of 
the thermal chamber to  ± 1  ° C and are represented by the size of the 
symbols.  
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(   ε    m   =  150%,  T  low   =  0  ° C).  T  sw  as well as  T  σ ,   max  are almost lin-
early increasing with rising  T  deform . The corresponding recovery 
curves obtained under stress-free and constant strain conditions 
are displayed in Supporting Information Figure S3. In how far 
a thermomechanical treatment previous to the current TMCP 
can infl uence the temperature-memory behavior, especially the 
observed  T  σ ,   max  was investigated in the following for PDLCL050. 
A fi rst experiment consists of four cycles where  T  deform  was 
increased by 10 K with each cycle starting from 25  ° C. In a 
second experiment also consisting of four cycles,  T  deform  was 
decreased by 10 K with each cycle starting from 55  ° C. In both 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3057–3065
experiments,  T  σ ,   max  is only infl uenced by the current  T  deform  and 
is highly reproducible for each specifi c  T  deform . This independ-
ence from the thermal history is a great advantage towards the 
applicability of this technology.

   Further characteristics for the quantifi cation of the tempera-
ture-memory effect besides the response temperatures are the 
shape fi xity rate  R  f , the shape recovery rate  R  r  and the recovery 
stress   σ   max . [  35  ]  Here  R  f  represents the accuracy of fi xing the 
applied deformation after fi nishing TMCP, which is defi ned as 
the ratio of the tensile total strain after unloading,    ε    u ( N ) and    ε    m  
according to  Equation (1) .

 Rf (N) = εu(N)
εm   

(1)
   

  The shape recovery ratio  R  r  quantifi es how well the original 
shape has been recovered and is a measure of how far a strain 
that was applied in the course of the programming is recovered 
as a result of the TME. The shape recovery ratio  R  r  is defi ned as 
the ratio of the strain in the present (Nth) cycle    ε    m –   ε    p ( N ) and the 
strain in previous cycle    ε    m –   ε    p ( N -1) according to  Equation (2) .

 
Rr (N) =

εm−ε p (N)
εm−εp (N−1)  

(2)
   

  The temperature-memory properties achieved for PDLCL 
materials with different hard segment contents, when deformed 
at  T  deform   =  55  ° C and  T  deform   =  25  ° C are summarized in  Table 1   . 
In all experiments the observed response temperatures 
were in the range of the applied deformation temperature 
( T  deform   =  25  ° C:  T  sw   =  32  ° C − 34  ° C,  T  σ    ,max   =  45  ° C–47  ° C and at  
T  deform   =  55  ° C:  T  sw   =  53  ±  1  ° C,  T  σ    ,max   =  62  ° C–65  ° C), demon-
strating that the temperature-memory capability is independent 
from the chemical composition of the copolymers. All copolyes-
terurethanes exhibited excellent shape fi xity rates in the range 
of  R  f   =  89%-99%, when deformed at 55  ° C, whereby  R  f  was 
3061wileyonlinelibrary.combH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

30

www.afm-journal.de
www.MaterialsViews.com

   Table  1.     Temperature-memory properties of copolyesterurethanes PDLCL. 

Sample ID a)   R  f (2) d)  
[%]

 R  f (3) d)  
[%]

 R  r (2) d)  
[%]

 R  r (3) d)  
[%]

 T  sw (2) e)  
[ ° C]

 T  σ    ,max (2) e)  
[ ° C]

  σ   max  (2) e)  
[MPa]

PDLCL060 b) 89  ±  2 89  ±  2 94  ±  2 98  ±  2 53  ±  1 65  ±  1 # 3.2  ±  0.2

PDLCL050 b) 93  ±  2 92  ±  2 96  ±  2 98  ±  2 53  ±  1 65  ±  1 # 2.5 ±  0.2

PDLCL040 b) 93  ±  2 93  ±  2 97  ±  2 99  ±  2 53  ±  1 65  ±  1 # 2.6 ±  0.2

PDLCL030 b) 99  ±  2 99  ±  2 97  ±  2 98  ±  2 53  ±  1 62  ±  1 # 1.9 ±  0.2

PDLCL060 c) 70  ±  2 69  ±  2 96  ±  2 96  ±  2 32  ±  1 46  ±  1 ∗ 2.8 ±  0.2

PDLCL050 c) 70  ±  2 69  ±  2 95  ±  2 96  ±  2 32  ±  1 45  ±  1 3.2 ±  0.2

PDLCL040 c) 71  ±  2 71  ±  2 91  ±  2 94  ±  2 34  ±  1 47  ±  1 3.5 ±  0.2

PDLCL030 c) 71  ±  2 71  ±  2 98  ±  2 98  ±  2 33  ±  1 45  ±  1 3.2 ±  0.2

    a) The three-digit number gives the weight content of PPDL in wt% related to the starting material composition of PPDL and PCL diols;      b) Programming at  T  deform   =  55  ° C, 
recovery at  T  high   =  65  ° C ( #  T  high   =  70  ° C);      c) Programming at  T  deform   =  25  ° C, recovery at  T  high   =  65  ° C (  ∗   T  high   =  55  ° C);      d)  R  r  (shape recovery rate),  R  f  (shape fi xity rate) and  T  sw  
determined by cyclic, thermomechanical experiments for cycle N  =  2 and N  =  3 applying the recovery module under stress-free conditions;      e)  T   σ ,max  and   σ   max  resulting from 
recovery experiments under constant strain control for cycle N  =  2. In all experiments    ε    m   =  150%,  T  low   =  0  ° C are fi xed. The denoted errors for the single experiments are 
estimated to  ±  2% for  R  r  and  R  f , and  ±  1  ° C for  T  sw  and  T   σ ,max .   
found to increase systematically with increasing PCL switching 
segment content. In contrast signifi cant lower  R  f  values 
around 70%–77% were obtained for samples functionalized at 
 T  deform   =  25  ° C, which were independent from the materials 
composition. The difference in the observed  R  f  at different  
T  deform  can be explained by a higher rubber elastic relaxation in 
the cold drawing process at 25  ° C compared to the situation at 
 T  deform   =  55  ° C.  

 Excellent shape recovery rates  R  r  in the range of  R  r   =  91%-
98% were achieved for all samples independent from the 
applied deformation temperature. Recovery experiments under 
constant strain conditions showed a moderate decrease of   σ   max  
generated during TME with increasing  T  deform  from 25  ° C to 
55  ° C for all copolyesterurethanes (see Table  1 ). While   σ   max  at 
 T  deform   =  25  ° C was almost independent from the copolymer 
composition at  T  deform   =  55  ° C an increase in   σ   max  with rising 
PPDL content was observed, which can be attributed to an 
increasing contribution of PPDL domains to the TME. 

 To prove our concept that the realization of TME in ther-
moplastic polymers with crystallizable switching segments 
requires a crystallizable hard segment, which has a similar 
crystal structure, whereby the melting transitions of both seg-
ments should partly overlap, and in this way should support 
the TME by formation of crystallites in the upper temperature 
range of the response temperature in combination with a spe-
cifi c TMCP, we investigated the temperature-memory capability 
of established degradable and biocompatible thermoplastic 
copolyesterurethanes, which show no overlap of the melting 
transitions related to the switching and hard segments. Here, 
we chose a multiblock copolymer containing poly( p -dioxanone) 
(PPDO) hard segments and poly( ε -caprolactone) switching seg-
ments with a PCL content of 48 wt-% named PDC048, which 
was prepared according to the method described by Lendlein 
et al. [  18  ]  (Supporting Information Method S2). The DSC heating 
curve obtained in the 2 nd  heating run is displayed in Supporting 
Information Figure S4 in comparison to the DSC thermogram 
of PDLCL050. Here no overlap of the PCL and PPDO melting 
transitions could be observed, although crystallization of PPDO 
62 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
occurred when the temperature reaches the onset of the PCL 
melting transition. In contrast, the PDLCL050 exhibited an 
overlap of the PCL and PPDL melting transitions in the tem-
perature range from 50  ° C to 70  ° C. The temperature-memory 
experiments for PDC048 (Supporting Information Method S3) 
did not show a pronounced TME. Only a slight shift in  T  sw  
from 27  ° C to 36  ° C could be achieved, when  T  deform  was varied 
from 15  ° C to 55  ° C (see Supporting Information Figure S5). 
We assume that the absence of TME capability for PDC048 can 
be attributed to the missing overlap of the melting transitions 
of PCL and PPDO, which might be a result of a better phase 
separated morphology of PDC048 in comparison to PDLCL050. 
Further indications for a difference in the phase morphology 
of PDC and PDLCL copolyesterurethanes are the observation 
of two separated glass transitions in case of PDC, [  18  ]  while for 
PDLCL a mixed glass transition is obtained [  27  ]  or the fact that 
the WAXS diffraction peaks from PCL and PPDL could not be 
separated, whereas for PDC a separation of the PPDO and PCL 
signals was reported. [  37  ]  Therefore, we conclude that the crystal-
line PPDO segments could not contribute to the temperature-
memory capability of PDC048 and a TME could only be achieved 
within the melting temperature range of the crystalline PCL. 

 The feasibility of the TMP technology for intelligent medical 
devices, such as instruments for minimally invasive surgical 
procedures, was explored. For this purpose three temperature-
memory catheter (TM-catheter) concepts (1 st : individually 
programmable TM-catheter, 2 nd : in-situ programmable TM-
catheter and 3 rd : intelligent drainage catheter) fabricated from 
PDLCL050 were investigated as demonstration devices. 

 The individually programmable TM-catheter will enable the 
surgeon to adapt the catheters geometry and response tempera-
ture according to the individual needs of the patient in situ in 
the surgical procedure. With such a TM-catheter the operator 
can predetermine the response temperature  T  sw  of the catheter 
by the choice of  T  deform  applied during TMCP. In the demon-
stration experiment an originally 90 °  bent TM-catheter was 
temporary straightened at  T  deform   =  37  ° C or 49  ° C. The working 
principle of the individually programmable TM-catheter is 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3057–3065
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    Figure  6 .     Photograph series of an individually programmable TM-catheter fabricated from PDLCL050. The programmed catheter is introduced in a 
water bath at 37  ° C. In addition, the catheter can be rinsed with warmed water (here 47  ° C). The images (a,b) show that the TM-catheter, which was 
programmed at 37  ° C, bends when introduced in the 37  ° C warm water bath. The photographs (c,d) illustrate that the TM-catheter, which was pro-
grammed at 49  ° C, remains form stable at body temperature. On demand movement (bending) was initiated by rinsing with 47  ° C warm water.  
visualized in Supporting Information Video S2 and the photo 
series displayed in  Figure    6  a–d. While the catheter, which was 
functionalized at 37  ° C bent when introduced into the 37  ° C 
warm water bath, the same catheter was form stable at body 
temperature when TMCP was performed at  T  deform   =  49  ° C 
before and could only be activated by rinsing with warm water 
of the same temperature (47  ° C) through the catheter. Here, 
a response temperature  < 50  ° C was selected as suitable tem-
perature, which could be applied for a short time period inside 
the body according to work about a laser-activated intravascular 
thrombectomy device reported by Maitland et al. [  38  ] 

   As a second TM-catheter concept, we explored an in-situ pro-
grammable TM-catheter (Supporting Information Video S3 and 
 Figure    7  a–d) to demonstrate the capability of programming a 
TME inside the human body, which might be applied for tem-
porary fi xation of an implant, and can be removed afterwards 
on demand by activation of the TME. Here, the originally 90 °  
bent TM-catheter was temporary straightened at  T  deform   =  37  ° C. 
Bending was induced by heating to 37  ° C in a water bath. In 
the next step a further temperature-memory functionaliza-
tion of the catheter, which was kept at body temperature, was 
performed by rinsing the catheter with 49  ° C warmed water, 
expanding the catheter tail at  T  deform   =  49  ° C and subsequent 
cooling by rinsing with water of 10  ° C while keeping the defor-
mation. After removal of the expansion device the temporary 
expanded catheter tail is achieved and in this way the TM-
catheter was fi xed and could not be pulled out. Reheating the 
catheter to 49  ° C via rinsing again with warmed water caused 
the shrinkage of the catheter tail and therefore the in-situ pro-
grammed device could be removed easily.
© 2012 WILEY-VCH Verlag Gm

    Figure  7 .     Photograph series of an in-situ programmable TM-catheter prepa
when heated to body temperature (a). Afterwards the catheter tail is progra
by rinsing the catheter with warmed water (b) and subsequent cooling by r
removal of the expansion device a TM-catheter with a temporary expanded
to 50  ° C via rinsing with warmed water caused a shrinkage of the temporar
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   Finally, the applicability of the TMP technology was explored 
as an intelligent drainage catheter system for gastroenterolog-
ical applications. The intelligent drainage catheter was designed 
in such a way that both a TME controlled pigtail formation as 
well as on demand opening of drainage pores can be realized. 
The system consisted of a TM-catheter, which was originally 
shaped as catheter with a pigtail winded in two turns and three 
opened drainage pores, and a conventional PTFE-tube inserted 
into the TM-catheter. The intelligent drainage catheter was pro-
grammed by application of a two step TMCP, where the pores 
were closed and a single winded pigtail was created at  T  deform   =  
60  ° C in step one, while the whole catheter was straightened 
at  T  deform   =  37  ° C in the fi nal programming step. When heated 
to body temperature in a water bath a pigtail with a single turn 
was formed. A further pigtail winding was achieved as well as a 
fi rst pore was opened by rinsing the TM-catheter via an inserted 
PTFE- tube, which was placed above the fi rst pore, with 60  ° C 
warm water. Pulling back the PTFE-tube, while continuously 
rinsing with 60  ° C warm water, resulted in opening of the two 
other pores. The working principle of the intelligent drainage 
catheter system is visualized in Supporting Information Video 
S4 and the photo series displayed in  Figure    8  a–d.

      3. Conclusion 

 A family of thermoplastic copolyesterurethanes PDLCL con-
sisting of biocompatible crystallizable PCL switching and 
PPDL hard segments was introduced exhibiting a pronounced 
temperature-memory effect. In this way  T  sw  as well as  T  σ ,   max  
3063wileyonlinelibrary.combH & Co. KGaA, Weinheim

red from PDLCL050. A TM-catheter programmed at 37  ° C before, bent fi rst 
mmed in-situ by expanding the tail at  T  deform   =  49  ° C, which was reached 

insing the catheter with cold water (10  ° C), while keeping the strain. After 
 tail is achieved, which could not be pulled out (c). Reheating the catheter 
y expanded catheter tail and the device could be removed easily (d).  
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    Figure  8 .     Photograph series of a pigtail TM-catheter containing three pores for application as intelligent drainage catheter fabricated from PDLCL050. 
The TM-catheter was initially straightened up to one pigtail at  T  deform   =  60  ° C, while a complete straightening was performed at  T  deform   =  37  ° C. The 
programming (closing) of the pores was conducted at  T  deform   =  60  ° C. (a). When heated to body temperature the catheter tip turned into a single coil 
(b). A further pigtail winding was achieved and the fi rst pore was opened by rinsing the TM-catheter with 60  ° C warm water via an inserted PTFE-tube, 
whereby the tube opening was located in between the fi rst and the second pore of the catheter. (c). Finally, pulling back the PTFE-tube while continu-
ously rinsing with 60  ° C warm water resulted in opening of the remaining two pores (d).  
could be controlled systematically in the range from 32  ° C to 
65  ° C by variation of  T  deform  during TMCP. The high accuracy 
of the TME as well as a rather simple programming technology, 
which could be performed by the surgeons in the operating the-
atre as well as the opportunity to perform in-situ programming 
inside the human body makes such biocompatible polymers 
promising candidate materials for application in minimally 
invasive medical technologies. 

 The TME working principle was successfully demonstrated 
for temperature-memory catheters that could be utilized for 
custom-fi t placement of the device or temporary fi xation. 
Finally, an intelligent drainage pigtail catheter for gastroenter-
ology was explored. 

 As the presented temperature-memory copolyesterurethanes 
will allow the realization of different medical devices with 
the same polymer material, only a single approval process is 
required, which currently represents a major hurdle for realiza-
tion of novel medical devices. 

 In a next step, the outcome of this work needs to be trans-
ferred into processes suitable for a small series production, 
which is required for preclinical and clinical evaluation of such 
intelligent catheters. 

   4. Experimental Section 
  Synthesis : Copolyesterurethanes were prepared as reported 

previously. [  27  ]  In the following, the synthesis is exemplarily 
described for PDLCL040: 20 g PPDL-diol ( M  n   =  5600 g mol  − 1  and 
 T  m   =  91  ° C, which was prepared by ring-opening polymerization of 
 ω -pentadecalactone with ethylene glycol as initiator), [  27  ]  30 g PCL-diol 
( M  n   =  3000 g mol  − 1  and  T  m   =  43  ° C; Solvay, Warringthon, UK) and 4,4 g 
2,2,(4),4-trimethylhexanediisocyanat (TMDI, purity  > 99%, Fluka, 
Taufkirchen, Germany) were reacted in 1,2-dichlorethane at 80  ° C for 
10 days. The product was obtained by precipitation in methanol 
at −10  ° C (Yield 91%). 

  Differential Scanning Calorimetry : DSC experiments were performed on 
a Netzsch DSC 204 Phoenix (Selb, Germany). Thermal characterization 
comprised heating from 20  ° C to 150  ° C, then cooling down to 
−100  ° C and reheating to 150  ° C (2 nd  heating). Thermal transitions 
were determined from the second heating run. All heating and cooling 
procedures were performed with a constant heating and cooling rate of 
10 K min  − 1 . For TME related DSC experiments the samples were fi rst 
cooled from room temperature to −100  ° C and then heated to 150  ° C 
applying a constant heating and cooling rate of 10 K min  − 1 . After cooling 
to 70  ° C ( T  high ) with 10 K min  − 1  and isothermal storage for 10 min, the 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
samples were rapidly cooled to the desired  T  deform  with 50 K min  − 1 . The 
isothermal conditioning at  T  deform  is performed for 10 min followed by 
cooling down to 0  ° C ( T  low ) with 50 K min  − 1  and subsequent isothermal 
treatment for 10 min. Thermal transitions and melting enthalpies were 
determined while heating to 150  ° C with a heating rate of 10 K min  − 1 . 

  Wide Angle X-ray Scattering  :  The WAXS measurements were carried 
out on a X-ray diffraction system Bruker D8 Discover with a two-
dimensional detector from Bruker AXS (Karlsruhe, Germany). The X-ray 
generator, producing copper K-alpha radiation with a wavelength of 
0.154 nm, was operated at a voltage of 40 kV and a current of 40 mA. 
A graphite monochromator and a pinhole collimator with an opening 
of 0.8 mm defi ned the optical and geometrical properties of the beam. 
A custom-built setup with a hot air gun and a stretching device with 
micrometer screws allowed X-ray diffraction measurements to be 
performed at different stages during the programming cycle of the 
samples. While a thermocouple touching the sample enabled taking 
diffraction images at defi ned temperatures ranging from 30 to 70  ° C 
( ± 4  ° C), the stretching device enabled the required 150% elongation 
of the sample. Samples with a thickness of about 0.5 to 1 mm were 
illuminated for 2 min in transmission geometry and the diffraction 
images were collected at a sample-to-detector distance of 15 cm. The 
two-dimensional diffraction images were integrated to obtain plots 
with intensity versus diffraction angle (2-theta). These profi les were 
analyzed using the Bruker software TOPAS to determine the degree of 
crystallinity, which is the ratio between the area of crystalline peaks and 
the total area below the diffraction curve (area of crystalline peaks plus 
area of the amorphous halo). 

  Cyclic Thermomechanical Tests for Determination of Temperature-Memory 
Properties : Cyclic, thermomechanical tensile tests were performed on 
the tensile tester Zwick Z1.0 or Z005 (Zwick, Ulm, Germany) equipped 
with a thermo chamber and a temperature controller (Eurotherm Regler, 
Limburg, Germany). Test specimens were produced with a polymer 
press (type 200 E, Dr. Collin, Ebersberg, Germany) at 100  ° C under a 
pressure of 90 bar for 4 min. The fi lm thickness was typically between 
0.4 and 0.6 mm. Specimen type 1BB according to European Standard 
for tensile test (DIN EN ISO1BB) were cut with a punching tool, l 0   =  
20 mm, width 2 mm. 

 Each cycle consisted of a TMCP module for creating the temperature-
memory capability and a recovery module where  T  sw  (stress-free 
conditions) or  T   σ ,max  (constant strain conditions) was determined. Every 
recovery module was completed by a waiting period of 10 min. The 
cycles were repeated three times per test. In all thermomechanical tests 
the fi rst cycle was applied as pre-conditioning procedure, while the data 
were determined in the 2 nd  and 3 rd  cycle. 

  TMCP-module : The specimen was cooled form  T  high  (65  ° C or 70  ° C) 
to  T  deform , and deformed at  T  deform  to  ε  m   =  150%, where the strain was 
kept constant for 5 min to allow relaxation. In the following the sample 
was cooled down to  T  low   =  0  ° C and equilibrated for 10 min at  T  low . 
Finally, the stress was removed and the elongation of the sample in the 
temporary  ε  u  was determined. 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3057–3065
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