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The crosslinkingreaction of pure poly(acwylic acid) andits blendwith poly(vinyl alcohd) wasstudiedby FT-IR spectro-
scopy It isdemonstratethatalsoin blendstheanhydide formation characterist for purepoly(acrylicacid)is the predoni-

nantcrossinking reaction uponheating But theesterformationbetweerpoly(vinyl alcohol)andpoly(acrylicacid)is deted-

abledueto theeste C=0 vibrationsandC—O—C vibrations,respectivelyThedegreeof swellingandthe Youngs modulus
of thecrossinkedblendin deionizdwaterdependon thetime andtemperaure of the heattreatmentln depemenceof the
pH-vdue of the swellingagentthe blendsswell or shrink. Theworking enegy at the shrinkingor swelling processnduced
by achang of the pH-valueof differentlytreatedblendswasmeasued. The valuesarein arangeof technicalinterestsand

compaablewith othermicroactuatos.

1. Intr oduction

Polyekctmolytes change their conformation with the
degreeof dissociaton which is a function of sud quant-
tiesaspH-vdue, polarity of the solvent,ionic strengh ard
tempeature.Thus the changeof conformatian in swollen
crossinkedpolymersresultsin adepadenceof thedegree
of swelling on the phydcal propeties of the swelling
agentHencethechemcal energy canbeconvetedrevers-
ibly into mechaical enegy in suchges. Theideato use
polymer gels asa musclelike actuatororiginatesfrom the
work of Kuhnetal. onpolyeledrolytegds|[1, 2]. Develop
mentsarising from the original ideacanbe followedin a
morerecent review [3].

Oneof the simplestpH-sensitve hydragelscanbe pre-
paredby crossinking ablendof poly(vinyl alcohol) (PVA)
andpoly(acrylic acid) (PAA). There are severl waysfor
the preparaion of a netwak. It is possble to prepae a
threedimensonal netwak by repetitive freezing and
thawingcyclesof PVA watersolutions[4, 5]. It is demon-
stratedby 13C NMR spectrscopythatthe junction points
are formed by hydrogen bonds[6]. Applying the same
cyclesto awatersolutionof PVA andPAA leadsto porows
gelswhere the equilibrium degreeof swelling depend on
the pH-vdue of the swdling agent. It is assumd thatan
entandgemert netwak with a high concentation of PVA
andPAA chans in the physcal junction pointsis formed
[7]. Treatmentof the hydragel with 1 N HCI reaults in a
chemtal crosslinking via esterification Thegelsareshge
resistant andinsoluble in boiling water but they are very
softdueto their porows natureandnot suitabk for anappli-
cationasactudors.

pH-sengive netwaks of PVA and PAA can also be
formed by crossinking polymerization of acrylic acid in
the presene of PVA followed by crosslinking of the PVA
[8]. Theseinterpenetratng netwaks (IPN) are pH and
tempeaturesensiive dependingon their molecularstruc-
ture[9].
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Simply heding PVA and PAA and pladng the system
into water leads also to a crosslinked hydragd. It is
assuned that a crosslinking of the comgetely miscibe
blend systen occursvia esterification[10]. According to
Zhanget al. the miscihlity of the blendsystemPVA/PAA
is causel by stronghydrogen bondsbetweenthe COOH-
andOH-groups andthatduring the anneling procedurea
polyesteris formed [11]. The mechaical propeties and
the capabilty to carty out mechaica work is of funda-
mentl importancefor the application of thermally cross-
linked PVA/PAA blends.

Theaim of this studyis to undersandquantitatively the
chamical readionsoccuring during thethermal treament
of PVA/PAA blends. FT-IR spectr@copyis applied asa
suitabletool for thesestudies. The degreeof sweling and
the mechanical propertiesare studied asa function of the
annaling time and anneding tenperature of the PVA/
PAA blends. Thevolumerelatedcambility of work (work-
ing enegy) during the changeof the pH-valueof theswell
ing agentof hydragelswith adifferentdegree of crosslink
ing is measwed asa function of the mecharcal stressand
comparedto differentmicroactiators

2. Experimental

2.1. Materials

Table 1 gives the characterstic data of the polymers
used.

PVA and PAA were obtainedfrom Aldrich. The molar
masesweredetermnedby light scattemgin water (PVA)
orin dioxane(PAA) at40°C. Thelight scattemgapparatus
wasfrom SLS Systemtetinik Baurandtherefractiveindex
incrementwasmeasuedusinganOtsikaDRM 1020.

2.2. Preparation of polymer blendsand films

The polymers were dissolved separgely in distilled
water understirring at 80°C (PVA 15wt.-% and PAA 7.5
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Tablel. Characteriationof theusedpolymers.

Aldrich Cata- M,2 Purit? M, A (HH?

loguenumber[kg/mol] [%] [kg/mol] [molcm®g?] [nm]
PVA 34,1584 50 99 101 1.1x10° 65
PAA 18,1285 450 99 850 7x10° 65

& Givenbythemanufactuer.

wt.-%). The solutionswerethenmixed in sucha manrer
that80 wt.-% were PVA and20 wt.-% PAA. The solution
wasstirredfor 1 h at 60°C andthe homognebussolution
wastranserredinto a Petridish.Filmswereprepaedfrom
thisaquevussolutionby evapoationof wateratroomtem-
peratureSlowevaporéion of waterpreventstheformation
of bubHes ard rippleson the film surfece. The driedand
trans@rentfilms hadathicknessetwea 0.1and0.2mm.

2.3. Thermal treatmentand degreeof swelling

The dried films werecutinto stripesof 35 mmx 8 mm
and isothemally annaled in an oven between 125 and
180°C for periods betwee 15 and 80 min. Below an
anneding temperatire of 110°C the films remain soluble
in agreenent with literature data [10]. The crossinked
films were extractedby keeping themin distilled water.
The masslosswaslessthan3 wt.-%, somevhat lessthan
discussedn the literature [10]. From the extraded sam-
ples,the degres of swelling asthe ratio of the swolen to
unswolken masss of the crossinked polymer in equilib-
rium with deiorized water (Qy, = Myygiied Myry) Wasdete-
mined.

2.4. Mechanical testing

TheYoungsmodulsof theblendswhichwereanneald
atdifferenttemperature andfor differenttimes,wasdeter-
minedatroomtemperturewithaMiniatureMaterial Tester
(PL Thermal Sci.). The sampleswere cutinto stripesand
gluedonaluminumplatesandplaced into thetestappaatus
(defomationrate:ds/dt =3 mm/min, for dataevaluatonthe
linearrangefor ¢ < 10%wasuseal). Theworking enepgy at
the point of transition from the swollen to the unswollen
state(relatedto the volume of the swollen polymer) was
measuedwith theappaatusshownin Fig. 1.

Similar to the appartusdescibed by Swzuki [12], the
sampleis placedin atempeaturecontrdled testchamkler
which s fille d with thetestliquid. The sampe is fixed on
oneside. The samplecanbe loadedwith a fixed force F.
The change of the length of the sample ds which is con-
nected with the changeof the degree of swdling, is
recorced stepwse with an incrementé lengthreter The
working enegy w, normalized to the referencevolume
VswolleniS Calaulatedby

1 S
Wy = F-ds
Y szollen /50

L)
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Displacement pick-up Tractive force sensor
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Fig.1. Schematiadrawingof the apparsusfor measuementsof
theworkingenepy.

2.5. Thermal analysis

The glasstransition temperatires of PVA/PAA blends
were detemined by usingdifferenial scanning calorime-
try (MDSC 292Q TA Instruments).The heatirg rate was
3 K/min modulated with a tempeature gradiert of 0.5
K/40 s. The themal stability of the polymers and their
blends was measued by themogravimetry usinga TGA
of TA Instrumens undernitrogenwith a heding rate of
3 K/min.

2.6 FT-IR spectroscopy

Thefilms of the purepolymersandthe blendswerecast
from 2 wt.-% solutionsin water A dropof thesolutionwas
placed on a Teflon film andthe sampe wasisothernally
annaledin avacuumovenat 60°C for 3 days.Thedried
films were peeled off the Teflon support and placed
betweentwo KBr plates.The films werethenplacedinto
the FT-IR spectraneter (Bruker IFS 88) equippel with a
tenperatue chamler. An MCT detedor was used.The
relution was4 cm* ard for the kinetics measuemens
50spectravere averagd.

3. Resultsand discussion

3.1. FT-IR spectroscopy

Figure2 shows the FT-IR spedra of purePAA andpure
PVA, respetively, taken at room temperature The com-
plete assigimert of thebandscanbefoundelsewherd13].
The C=0 bandatabout1711 cmtis importantfor further
discussions The position of this bandindicates that the
carbaylic acidgroupsform dimers[14]. Themostchaac-
terisic band for PVA is located at wavenunbers larger
than3000cn ! andit bdongsto the OH group Theris no
absorpion of PVA in the C=0 regon of interegs. Priorto
the obsenation of the crossinking behavior of PVA/PAA
blends, it is intereding to studythe netwak formationin
pure PAA sinceit hasbeen known thatthe arhydridefor-
maton in PAA is a dominant processduring network for-
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Fig.2. FT-IR spectaatroomtemperaturga) PAA, (b) PVA.

mation [15]. Figure 3 shows FT-IR spedra of pure PAA
takenin incrementsof 5 min during isothemal annealing
at 170°C. Figure 3a depics the time develpmert of the
FT-IR spectraduring 1 h and Fig. 3b the comrespomling
differencespedra.lt is clealy indicatedthatthearhydride
formation occursconnetedwith the growth of theregpec-
tive bands of the C—0O—C stretching vibrations at 1032
cmt ard the C=0 stretcting vibratiors at 1803and1759
cm L. Simultaneouly the C=0 stretching vibration of the
acidat 1713cm ! decreasesThe vibrations arealsotem-
peraturesensiive and changeslightly asafunction of tem-
peratureln thedifferencespectrahepedks of thebandsat
1699and1803/T768 cm* appea well sepaatedandthey
canthusbe integrated.Justby visual inspection it canbe
seerthatthebandat 1803cm is stronge comparedto the
bandat 1768cm. Thisis a clear indication thatthe anhy-
drideformationoccursmainly in thelinearintermolecular
form and to a minor extentas the cydic intramolecular
anhydide [13]. Furthernore, the C—O—C band of the
anhydide is well sepaated.Thereare other bandsinflu-
encecdby thearhydrideformaion and theycanbeassignd
to C—0 or O—H vibrationssonetimescouplkdwith C—H
vibrations[13].

The temperaturedepen@nca of the reacton kineticsis
demonstated in Fig. 4. Thereactbn kineticsis monitored
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Fig. 3. a)Changeof theFT-IR spectaof PAA duringthereaction
at170°C. Thespectraarerecodedfor 60 min in intervalsof 5 min.
b) Thecorrespondigdifferencespectato a).
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Fig.4. Tempergure depemienceof the reactimn kinetics mea-
suredby thechang of therelativeintegralabsorbacevaluesof the
anhydridebandsat1803and1768cm ™ asafunctionof time.

by thechangeof therelativeintegrationvaluesof theanhy-
dride bandsat 1803and1768cm™ asa function of time.
Thereis adelaytime of approxmately5 min until thereac-
tion starts From the initial slope it can be seen that the
reacton procedgelatively slow at 150°C and muchfager
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Fig.5. a) FT-IR spectraof the reaction of PVA/PAA (80/20
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b) Thecorrespondigdifferencespectrao a).

at200°C. At temperatiresbetween 180and200°C a pla-
teauvalueof thecrosslinking reactionis obviouslyreaded
after40minindicating apossble equilibrium.

It is nowinterestirg to comparethecrosslinking reacton
in PVA/PAA blends. Fig. 5a shows the change of the FT-
IR spedra of PVA/PAA (80/20wt.-%) blendsin therange
from 1450to 1900cm ™ duringtheannalingat200°C. As
discusse@bovefor thecrosslinkingreadion of purePAA,
all bandschaacterstic for theanhydide formationcanbe
foundin thecarbayl region(bandsat 1803cm* ard 1759
cm™). In contrastto the differencespectraobtainedduring
theanneding of purePAA, the blendsshowanadditiond
increaeof anabsorptian at 1729cm ™ (see Fig. 5b). This
band can be unanbiguously assigned to the esterC=0
vibration.

An additonal indication for the esterformaton in the
blendis foundin the regon of the C—O—C ethervibra-
tion. Thetime depenéne of this absorpion bandcanbe
seenin the differencespectrun of Fig. 6. In the beginning
thereis anincreaseof theband in therangeof 1031cm ™,
Thisis alread/ discuissedfor the anhydrideformation But
with increasingreadion time, there appersa shouder at
1004cm . Againthisis anindicationfor aC—0O—C ester
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Fig.6. Evaluationof the C—O—C estervibrationat200°C taken
in intervalsof 10 min (differencespectum).

vibration In conclusian it canbe said,thatin the blends
thepredoninantcrossinking reactionis still theanhydide
formationobsevedalsofor purePAA. But additionally an
esterformationcanbemonitoredby FT-IR spedroscqy.

3.2. Thermal analysis

Prior to crossinking, theblendshows asingle glasstran-
sition temperature Ty in agreenent with literature data
[11]. The glasstransition T is located betweenthe T, of
PAA at106°C andthatof PVA at85°C [16]. Therelatively
low glasstransition tempeatures of the blend given in
Table 2 are the result of small amouwnts of water in the
films. Foronefilm theglasstranstion temperaturedefined
asthedeflection pointatthec, stepis measuedasafunc-
tion of the thermal annealhg regme. The sampleswere
heaed from room tenmperatue to the maximum tempera-
turewith 3 K/min thencooledwith 20 K/min andthecycle
was repeated.It can be seenthat the T, increaseswith
increasingamealingtime or temperatre. This could be
theresultof the higher crossinking densitywhich reduces
themobility of the polymerchains.

In order to excluce themal degradéon during the
crosslinkng readion, the thermd stability of the pure
polymersand theblends wasmeasuedby thernogravime-
trical measurenents.Figure 7 showsthe first derivaives
of thethermogavimetrytracesof PVA, PAA andthe80/20
(wt.-%) blendof PVA ard PAA. Thethermal degradéion
of a PVA film startsat 220°C. The weight loss trace has
two distinguishedmaxima at 260 and 410°C. Also for

Table 2. Glasstransitiontempeature of the blendin depenénce
ontheheatingecycles.

Cycle 1 2 3 4 5
Maximumtemperature 68 116 153 215 241

[°C]

Ty[°Cl 39.4 48.3 71.8 91.9 noT, decom-

position

ActaPolym.1999 50, 383-390
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Fig.7. Thernopgravimetri@al measuremes of PAA, PVA andthe
PVA/PAA blend.

PAA powder a weight lossis found at 200°C. There are
two incomgetely separéed maximaat 300and410°C. A

two-gepmedanismfor thethermal degradaton of PVA is

discussedn theliterature[17]. Thefirst processis adehy-
dration and startsat 200°C. This processyields predomi-
nantly macronolecules with a polyene strucure. This
structue is destroyal at elevatedtemperatuesandcarbm

aswell as hydracarbas are formed. For PAA two- and
threestep mechaisms for themmal degralation are dis-

cussed18], whichareconnectedvith ananhydideforma-
tion (dehydraton atapproximately170°C) and CO, evolu-
tion dueto arhydride decmpodtion (stating at 230°C).

The deconpositiontemperaturs area function of thetac-
ticity. The blendstartsto decompog at 250°C. The maxi-

mum of the deconposition tempeature is reachedat
315°C andit ocaursthus at highe tempeaturescompared
to the blend componens. Previus resultsindicatedthat
the deconposition shoud start at lower tenperatuesin

the blends comparedto the pure componeats[11]. These
dataare not in agreementwith our measuemens. Addi-

tionally to themasdoss connectedwith thedeconposition

of thePVA andPAA two smal pe&ksatl45and214°C are
detectedvhich cannotbeinterpreta.

3.3. Mechanical data

For PVA/PAA netwaks prepaed by freez/thawcydes
a'Younds modulusof 0.3to 0.5MPais givenin thelitera-
ture [19]. For PVA gelsa Young's modulus of 2 MPais
reported[4]. The increase of the Younds modulus as a
function of the crosslinking time and crosslinkng tem+
peraturecan be seenin Fig.8. The Youngs modulus
increaseswith crossinking tempemture to a maximum
valueof about5 MPa Thetime depenénceis rathe negli-
gible indicating that at the tempeaturesunderinvestga-
tion theequilibrium of the crossinking reactionis reachel
rapidly. There s obviouslyasteepincreaseof the modulus
at temperaturs higherthan 150°C. As discussedfor the

ActaPolym.1999 50, 383—-390
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Fig.8. Youngsmodulusasafunctionof thetime andtempeature
of crosslinking.

FT-IR measuemens, theanhydide formationin therange
of 150°C is rathe slow and the completereactionneeds
more time than25 min. But after 25 min themodulusdoes
not furtherincrease.Thusit canbe condudedthatmainly
in the early stageof thereadion intermolecularanhydide
formation ocaurs connectedwith crosslinking. The later
stagemight be conneced with the formation of cyclic
anhydidesby intramolkecularreactons.

3.4. The swelling behavior

The massdegeeof swdling Q,, asa function of crass-
linking conditionsis shwa in Fig. 9 andsupmrtsthe data
discussedhibove.A highe degreeof crossinking reaultsin
asmalleramount of wateruptake.Thisleadsto thesmaller
massdegre of swelling with increasingcrossinking time
and crosslinkng temperatue. Thus the improvenent of
the mechaical strengh with crossinking time andcraoss-
linking temperatureof the hydragelsis the result of the
highercrossinking density

Fig.9. Massdegeeof swelling(Q,,) asafunctionof thetimeand
tempeatureof crossinking for pH = 11.
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In agreementwith the dataon the Youngs modulus, the
masgdegreeof swdling decreassstrorgly attemperatures
higherthan 150°C. Thusit is possble to preparewithin
onesamplearea with differentcrosslinking denstiesard
different massdegreesof swdling. Again the annaling
time hasonly a smallinfluence onthedegreeof crossink-
ing. Themassdegreeof swelling atpH = 2 is only weakly
depen@nt on the crosslinkng conditions (1.5to 2.5). Q,
at pH = 11 decreasswith increasingannealing tempera-
ture andshows qualitaively the behavor demastraedin
Fig. 9. The differenceof the degress of swelling defined
by [Qn, (PH = 11)-Q,,,(pH = 2)] decreasswith increasing
crossinking tempenture.

The degree of swdling of the crossinked blends
depend on the propertes of the swelling agent ascanbe
seenn Fig. 10a. At apH-valuesmallerthanthe pK-value
of acrylic acid (4.7), the acidis in its nonioric protonate
form. Whenthe gel is placad into a water/KOH solution,
the carbaylic groups areionized. The electrosatic repul-
sionbetweertheanionicgrougsis thedriving forcefor the
swelling process.
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When the gel is placedinto an acidic ervironment, it
will collapse becase of the protonaton of the ionic
groups. Thereasa for the changesof the degreeof swell
ing isthechangean theionic chagewithin thegel schena-
tically shown below

[RCOOHg + [OHT]3q [RCOQO ] gg  + H,O (swelling)
[RCOQT] e+ [H']ag [RCOOH] (deswdling)

Furthermore,the swelling/desvelling processhasa hys-
teresis.

Figure 10b shows thetime depexdenceof the degreeof
swelling of the gel when changing the pH-value. The
swelling process(from pH = 1.5to pH = 12) takesplace
much slowercomparedo thedeswdling process(from pH
= 12to pH = 1.5).Both processes;j. e. from the begiming
of swdling/deswelling until the equilibrium degree of
swelling is reacheddiffer by a factor of 10 in their rate,
e.g.for agelthatis amealedor 15minat130°C, thetime
of swelling is about150 min andthe time of deswelling
(shrirkagg is about 15 min (dependng on the sampe
thickness.

Accordirg to [20] it is necessay thatduring the shrirk-
age protonsdiffuse into the gel and neutralze the nega-
tively chagedcarboylate. A neutral layer of the polymer
thatshrinksis formedaroundtheinnerpartof the polymer
which is still ionized andswollen. During the further de-
swelling procesghe protonsmust thandiffuse acros the
neutrd polymer layer. This processis characterked by a
[DY/R?)Y%-dependere, wher R is the initial layer thick-
nesst is the diffusion time and D is the diffusion coefi-
cient. During the swelling processit is necesarythatthe
hydraxide ions aretransportednto the neutralgel. A Don-
nan{potental is formedin the swollengel thatoppcsesthe
transmrt process.The Donnanpotertial is a function of
the base concentration (pH-valwe) [21]. Thusthe kinetics
of the ion exchangedominatesthe kineticsof the volume
changeeven thoughtheion exchangereactionsareusually
fad. The formation of the neutral layer canbe prevented
by stirring in sucha manrer that the swdling kineticsis
influencel. We found, thatthe time depen@nceof thede-
swelling process(from pH = 12 to pH = 1.5) is identical
with that of the swdling processof a dry sample in de-
ionizedwater. Usingthetime depenénc of the degreeof
swelling for a film with a thickness of 0.28 mm in the
unswollen stak (crossinkedat 130°C for 25 min) yieldsa
diffusion codficient of 3+ 10" cm?/s accordng to the
matemaical proceduregiven by [22]. Underlarge stres-
sesheswdling procesdakesalongertime.

3.5. Crosslinking density

Usingthe equilibrium degeesof swelling it is possilte
to calculateM, valuesaccordng to the Flory-Remerequa-
tion[23]

peVa Aoy — Bog)

M. = —
¢ In(1— ¢g) + 08 + 103

2

ActaPolym.1999 50, 383-390



The menory-tem is # = 1 and for affine deformaion
A=1,B=0.5.V, isthemalar volume of theswelling agent
andgg is thevolume fractionof the polymer.

With known valuesof thedensity of theunswollenpoly-
merblend pg= 1.288 g/cnt, andthe massdegeeof swdl-
ing, it is possiltbe to calaulate the volume fraction of the
polymer ¢g in the swelling equilibrium. Themain problem
whenusingthe Flory-Remerequation for the estimaion
of M, is the propervalueof the Flory-Hugginsinteracton
parametey. Accordingto [8] it is possilbe to calaulatethe
x-paraméer of PVA/PAA netwaks in deonized water
from the interactionparametersof the pure componens
with water; ypaa = 0.50ard ypyn = 0.4%. The weighted
interacton parameer with respet to the blend composi-
tion is then y = 0.498B. Furthemore, it is necessay to
account for theinteractionbetwee the polymer by intro-
ducing the polymer-polymer interacton pamameter
xpwapaa [10]. This parametercan be calculatd from the
solubiity parametersips= 25.8(J/cn?)Y? [24] anddpaa=
23.68(J/cnT)Y2[10]. Theoverdl y parameteis thencor-
rectedaccordng to

X = dpwaXpva T Peanima — PPvAPPAAXPVA PAA 3)
wheregpy, is the volume fraction of PVA and gpaais the
volume fraction of PAA, respetively, in the blend. The
lasttermin Eq. (3) yieldsavalueof 0.07andits influence
onM_. isthus negligible. All estimatonsyield M, valuesin
therangeof 6000g/mol (Q,,, = 6) whichis by far toosmall.
Thus, other methods for the estimaion of M; must be
applied.

To this end uniaxial comgressionmeasurenents were
carriedout on sampes swolenin deiorized water. A plot
of thestresse versusl A — 22 waslinear at small deforma-
tion ratios 4 (1 < 0.9). Assumng validity of the RET-equa-
tion

RTeg 3 — 472

o= AyLe (4)

yields an M. value of approximately 70000 g/mol (cross-
linking conditions: 130°C, 25 min). The parametersvere
A= 1 (affine deformation) andy = 1 (memory-term).

3.6. Working energy

Theworking erergy was measuedfor crosslinked PVA/
PAA netwaks with different crosslinking densitiesas a
function of stressand stimulation by changing pH-vadues
(changdrom pH=11.5to pH=7andfrompH=7to pH=
2). According to [2] the maximum restorig force of the
deformedchainis only afunctionof the segnentlength of
thepolymerchainandthusindependentof thecrosslinking
density This hypottesiscannotbe suppoted by our data.
We found two important quantties that influence the
working enegy. Firstly, thereis adependeice onthe para-
metersof the synthesisandthus on the crossinking den-
sity. At themaxima of the degree of sweliing at T= 130°C
andat T = 150°C shownin Fig. 9 alsothe working enegy
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Fig. 11. Working enegy asa functionof appliedstresdor differ-
entcrosslinkirg parametergtemperaturdime).

shows maxima.Furthernore,theworking eremgy is afunc-

tion of the acting stress(see Fig. 11). This is reasmable,
sincetheworking enegy attoo smallstresgesis restriced

by the maximum possble changeof the lengthof the gel.

On the otherhandif the stressis too strorg the working

enggy is limited by the maximum force of the hydragel

which canbereaded.The position of themaximachanges
with increasing crossinking densty to higha streses. At

to high stresseshereis a decreaseof the working enepy.

This phenaneno wasalsoobseved for tempeaturesen-
sitive (poly-N-isopropylacrylamde) gels[25].

The application relevancefor hydragel actudor effects
shoud bereache whenaw,-value of at least100 Nmm/
cm® is reached The valueof 13.2Nmm/cn? obtainedfor
freez-thawng gds basedon the PVA/PAA systen and
poly(allyl amine)hydochloride by stimuating the work
via changnhg acebn/waer ratio is too smallin orderto be
usedas effective actuators[12]. Our maximum value of
w, = 135N mm/cnt seemgo beapromisingwayto obtain
effective actuators

4. Conclusion

FT-IR spectroscey is able to deted the crossinking
reactonin PAA andin PVA/PAA blends quantitatively. It
is demongtated thatthe crossinking reactionof purePAA
ocaurs via anhydide formation The intermokecularand
intramolecular anhydide formation can be obsened but
cannot be distingushedquantitatively. The eder forma-
tion during the crossinking reactionof PVA/PAA blends
ocaursonly to aminorextent By choosng differentcross-
linking condiions, it is possble to prodwce blends with
different crossinking densites and different maximum
degees of swdling. The application potental of the
hydrogelsfor theuseasmicroactiatorsis shown in Table3
in comparsonto theothersystens.

The advantag of hydrogels is their large changein
length andalsoin the volume dimension.Simultareousy,
the hydragels show viscoelasic, sometmeslinear visco
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Table3. Propertieof variousactuabr principles.

Working  Applicablenor- Cycletime
enegy malizedlength
[Nmm/cn?]  chang[%] [ms]
Electromagets 10 nondescript 1
Piezoelements 30 <2 5
Hydrogels 135 70 60x 10°
(PVA/PAA)
Magnetostritive 475 0.2 5
actuators
Shapememoryalloy 5000 8 500
actuators

elasticbehavior. A ceriain disadvanagearethelong cycle
times,which can dueto the diffusioncontrol of the swdl-

ing or deswdling processpnly beimprovedby usingvery
thin layers. A frequently discussedapplication of such
hydrogelsare miniaturizedlinear motorswhich arecalled
artificial musdesor biomimetic actuateos dueto theirana-
logsin thenature.A criterion for theseapplicationsis that
thestimulationis frequently doneby eledric fields which
reduce the uselll polymerse.g. to condictive materids
[26]. Suchactuates needfast dynamics which camot be
achieve with the presat hydrogds. Better application
exampesfor the presenthydrogelsare given by actuator
senso systems for process control with relatively slow
dynamts. Thus, it shoud be possble to vary the flow of
liquids or gasese.g. asa function of tempertureor pH-
value. Theseactudor-senso sysemswould not need ary
externalenegy supgy.
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