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Establishing the switching temperature (Teuitch OF To.max) in the case of shape memory
polymers with a thermal shape memory effect and composites thereof has to date required a
chemical modification of the polymer, in particular of the switching segment, and an
associated change in the transition temperature (Tyans) (€.9. Lendlein & Kelch, Angew.
Chem. Int. Ed. Engl. 2002, 41, 2034-2057; Behl & Lendlein, Soft Matter 2007, 1, 58-67).
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by carrying out an incomplete programming cycle (Zheng et al.: Appl. Phys. Lett. 2004, 84
31-33).
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In the context of the present invention, switching temperature is understood as meaning the
recovery temperature at which the shape transition from the temporary shape to the
permanent shape takes place. If the recovery takes place in the absence of a load, the
switching temperature T is obtained from the point of inflection of the strain-temperature
curve. In the case of reheating under an applied load, i.e. in the case of constant shape, the

switching temperature T,ma, corresponds to the maximum of the stress-temperature curve
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shape memory polymers the temperature memory, results. The temperature memory
describes the ability of a shape memory polymer to “perceive” the programming
temperature. Thus, it is possible for the first time to establish the switching temperature of
the switching segment of shape memory polymers by means of variation of the programming
temperature without carrying out a chemical modification of the shape memory polymer.
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The method according to the invention makes it possible to program an individual shape
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Figure 3 shows the relationship between the programming temperature Torog @nd the
switching temperature T ..« determined on recovery in the absence of a load
(square symbols) and the switching temperature Ty, determinéd on recovery
under load (solid circles) for a PDLCL multiblock copolymer (50% by weight of
PPDL), which was programmed in four successive programming cycles at

increasing T,q (vertically half-filled squares) or decreasing T, (horizontally half-
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Figure 5 shows strain-tenperature curves (top) and
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In addition to their current, temporary shape (A), shape memory polymers are capable of
storing a further, permanent shape (B) which they assume again after application of an
external stimulus, e.g. temperature increase. The present invention relates to polymers
(including composites thereof) which show a thermally induced shape memory effect.

Shape memory polymers have the ability to assume a defined, temporarily fixed shape (A)
after appropriate thermomechanical treatment and to return to their original form (B) after
heating above the switching temperature. The shape memory polymers which show a
thermally induced shape memory effect may be either covalent polymer networks (e.g.

thermosets, photosets), thermoplastic elastomers (e.g. multiblock copolymers, polyester
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The substantial innovation of the method described here for generating temperature memory
behavior of shape memory polymers lies in the introduction of a novel parameter in the
programming, the programming temperature, which was varied systematically in the range
of, for example, 50 K. The investigations of temperature memory were carried out on
different shape memory polymers comprising semicrystalline or amorphous switching
segments. The underlying principle of operation is demonstrated by way of example using
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.Synthesis: For the experiments, a series of PDLCL
copol ynmers having different proportions of swtching
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sectios,vedre carigdront.experi ments carried out were divided into
a programmi ng nethod for converting the test _
specinmens into a tenporary shape and the triggering of

In the bRr&MMGY, each test specimen was first heated to the programming temperature
(Torog, Variable) and then extended at this temperature to a predetermined strain (gm = 150%,
constant parameter). This was followed by fhe fixing of the temporary shape by cooling to
Tiow= 0°C (constant parameter) while maintaining the forced shaping. The substantial
innovation in the programming step is the introduction of a novel, variable parameter, the
programming temperature Twg, and a systematic variation for achieving a predetermined
switching temperature (Tsyitch, Tomax). FOr the PDLCL copolymers, the programming
temperatures Tyoq = 25°C, 35°C, 45°C and 55°C were used in each case.

The subsequent recovery process for recovering the original permanent form of the test

specimens was effected by heating to the recovery temperature Thigh = 70°C (constant
parameter). Measured quantities here were the switching temperature Tqyitcn OF Ty max
resulting from the chosen programming temperature Torog. In the case of the stress-free
recovery (6 = 0 Mpa), the characteristic switching temperature Tewitcn iS Obtained from the
point of inflection of the strain-temperature curve. In the case of the recovery under load, the

stress-temperature curve has a characteristic maximum (T,

c,max)-
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.menory effect for recovery of the permanent shape. The
i nvestigation of the recovery was effected in the
absence of stress as well as under a predeterm ned
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nmeasured stress nodul us a. The programr ng process
takes place in the figures in each case between 0 and
about 1000 s and the recovery in the subsequent phase
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experinments carried out inpressively show that both
the switching tenperature TsWtch during the
stress-free recovery and the characteristic maxi mum
T,max in the case of recovery
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.under | oad can be established independently of the
conposition of the copolyners by the choice of the
programming tenperature TPro9 in the range from 25C to
55C in the case of PDLCL copolyners The aver aged
Tame?esults are listed in table 2 for all of the PDLCL
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comparedt mnfiguje al(alsmﬁéﬁwtableﬁﬂc 3) Progranming at Tprog =
25C, recovery at Thigh = 65C For the exanple of the
PDLCL copol ynmer with 50% proportion of PPDL, the

In supplefmpeataanexperiments witherasovery witbostload: she influérioe of the

e A Ao PR 20 BT 25 2o hbrr

materials was investigated for the example of PDLCLO050. For this purpose, the

programming temperature was systematically changed in four successive cycles during an
experiment. In a first experiment, the programming temperature T,,,, was systematically
increased with increasing cycle number (cycle 1 = 25°C, cycle 2 = 35°C, cycle 3 = 45°C,
cycle 4 = 55°C) and in a second experiment the effect of the systematic lowering of the
programming temperature during successive cycles was investigated (cycle 1 = 55°C,
cycle 2 = 45°C, cycle 3 = 35°C, cycle 4 = 25°C).

The results are shown in table 3 and figure 3. In all experiments, a linear correlation between
the programming temperature used and the resulting switching temperature T.max OF Tswitch
(Tsw in figure 3) could be found, independently of the thermomechanical history. This result
confirms a universal applicability of the process described for generating a temperature
memory effect in shape memory polymers héving semicrystalline switching segments which
have a melting point as a transition temperature (Tyans = Tr).
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.I'n suppl ementary experinments with recovery w thout
| oad, the influence of the thernonechanical history
on the tenperature nmenory (TQ max) of the shape nenory
materials was investigated for the exanple of

Table BDLCL050. For this pur pose, the progranm ng

Le al ufl Vde Sl €11 Ibal CiTaITgeu 1
Psqagggssi ve ié(duri JJéxperl #Emt-x/ll a fi dswitch/ °C
EXPETTTTET, 1:—,; progr amrr Lcllpcl atut Tprog—was
s§§t emat i cal I increased Wth i ncrea3|6r§ cycl e nunbér
gclel-ZSscycIe2—§§C cycle 3 & 45C, cycle 4
5C) and in a second experinment the effect of the
syst ematic | ogering of thes2programingx enper at ure,,
duri ng successive cycles was |nvestigated (cycle 1=
538, cycle 244 45C, cycle43 = 35C, cyd®e 4 = 250). 34
—'Lh.g_pgs_u.l_t,s_a.pe_s_h.g.wn_pn_t_ahlo 3 _and flmlrp 3 1In all
" Syste@u@ARdre@RBirSthe Broyian®arg eMpératual T,o0 bet ween t he
* SysteREROBRSHRG Bthé BRIBRAMiMY €mpsadreamyd, t he resul ting
svmtchl ng terrperature Ta, max or QI'swtch (Tswin

| d be found, independently of the
In addtﬂ?@r Wﬁnﬁteh'!aw. ebiheferapeyafiire mﬂr@,orv wag investigated pyrstogng in each

case 84riSE $RDLGLIM0) pASYrhmined Gl 254 aRd QP@?@: fBe3ce 4 BS#28 85ys at 10°C

gener ati ng a tenperature  nenor ect in sh ape

befor%ﬁﬁ?spvsaﬂ %ﬁeﬁf@gw&mbm@egtéﬂﬁ @r%éaﬂ‘? FREO¥GHYHtempaigtures were
compér@g WA tSotyf %Empt&vﬁo&aﬁﬁﬂéd |Hﬁné29ét€|§/ b@?or@ thd @Eﬁﬁér&f_%‘elther the

enperature (Ttrans = Tm Tprog /
SamP'PS eropianes ag2s° Grawétaos}e m&g@\vm%ﬁt 55 € showega ¢ifereBes i their
recov bahaws 59 49 35 50 52 52 42 25 44 43 45 34
#Systematic increase in the programm ng tenperature
Tprog Systematic |owering of the progranm ng

For dérﬁéﬁ%‘%ﬂrﬁgﬂh@ témpefitdrd natidr icfBet df |§ﬁape°‘ friebdry b&ﬂémgfs \M'ﬂ’?lﬁegard to

mperat ure nenory was | nvest [ gat ed storin

POSS'%gepltsaH%Wpf%therms \ﬁer@giaarmwt n exE@rimentaliseBH which
the prB@Fam?nedltéslad'ﬁéc%gergamée Qﬁov%Qﬁscﬁ’&foﬂf Scttdi& {e ?‘éﬁ\‘ﬁ[&é A 3or and

triggered by heatin recovery erat ures

tnggewgn trte(g,fﬁgqvgﬂy Y qmtgchwgg@ |§1'cogrgﬁﬁ§det§ qor,egd.r@rwgg developed. This
experinfBFe Wa@tcﬁllri\éd Rt RAtE tid sl SERIRENS oftigd £ I){rﬁ%?%)ﬁﬁ_moe@hlch

programed at 25C nor those progranmme
were gjtemaadeat differenttpiegramming: tempeyatirels dVig = 3526rand Tpog = 55°C) to &n =

150%CRARISTE E@+lé&‘ Wnhd ?naﬁrﬁgﬁﬁgglﬁ grfc‘frgé@gﬁgd’ngeflrt ﬁ%tex%en%hﬁt%?setup, a

thermal coup?:e was addltlonally integrated for monitoring the temperature on the test

specimen (temperature sensor) so that the recovery temperature on transition to the
shortened permanent shape could be determined during the subsequent heating. As shown
in figure 4, the temperature sensor (SMP) switches at different temperatures depending on
the previously chosen programming temperature. For Ty = 35°C, the switching
temperature is about 42°C (Fig. 4a and 4b) and for T,oq = 55°C the switching temperature is
about 56°C (Fig. 4c and 4d). This experiment shows the applicability of the method
according to the invention for producing a reprogrammable overheating switch which

switches at predetermined variable temperatures without changing the shape memory
material.

A further potential application of the programming method according to the invention relates
to intelligent medical devices, in particular instruments for minimally invasive surgical

procedures. For this purpose, an “intelligent” cable was produced from PDLCLO60 in a
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.possi bl e applications, further experinents were

carried out. An experinental setup in which the

programed test speci nmens (see above description) act

as a tenperature sensor and trigger, upon their
Pefmaﬂ@é&bé?%/curae%w thar\mwamthe@ aooMerdert inth a straightedmpBRrywaisape at

oy =39 t ‘
Toes = oSG o e RN E B3 B Bl R a1 q fp urved
shape é@qk@lﬁr@cat@ts low g8 @pémtenpneo@neamhmgacbeerp of atemeemaﬁamrshgpe in the
Ft !
case e ﬁﬁgbwﬁga%%aﬁ%% \'# or ceg Wﬁ?gfpél'ﬁga/g dﬁq\ﬁ@ (reS”RS ”Ot shown).
In this iy artangeied sheiop of the programating tampezatues tiasdslirgéemedn v
atu e on t est
e SRRl SO 0L i PR i e S
Implantaé'ﬁfh ap étrawét @frth@ padis iemperattice tbrhcmly sfteractveeegiigg MaBRJHtly above
the boé‘f‘@ﬁﬁ;e?é?h‘r‘ed be determ ned during the subsequent
heating. As shown in figure 4, the tenperature sensor
(SMP) switches at different tenper atures dependi ng on

Examii32; PO Y CaRaU Rt RAt Y SR kS o hung Segrment

(Fig. 4a and 4b) and for Tprog = 55C the sw tching
The tdrfSB? u Eig. and 4d) . This ,
© expe?@ﬁ%ﬁ% ﬁ?ﬁe\tﬂ/g%gﬁ{té%rggqr?téerg?ns(trﬁggdn&rhsdpoc multiblock
copolyaiec witkliarpg!y-wcaprelacione simtching segrmpestd W i="gD0d g/mol; T,, = 35°C) and a

[ tin W tch ich_ sw tches at
poW‘ng’gé&?{ar ng?bégﬁ {;\B a Té YMetedmaFt BEG)- dhgnghare memory
experlmhreils sYegp earrEtooyt anatdgeusialto tie fm&%t{lgﬂgoﬂﬁﬂééﬂéibéb utndeE ﬁxample 1

rogra net hod_according_to the
on PD Eﬁ\eeén%%’h%rse% ﬂies ProgETy mﬁ‘?ﬁ%ﬂ?‘”ﬁ%%@l = devPcésyp 7 87°C and
Torog = PATG i (tabiear 4). nElgUtﬂTEﬂﬁtﬁoﬁv@f the rrbaahﬁg/ dtrs83eM er%Hfr ' Qﬁtll strain-

edur es ar t 0 ‘intelligen
tempe B8 S UAER o TTBPG n P BIYIBD R ST niteont reafighip between
progracuming derbyer@furangewamdt ﬁé@ﬁltlﬁ@%\l\ﬁtblﬁlﬁg tbmberagure! & tﬂ@ttemperature

ary shape at Tprog = 37C and 55 Wii'l e
memot{y:eg%gt;ry of the cable programmed at 37C to the curved

shape took place at as |ow as body tenperature, the
Table 4:€COVery of the permanent shape in the case of the
cabl e programmed at 55C was observabl e only above 50C
(results not shown). In this way, by a targeted
choice of the programmi ng terrperature t he surgeon can

determ eCher t r;@gjamTe rt;qbe performs the
?%Démti on_di F%"# s'%

shape_t |y on antation as a result
of the bodd5tenperatugggor onl y alfsgt{J active heating
to slightly above the body tenpe re. Exanple 2:
PDC nul ti b¥bck copol yf#5 with a sgwg:ryst al line
swi t chi ng grrent The i}gn’perature menory effect was
furthernor dermnst r af for a PD@RmIl ti bl ock
copolymer with a poly-E-caprol actone switching segnment
(M = 2000 g/rmol; Tm = 35C) and a

Example 3: Tecoflex® EG72D, multiblock copolymer with an amorphous switching
segment

The temperature memory effect for a shape memory polymer with an amorphous switching
segment having a glass transition temperature (Tg = 74°C) was demonstrated for the
example of the polyether urethane Tecoflex® [described in: Mohr et al., PNAS 2006, 103,

3540-3545]. In the corresponding shape memory experiment, the programming temperature
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.pol y- p-di oxanone rigid segnent (M = 4500 g/nol; Tm =
89C). The shape nenory experinents were carried out
anal ogously to the investigations descri bed under
exanple 1 on PDLCL copol ynmers at the progranm ng
was IOWéfﬁﬁieih éQuHrSQQCEBineg:ydeQB'Gn &Qj’Cdg 66°G 4D Erathd ZBICOThe paAGieters

- o hows t
bm = 1‘4’({/&1 S ?&é%pag]rd at“ﬂ“r_e aﬁdveg? |n8 Ha” eﬁﬁ%‘f’%‘g{ﬁlyetoﬁi‘taw&es 1and2,
both rétogsny moqwr(mrtbembsetrme of etnéss andunden &rid) wetadls00s&d for Tecoflex®

for the dELVBR o1 RE BHbBPTREPe IR TR b imeniSe ol MhedSgrasirg memory
could lmsf éhmtn byTablh@r4=e|aﬂ'¢)1$gld bét‘wé@rﬁ ﬁ@grdmrﬁin@&%@@ra‘tur@T gPused and
resulti %243@313 061% :

SUtAE RS g PPRESIYB, Torien i Tomerdk B8WSI oS oaEAgherease in the

resultlrag“ltmwmfbcbm 1s&mm:ar(roigpmgs£lmtto‘éfvempawrr9 W 2598 f&&hb{g the

effect for a mer with an anor pho

switchieFai5A /oS ATHEHTS WG B o2 gh Zearfining temarature ((able 5)
tenperature (T9 = 74C) was denonstrated for the

Table xanpl e of the pol yether urethane Tecofl ex(r)
F'described in: Mohr et at., PNAS 2006, 103,
3540-3545]. In the corresponding Shape menory
exper| menfmet he pg‘p [ mmi fen‘peri&,}me 14 mas, | over ed
in four successive c] Ies r m 80C to 60C, 40C and
25C. The pdaneter® c,, %5090 Ti®M oC alfg] Th: 9h=
90C MEfe—ﬂe{—VﬂH—ed——AfM—ege&s#y—t—e—e*amgLes_l_and 2,
both recowgry nodulgg (in the absenc% of str ]fs and
under | oad) were al so used for Tecoflex(r) or the
recovery of the original shape. In these experiments,
too, the t%¥nperatufé nenor$7 coul d e shownthy a
|'inear rel ationship between programing tenperature
Tpr g usedgand resulting t chi ngs4 enper a e Twitch
or TQ maxd1(ﬂcf fi gglrsle 6) . ,%\Wa gni fi cztant [ nclrryegse in
the resulting force froml1l.5 MPa (for Tprog = 80C) to
6.7 MPa (f&r Tprog% 25C) 8@ring th¥ sw tchifg
process was-also found wth decreasing progranm ng
t enper atRfeeepehbee BC Table 50 TP g RfF(1) Rr(1) Tfid,
Ta;nax [C] [lo] [%] [C [C] 80 100 75 66 81.9

Example 4: Composites comprising PDC multiblock copolymer with semicrystalline

PCL switching segment and magnetic iron nanoparticles

The temperature memory effect was also demonstrated for composites of different
com_positions (2% by weight, 5% by weight, 10% by weight) consisting of PDC with a poly-¢-
caprolactone switching segment (M, = 2000 g/mo!; T,, = 35°C) and magnetic iron
nanoparticles [described in: Yakacki et al., Biomaterials 2007, 28, 2255-2263]. The shape
memory experiments were carried out analogously to the investigations described under
example 1 on PDLCL copolymers, at the programming temperatures Terog = 25°C, and

Torog = 55°C (& = 150%, Tiow= 0°C, Thignh = 65°C constant for all experiments).

In all experiments, the observed switching temperatures were independent of the
composition of the composites. For T, = 25°C, the resulting switching temperature Tqyicn
was about 37°C and T;,max Was from 38°C to 40°C. At Ty = 55°C, a correspondingly higher
switching temperature Tsyicn Of about 42°C and T ey of from 57°C to 60°C were, as
expected, observable (cf. figure 7 and table 6).
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60 97 97 60 63.7 40 96 97 52 47.7 25 94 97 49 35.7

‘Recovery at _Thigh = 90C Exanpl e 4: Conposites

conprising PDC multiblock copolymer with _

sem crystalline PCL switching segnent and nmagnetic

i ron nanoparticles The tenperature nenory ef{ect was

eren

. Thesefbleé@r(l)rglér?flgg%&ﬂ?&ﬁ?@oofha?ﬂg?ﬁégbﬁésg\%gg mr Gefigtatigy the temperature
memopis @ﬁp)effggwg |gtthq1@a3@fof PDEpevmemagy pallyneEcoropgsiek ATHe e isive
advan&igk (of BiidHconfiEReY is(dMie ag%ﬂqge Fﬁé:ggﬂatt e &ap%S L{Qg\k;%rgqg without

netic iron nanopart Cri
°°”"a°éffgm (B rrBRRTYANEP OBIo thsorigingshape®). The shape
menory experinments were carried out anal ogously to the
jnvestigations described under exanple 1 on PDLCL_
Tab'e@opol ymers, at the programm ng tenperatures Tprog =

256—ane—TFprog—55C(En = 150% T oW 0C_ Thigh =

65C ¥opetidnt Thed al T,Jn@xperar,mant s) In alrim‘expe&l nents,
Semplefibfe 0BEEVed myi t chio eg at ur sl °vver§ ndepgn]ent P4

of th@w%porrposnl on o rrposPt es of Tpr gf

206+t he reosuylti Ag SWi-t r‘hl ng t enper ature TSWtch was

ZIJC, CHC—T

pocomBlout 37C andszBa, mazggnas f gom 38&:0‘3@1 40Gys At TREOY = .
swi-tching tenper ature
PoCOEB\VY t chrof abmat 42@snd Tazmax pedoft oms87C t 0 ¢6PC 26
were, as expected, observable (cf. figure 7 and table
PDCOG)!  154These i@xperi et s chear| ypabdved 46 hat t Rey 24
t hod described for generating the tenperature
PDCUEE]rmry?ﬁs al sB.3ef f ed3 ve i st hepml of aghape mejmry 20
[] TheﬁQJ d‘@f@ﬂmb@r%@ﬁ brt.mp%ﬁon th’ll%SQ ? ¥1§s in ;afagt g E.ghtolf Qoﬁte
[b] Progeonip@s fkses 5 105 reomgan agamc o @dring i1, ihe > Yecds L= 65°C.
*Determurt Ry AP A R RIEHOUL  cont act from t e femporary st af)
(A) to the original shape (B). Table 6: Ncswparh' cfe
T, h T-J- amax T h T a Sanpl el Dt h] {(,30nt e]nt Sgng)IOSOG
Exam mp ¢ ing POLCLGhu[tBlo¢kbdpolymers] *
n|rh;r]§ EQ%?F6P;E9M§S ?qPDCO001 ] 42.5 60.2 3.0 PDC0021b]
1.7 37.0 40.5 4.2 PDCOO2[ '] 43.1 60,7 2,6 PDC0051'1
Synthesisx 38.2 38.6 3-7 PDC0051'] 42,1 573 2,4

The preparation of PDLCL foams was effected by the pressure quench process with the use
of supercritical CO, (cf. Singh et al., Biomaterials 2004. 25, 2611-2617 or Weigel et al.,
Expert Rev. Med. Devices 2006, 3 (6), 835-851). A multiblock copolymer having a proportion
of 40% of PPDL according to example 1 was used (M, =100 000 g/mol). The synthesis was
effected by reacting the telechelic macrodiols poly-g-caprolactone (M, = 3000 g/mol;

Tm = 48°C) and poly-w-decadolactone (M'n = 4300 g/mol; T, = 89°C) with 1,6-hexamethylene
diisocyanate (HDI) in dimethyl carbonate at 85°C for 72 h.

The characterization of the scaffold by means of scanning electron microscopy (SEM) shows
both closed-pore and open-pore structures of the PDLCL foam. The proportion of closed-

pore structures was about 50%. The porosity of the foam was about 90% (density =
0.1 g/mol).

- Temperature memory of PDLCL foams:
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PDCO10 ro] 9.3 37,8 38.3 3.8 PDCO O [dl 41.6 57,2 2.9
[a] The three-digit nunber gives the proportion by
MASS of nanoparticles in percentage by weight in the
onposite. [Db] Programm ng at Tprog = 55C, recovery
The shgpe TEMSY expilents farped gutenveragaat dilfiged inte-a Prdgramming method

t
oo R o AR G35 G ARG e o
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cons e TELE b By ' G o MR e
permarg;lnﬁrﬁqrm of the-tegBshecimeh pes gHeetde bﬁdebﬁﬁg tOFﬂe,.gr( M5 3hSant

. = e th di i so¢cyanat e
param&éﬂeasﬁ%g %@%ﬁa'? capaoona{;} ﬁ?gg%'ﬁgﬁfa F& Dsuteen a'?‘ﬁ & temperature
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mtor 565835 APy BB R Vi cf e,
owing tofthejlt Iowedthepnalesoaductwttylr es vvas about 50% The porosity
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In the e SRFer B ARG e RO i Toq aterseSiunasies end J:

Torog = @G(’@e cycieat o ar40°€dcyuet 3:0Nce= 8UET)N THE \ékfétﬂﬁoh?érﬁp&ature curves
of the s‘?ﬁeggﬁ e%%%g%ﬂ?&'olegaﬂagigeée cover %@g;eeggr?d % rgtegelnr\}gtlve of
the fi f'ttedmue&sel&fgladetennnlnmgtmchr@@lﬁpe@iﬁpo‘é@@ ef fected virtually

absence the progranmn t he
This expBie R BRRRRENHerTareG5eh 4ot b Sampie! BRGHcasnfings that e
method fenpenaaatingsa @npl?‘amr&meﬁbéﬂeﬁwg’ggi@ﬁ@ﬁﬁloﬁ@ fot?f foam-like moI ings.
pre e ext e m = const an ar amet er
For Tpm&t & {he {8 té’?ga?ﬂpcz‘ Rﬁ&gﬁfa@'ﬁg Ivé% TofienfOPB° é)and at Tpog = 60°C
a corret::p):(rrrdar@ﬂ;dngllmlL switching terhpéraiung TLwﬁctﬂ ﬁtdBf o WE‘@O%&{P\@@@Q@Q@ 1
e fixing o

f Thi, s
and cydig3, %?Lﬁ‘rexag'h"é\epév\@@%g)oﬂ ﬁf&‘ai% ﬁe%w’ﬂe'e@n PetwReR 1t Torog Used
and theprasalti|mg &4,)cn, WHieh su@mrneéﬁt of M@{Mafl%%@fﬁﬁalfrﬁétorg could also
e_origina e nen orm o
be s:o&/ﬁ g@?{ﬁ%bB&g& I?%?m%clﬁ gan'}ggn%éb\tn;m@etrgsuﬁq,@ Rulk magerials (example
the ¢bsemesdsswitchipgriampeeityres MRasioue {
: Db A0 (R WERLIENS e e

therma?coHagaXﬁlggtt% |pr?r9\5llﬁ OA™Fhe recovery took place. In
contrast to the THE experinments on bulk materials
ex; 1-4) _a |lower heating rate of 1 K/ mn was

Exampﬁfsé-zﬁ?lhﬁ-ﬁg-%élsg mititiphaserpplymmer networks with two crystalline

switching segments

The switching range obtainable with the use of the method according to the invention is
limited by the range of the switching temperature T, of the PCL crystallites in the PDLCL
multiblock copolymers according to example 1. In order to extend this temperature memory
range, covalent network points which are intended to fix the permanent shape instead of the
PPDL crystallites were introduced into the polymers. In this way, the PPDL crystallites in turn
should be available as additional switching segments in the PDLCL thermoplastics.

Synthesis:
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owing to their lower thermal conductivity. In the THE
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gnol -' or OCLT(8), W©Mh = 8000 gnol"') with
2,2(4),4-trinmethyl hexane dii socyanat e (TMDI). In the

Temperatige opeioROof A \FPDLZ86-POL midthpHask Polfiér e
gnol ") was used as a three- Igr med |n|°t| ator !%Qk?h

PPDLT synt hesis and pentaerythritol was used as a

The tefnpefat@eMshonyigroprids dake nﬁﬁif?)hgg-golgﬁ‘n rm?ﬁ/bﬁ(s Wk ohfg again
aration of the star-like prec

mvestlgqtsg heYshethermomechanical experiments comprlsmg a thermomechanical

programming (em = 150%, Tiow = 0°C and Tpgn = 115°C) and a subsequent recovery of the

permanent shape under load-free conditions (c = 0 MPa), Terog being varied in successive

cycles from 30°C to 60°C to 90°C. All polymer network systems showed values for R; in the

range from 97 to 100%, while the R; values increased with increasing programming

temperature T from 81% (Tprg = 30°C) to 99% (Torog = 90°C).

Tswich could be controlled by varying T, precisely within the temperature ranges of the two

melt transitions, independently of the network composition, with switching temperatures of
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mononer/initiator ratio was adjusted so that a PPDLT

and a PCLT precursor with Mh of about 4000 gnol "

wer e obtained. The synthesis of the precursors was

carried out in a bulk batch under a nitrogen
Teuten 3 2RSS phver B 3RTCN 30/6n A Gi(T 50giB0°B) BRAOEL 4, €175281°C (Torog = 90°C).
In conthagtedtheGh i Q 1188 et seq. ). .

PCLT( 8) Aot ’%‘@3“6°°§‘n%%-°%%%“3®q%aw@be 7% decrease in the
FeCOVRR IRMASERIHTE KANge 8ol SpmCHptcol MK vothasdreasing Ty, Wdrastssnakl for the

multi rcied put in solution. For

multphtR P T e o L B8 eBinaBe oy e Edptntbracy e two

lsomor@pws\}aj g RAPQ@L end &Chaidmeaies dathg thie Xiesmendhafcal programming.
ni trogen at nosphere. A defined anobunt of TMDI was
added under room tenperature with stirring. After
further stirring for 5 mnutes, the m xture was poured
into Teflon dishes and kept at 60C under nitrogen
streamfor 24 h in order to thoroughly evaporate the
solvent with formation of the polyner. For the
crosslinking, the filnms were kept at 80C under
reduced pressure for 4 days. After the polynerization,
the sanples were extracted with chloroformin order
to renove unconverted substances. Al mnultiphase
pol ynmer networ ks thus produced had high proportions of
gel of from92 to 94% which indicates virtually
conpl ete incorporation of the precursors into the
pol ymer network. Two separate nelt transitions which
coul d be assigned to the crystalline PCL and PPDL
domai ns were observed in the DSC t hernograns.
Tenperature nenory of the PPDLT-co-PCL nmultiphase
pol ymer networks: The tenperature nmenory properties of
the nul ti phase pol yner networks were once again
i nvestigated in cyclic thernonechani cal experinents
conprising a thernmomechanical progranmmng (Em = 150%
T10 = O0C and Thigh = 115C) and a subsequent recovery
of the permanent shape under | oad-free conditions (6
= 0 MPa), Tprog being varied in successive cycles
from30Cto 60C to 90C. Al polynmer network systens
showed values for Rf in the range from97 to 100%
while the Rf values increased with increasing
programm ng tenperature Tprog from 81 % (Tprog = 300
to 99% (Tprog = 90C). TSWtCh could be controlled by
varying Tprog precisely within the tenperature ranges
of the two nelt transitions, independently of the
network conposition, with switching tenperatures of
18 Tswitch = 29C (Tprog = 30C), TsWtch = 59C (Tprog =
60C) and Tswitch = 75-81 C (Tprog = 90C). In contrast
to the thernoplastic nultiblock copolyners from
exanple 1, a decrease in the recovery tenperature
range O Trec from40 to 15 Kwith increasing Tprog was
observed for the nultiphase polynmer networks, which
m ght be expl ainable by the contributions of the two
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.isonorphic crystalline PPDL and PCL domai ns during the
t her nronechani cal progranmm ng. 19 Patent clains 1. A
net hod for programm ng a shape nenory pol yner or a
conposite material of such a polyner, which has at

| east one switchi ng seghatent elaitts at | east one ther nal
phase transition and coval ent and/or non-coval ent
crosslinking points, so that, after its progranm ng,

t he shape nenory polyner is capable of undergoing a

i {4 h A
A P fob Brobf Minthg 5 B TR Oy R 2 o PRSI, et sue
a polymee mhéahahasrad IaEh bgm);wnd’hmmseggmdr?l;amhrw%a?t oﬂ;]eemétmé@hase
anax 0 .
rl"% oh“ami QEVQIQMd%rwoﬁ co%;- 3W érg%%mklp% PP%% ﬁatﬂﬁ?’e ge_r its

ﬁ'ﬁ anmm n avin
Rrggramf@d@,ttm apa inemoony pfdyrpeolg rcapabla of umdgrgoing arteansition from a

Swi t
trofroRed ol Shaff e s BEMAER o lile (5) 5k rapesaiure
lﬁ@'ﬁawtomaleymatu@ (The) whist @Da'?spdmdd ap reag; tﬂﬂ!hmmg:hmg temperature
at transformati o t he msr

(TaeD s eine BBMARY ARG o ANGYRE R e dpica fid

(&)3 e pCEfdGl&vaaﬁos lo&p |prn§gramdm(g:benqxéaétumg(TL hgad @'fuﬁﬂi‘lbnto@a QYesired
t@'ﬂur bel QW t nﬁﬂ; red swtching tenperature

(Tg%ﬁ{ 7 (%S [sveen ai ni ng the forced shaping.

(B) ﬁhaurrgmfhml sla@ecﬂnemgpbomnéﬂ taltrﬁe éred@lé%%ﬁ‘ifrbgr%rﬂuﬁb

tha t he at| of the progra
%P%?’aﬁ' Eaé‘sglf'?‘@f&'b?f toe) Hﬁ'mn&f |%a|sh9pwqrrespondmg

t he taithe t@rfnpanary ﬁﬁﬂiiefbyolﬁie'df féleé@ shapflan@t hemat i cal
en _the programmng tenperature

ti
o ehaaan Poler 3 IATRRGEIUE BRIPH LR 4o5TPE tening Temmsrpture
3. Thewrathodviae rﬁil!lﬁiaifﬁ’ﬁb ihB fGrIcéﬂ Qhépm&har acterized in

that the predeterm nation of the progranm ng
tenperature (Tprog) is effected with the use of an

ETHY iethalllag ciiined iR O8fth 1 CharRESBRl $ inat ﬂlfeggéé'é%rmmatlon of the

cont ai ni ng paraneter a| rs CO;S)YI Sl ng progr

t RIRP@FHTING éerRgTAtS (-Emd i% Qfifeqd ﬂtgnpldertmaay with the use of an
(FrRptiEAN defermmmed.

(Foset g Famme minoRQRANBAIR STl il
ntémsfﬁtwsr(Tmb@wamwchlgg teameretmrea(msw.,aemxaal times in
succession for a given shape nenory polyner,

di fferent programm ng tenperatures (Tprog) being used
Theymethed ap slaiaed in/eaipt bgwhamtengecycﬂhegtharpmem@uenauon of the

R oUoRirR Lo lborEiore Bl R S e i el i)y gpterminec
Ghaea r@g@ jeatpne cantainingoesametee palzseobmprlslr’fgaproghmqmmg
temperature (T,g) and switching temperature (Tgyich, T omax)-

The method as claimed in any of the preceding claims, characterized in that the
method for programming is carried out several times in succession for a given shape
memory polymer, different programming temperatures (Torog) being used for the
respective programming cycles and hence different switching temperatures (T

Tomax) being programmed.

switch

The method as claimed in any of the preceding claims, characterized in that the
method for programming is carried out for a plurality of shape memory polymers of

identical composition, in each case different programming temperatures (T,y) being
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method for progranming is carried out for a plurality
of shape nenory polyners of identical conposition, in
each case different programmng tenperatures (Tprog)

bei r}%tﬁo used for the individual shape nenory pol yners
Y559 'fithe indiyidyal sane @ﬁmmmmensammemwumréﬂsmtmhg

té r met hod as clained in
AIFBaturee (1Y, P T0 IWproﬁ?

any of the preceding clains, C aracterlzed in that the
swi tching segment of the shape nenory polyner is a

| t,t ti
RTS8 B TR ind g Bl b L e
syvutc%ng SREMBRBIPfike §I|1@genr§gmpry ppiynexfls lafserrﬂdfr?@t@ﬂih@ 8egment having
£halt ﬁnsnﬁ&ﬁ(@?h?éh é%rdf"& E@ém%, gaagg% (Tobast

tenperature Tprog Is se
20 K around the thernodynam c phase tranS| tion

'Itf%rm@théé H§ %la é@ﬁ‘lsa fof s rgfg%({i ﬁ@g a,rﬁsne %ygggengﬁq;m that the

segnent e net od as

pﬁ@gg@@mlm@te@mr@r@tgre Emmmecﬂeﬂnmeﬁbabf atl 18adte20 R@RSund the
whi c wo swi t ching

R P s RS et bt el Grasmmtching

SegmpBk at ures Ttrans, A and Ttrans, B, the progranming
tenperature Tprog is selected froma range from at
| east Ttrans,A 20 Kto Ttrans,B 20 K 9. The nethod

ng@1 n@qtgzd@ﬁ clargme;hry anly of ke mee@dmb olgingd, @Pﬁ'éctelnzed in that, in the
& 6@&!‘\:‘5 n orous material or

por ous, p?éﬁ %“%M%%%’E@hhﬁgw %F@F‘igaﬁegﬂ?”tﬁs@‘d’ we a
tlgqq@p ynamqghysqgmaqamn te@peratures Ty..s4 and Tirans 8, the programming
temperature Ty is selected from a range from at least Tirans,a = 20 K 10 Tyranss = 20 K.

The method as claimed in any of the preceding claims, characterized in that a non-

porous material or a porous, open-pore or closed-pore material is used as a shape
memory polymer.
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