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Abstract

Poly(propylene oxide) (PPO), a novel soft elastacnanaterial, and its composites were
investigated as a new dielectric electroactive pelly (EAP). The PPO networks were obtained
from thiol-ene chemistry by photochemical crosshgkof a,w-diallyl PPO with a tetra-functional
thiol. The elastomer was reinforced with hexamethglisilazane treated fumed silica to improve
the mechanical properties of PPO. The mechanicgdegpties of PPO and composites thereof were
investigated by shear rheology and stress—strassuarements. It was found that incorporation of
silica particles improved the stability of the athise mechanically weak pure PPO network.
Dielectric spectroscopy revealed high relative efigic permittivity of PPO at f0Hz of 5.6. The
relative permittivity was decreased slightly upaidiéion of fillers, but remained higher than the
commonly used acrylic EAP material VHB4910. Thecet@mechanical actuation performance of

both PPO and its composites showed properties@s$ @mVHB4910 and a lower viscous loss.

1. Introduction

The interest in using elastomers for electromed®riransducers has increased during the last
decade due to their large strains, frequency resgsonf the order of milliseconds, work densities
higher than human muscle, and a high degree ofreteechanical coupling [1, 2]. A special class
of elastomers known as dielectric electroactiveymers (DEAPsS) has emerged as a strong
candidate in this field due to their low densitgstf response time, low cost of production, low



energy consumption and low heat generation. It besn found that these DEAPS possess
mechanical properties very similar to human muaclé can mimic human muscular function, and
thus they are commonly nicknamed ‘artificial musgBg.
In a typical configuration for DEAP transducersthan film of dielectric elastomer is sandwiched
between very thin layers of compliant electrodebjctv are connected to the power supply for
transduction. The equation governing the actuaifcnDEAP actuator is given as [4]

p=¢,6E* =g, (%T (1)
where p is the electrostatic pressure acting owliglectric elastomer due to an applied electetdfi
E, V is the applied voltagel is the thickness of the dielectric elastomgiis the vacuum dielectric
permittivity (8.85x10" F mi') ande; is the relative permittivity of the elastomer. équilibrium,
the electrostatic pressure equals the internadssirethe material so that the strain producechen t

elastomer$) can be written as
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where Y is the elastic modulus of the elastom@fidely used DEAPs include poly(dimethyl
siloxane) (PDMS), acrylics and polyurethane (PWt bach of them suffers from one or more
drawbacks such as low dielectric permittivity, lomgponse time or high elastic modulus etc. As a
fact, none of the elastomers available on the ntatkday are designed specifically for
transduction, and this leaves room for further ttgwment of the materials. One downside of the
currently used materials is the high voltage regplifor transduction, which adds cost to the
transducer device due to expensive electronic coems. From equation (2), it is seen that to
lower the required voltage for a given strain of AFE we can decrease either the film thickness or
the elastic modulus or alternatively increase #iative permittivity of the elastomer. The influenc
of material properties and processing parameterh ag elastic modulus, dielectric constant and
film thickness on the electromechanical properf@scommercially available PDMS has already
been discussed by Skov et al. [5]. For large spadeessing a thickness of f4n is currently the
threshold value for thin films with corrugationsepared from commercially available silicone so it
is not regarded as a possible optimization paranhete [6].

A decrease of the elastic modulus is not easilyexek since filler particles are required in most

systems to improve the mechanical properties, sgcimaximum elongation and tear strength.



Bejenariu et al. [7] showed that by use of an adedmmixing sequence, so-called heterogeneous
bimodal networks could be prepared. The heterogenéomodal networks possessed very small
elastic moduli and simultaneously improved teaersith and maximum elongation compared to
unfilled silicone.

The first elastomeric material to be used succégsda a dielectric elastomer was the acrylic VHB
tape from 3M. In an earlier article on dielectriastomers, it was reported that this material sltbwe
extraordinarily high strain and high electrostaiiessure. It was also shown in the same articke tha
the performance could be increased manifold byyapglprestrain in the planar direction [8]. But
the long response time and need for prestrain oB\dre the reasons for the decreasing trend of
using VHB as DEAP material. On the other hand corcralty available silicones do not require
prestrain. However, prestrain of silicones is géllorable but not as necessary as for the acrylics
since the Young’'s modulus decreases after prektagid the films become thinner [9]. Since the
high operating voltage adds to the cost of thesttaner, a great deal of research is focused on
increasing the dielectric permittivity of the DEAWaterial in order to reduce the operating voltage.
By blending two low dielectric constant elastomd&®MS and PU, Gallone et al [10] obtained a
new dielectric elastomer with improved transductpmrformance. Also, the use of a 0.5 wt% of
properly functionalized carbon nanotubes as a fitle a polyurethane elastomer was demonstrated
to be effective in increasing tt&'Y ratio, without worsening the dielectric losses] @oubled the
transduction performance of the neat matrix [1HlyBrethanes [12,13] possess higher dielectric
permittivity than PDMS, but suffer from higher dietric loss and lower breakdown voltage
compared to PDMS due to moisture absorption, aarktare they must be maintained under strict
environmental conditions with respect to temperatamd humidity.

As an alternative to both PDMS and PU, in this gtB&®O has been investigated as a new DEAP
material against commercially available acrylic (%4910). The aim was to develop a new DEAP
material with enhanced electromechanical respocs@pared to VHB. In addition, a thorough
electrical breakdown measurement of this systenidcalso be made in the future in order to
investigate the effect of filler addition on thee&tical breakdown strength, as it is known thahsu

a particulate filled system could suffer from loweakdown strength. Jensen et al [14, 15]
investigated the networks from PPO as materialsdoy soft skin adhesives. They applied silicone
hydride functional crosslinkers to crosslink thaldinked vinyl functional PPO, which was found
to be inefficient. In the work presented here, mofest and efficient UV photo-crosslinking was

employed to crosslink PPO and its composites weatéd fumed silica. Mechanical, dielectric,



rheological and electromechanical characteriza@s performed on the new material and its
composites in order to evaluate the potential @ RB a new electroactive polymer.

2. Experimental

2.1 Materials

Allyl terminated PPO of approximate molecular weig500 g mot (Kaneka Silyl ACS 003) was
obtained from Kaneka Corp., Japan. 2,4,6-trimetydoylphenylphosphinic acid ethyl ester
(Lucirin TPO-L) was purchased from BASF. VHB 491@siwobtained as 1 and 0.5 mm thick films
with polyethylene backing material from 3M. Thddil used for the elastomeric composites was
hexamethyldisilazane (HMDS) treated fumed silicaR&ESIL R R812, from Evonik Industries.
The reported Brunauer, Emmett and Teller (BET) emef area of AEROSIL R R812 was
260+30nfg™. All the other chemicals used in this work weregnased from Sigma-Aldrich.

2.2 Methods

Rheological tests were performed in a stress clhatroheometer (AR2000) from TA Instruments,
with 25 mm parallel plate geometry. Measuremendamns were set to controlled strain mode at
1% strain, which was ensured to be within the lingscoelastic region as determined from initial
strain sweeps. Frequency sweep experiments weferped from 100 to 0.001 Hz at 25°C.
Broadband dielectric spectroscopy was carried aufisk-shaped samples of both the pure matrix
and the composites (diameter of 25 mm and thickhesm) at 25°C in the frequency range 20 Hz—
2 MHz by means of an ARES G2 rheometer equippedh WETA accessory including an
inductance (L)—capacitance (C)—resistance (R) (LCRter (Agilent E4980A). The
electromechanical response of the PPO films, shapedctangular material strips of dimension
20x25 mni and thickness varying between 80 and &6 was studied after they were provided
with opposed compliant electrodes by smearing barabased conductive grease (Nyogel 755G,
Tecnolube Seal, USA) on both their major surfaées.each sample a vertical prestrain of 100%
and a dc high voltage with stepwise increment & 25vere applied across the elastomer by means
of a power supply (HV-DC 205A-30P, Bertan, USA). édch voltage level isotonic transverse
strains were measured by a displacement transdueeting until a constant deformation was
obtained. One sample for each composition was measi twocolumn ultimate testing machine
(5500R, Instron, UK) was used to perform uniaxlahgation tests for PPO and the composites at a
constant deformation rate of 25 mm fhiwith a 10 N load cell. Molecular weights and



polydispersity index (PDI) were estimated by sixel@sion chromatography (SEC) using Viscotek
GPCmax VE-2001. The machine was equipped with We&cdriSEC Model 302 triple detector
array (refractive index detector, viscometer dete@nd laser light scattering detector with tighti
wavelength of 670 nm, and measuring angles of 8@° &) and a Knauer K-2501 UV detector
using two PLgel mixed-D columns from Polymer Lalores (PL). The samples were run in
tetrahydrofuran (THF) at 30°C (1 ml mip Molecular weights were calculated using polysiy
(PS) standards from PL. Nuclear magnetic reson@lHR) spectroscopy was performed on a 300
MHz cryomagnet from Spectrospin and Bruker, in CD&tlroom temperature. Fourier transform
infrared spectroscopy (ATR-FTIR) was performed orN&olet iS50 from Thermo Fischer
Scientific with a universal attenuated total refilee sampling accessory on a diamond crystal.

221 Sandard procedure for preparation of PPO networks. Pentaerythritol tetrakis (3-
mercaptopropionate) (4 functional crosslinker, @.24g, 0.5 mmol) and 2,4,6-
trimethylbenzoylphenylphosphinic acid ethyl esteudjrin TPO-L) (photoinitiator, 0.192g, 0.6
mmol) were added ta,w-diallyl PPO (10 g (0.6mmol of allyl group$fi,= 16500 g mot) and
mixed in a SpeedMixer™ at 3500 rpm for 5 min. Thetore was poured into an 8 cm x 10 cm
steel mold placed over a glass plate lined withaflem® M. This setup was kept in a well-
ventilated place for 45-60 min and subsequentlgstierred to the UV chambek< 365 nm, 4.5

mW cni?) and irradiated for 45 min in ambient atmosphere.

2.2.2 Sandard procedure for filled PPO systems. The system was prepared as above for PPO
networks. The filler was added with 40—-60 wt% tolealirectly into the PPO—crosslinker mixture
prior to speed mixing; otherwise, the procedure washanged. The resulting films were studied by

scanning electron microscopy (SEM) to ensure prapring of the fillers into the elastomer.

3. Results and discussions
3.1. Sample preparation and characterization

In this study a novel network material for DEAP bBggtions based on PPO was prepared. The
network was prepared through highly efficient cliogsng of a commercially available, c-diallyl
poly(propylene oxide) with pentaerythritol tetrgldgnercaptopropionate), a tetra-functional thiol.
Thiol-ene reactions are a type of ‘click’ reactighst are characterized by being highly efficient



and easy to perform in bulk processes [16, 17]. fidaxtion is tolerant to a large number of
functional groups and can be initiated through b#rmal and photochemical initiators, as shown

in scheme 1 for the photochemical initiator (Lutjrapplied here.
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Scheme 1: Photoinitiatedcrosslinking ofa, cw-diallyl poly PPO by thiol-ene chemistry, where Brsfies the
network.

The thiol-ene crosslinking reaction shown in scheineelies on a high degree of end-group
functionality in order to be efficient and produeecrosslinked network with a minimum of
dangling chains. The presence of the end grougb@rommerciak, wdiallyl PPO base material
has been confirmed b{H-NMR spectroscopy, where the presence of the a&hd group was
confirmed with a characteristic set of doublets.2tppm and a multiplet at 5.9 ppm. The presence
of the allyl end groups was also confirmed by FTaNRere the double bond stretching was found
at 1650 crit.

The crosslinked PPO networks were prepared witbraralled stoichiometric imbalance (8],
f [thiol],

which is defined ag = ——
2[vinyl],

,wheref is the average functionality of the crosslinkeediand

[...]1ois the initial molar concentration of the reactyy®@ups present in the crosslinkéri¢l) and in
the polymer yinyl).

In order to obtain the mechanically strongest nétwdheological tests were performed on PPO
networks by monitoring the storage modul@)(in the linear viscoelastic region for different
compositions. The storage moduli at®Hz are summarized ihable 1.

Table 1: Storage modulusY)) of networks at different crosslinker contentd@t Hz (The complete data
series has been included in SI-Figure 1 (availabletacks.iop.org/SMS/22/115011/mmedia).)

Stoichiometry (r) | 0.8 10| 12| 132 1.651.85

G’(kPa) 0.49 | 0.30] 0.43 25.2 34]27.9




FromTable 1, it can be seen that the mechanically strongestark was obtained at approximately

r = 1.65 corresponding to the high&stamong other pure PPO networks and this stoichigmet
was thereafter kept constant throughout the stadthe pure PPO network and PPO composites.
The pure PPO network was prepared as shown in scherarticle composites were prepared as
for the pure PPO network, with the addition of eifint amounts of filler before mixing and UV
crosslinking. In the compositions, the non-rubbegrédients (such as fillers in this case) are
expressed as parts per hundred rubber (phr). $nctbvention, the filler amount is taken as the
ratio against 100 parts (by weight) of rubber. lty@cal composition, PPO_10 indicates 10 phr (1
g) treated fumed silica was mixed with 10 g pur©PP

3.2. Rheological measurements

The linear viscoelastic (LVE) properties of puredaomposite PPO networks were measured in
order to characterize the material response indhestrain limit. Figure 1(a) shows the storage
modulus G”) and figure 1(b) shows the loss tangent (tan Jeltahe materials. Tan delta is also
known as the damping of the material. It is obvitlst, with respect to the viscous loss in the
investigated frequency regime, all PPO networkssaperior to VHB (see inset in figure 1(b) for
comparison).

From figure 1(a) it can be seen that the storagdutns G’) at the plateau (terminal) region (10
Hz) is approximately 35 kPa for pure PPO which esyMlow compared to VHB as well as non-
filled silicone elastomers [18]. On the additiontofated fumed silica into the soft PPO network,
the storage moduluss() at low frequencies gradually increases from 33.@6 kPa due to the
hindrance in chain movement imposed by the filler.

The tan delta plots (figure 1(b)) also give somsight into the molecular motion and damping
behavior of the polymers. At 5 phr treated fumditailoading, the viscous loss of pure PPO is
reduced significantly in the entire frequency rgre®d it continues to decrease as the filler cdanten
is raised up to 10 phr. However, upon addition®fihd 30 phr treated fumed silica the composites
show increased tan delta, indicating prominent daghpehaviour of the composites and hence a
possible destruction of the network properties [Idpreover, at low frequencies the samples
containing treated fumed silica exhibit an almotbke tan delta, as is typical for a loaded
crosslinked rubber in which chain movements aréh&irrestricted due to the presence of filler
particles. Compared to PPO, VHB remains a mateiitdl a significant loss, a higher tan delta and

showing a much more dispersive behavior than PR{Caay of the composites (figure 1(b)).



@ 061w oo () 087
e VHB4910 .o'. A
A PPO_5 o° o
v PPO_10 K 0,64
¢ PPO_15 ...‘ P ’ .

. < PPO_30 . ..:.:04 PP :.:“ o S

© PIPRE RN - o) 4

Q 105‘M aeneen g 04

104 ! { v T T 0,0 T T T T T
10° 10% 10" 10° 10" 107 10° 10% 10" 10° 10" 10°
Frequency (Hz) Frequency (Hz)

Figure1: (a) Storage modulus and (b) tan delta versusiéecy for pure PPO and filled PPO networks at
25°C. Inset shows the difference in tan delta betwtbe PPO formulations (shaded region) and VHB.

3.3. Dielectric spectroscopy

One interesting aspect of this study is the measeine of the effect of incorporating treated fumed
silica as a reinforcing agent on dielectric penvitlf of PPO. Figures 2(a) and (b) show dielectric
spectra for PPO and its composites.

At low frequencies, an increase in the dielectrimstant of both PPO and its composites is
observed as frequency is progressively lowered fabout 16 down to 20 Hz (figure 2(a)), which

is accompanied by a parallel increase of tan dgétjare 2(b)). Such an increase, which shows up as
a low frequency dispersion in all dielectric spactican be ascribed to Maxwell-Wagner
polarization, which is caused by a limited displaeat of charges induced by the electric field in
corresponding interfaces between different phagésle in the case of pure PPO such dispersion
could arise only from a polarization contributidrtfze level of the sample/electrode interfacehin t
composites it could be indicative of the presenicudher interfaces. Indeed, the fact that in the
composites such polarization effects are more fogmt than in pure PPO is likely due to the
presence of interfaces between the PPO matrixtandlier. Coherently, it is also found that as the
filler amount is increased, the interface polai@ateffect increases. In the region of medium-high
frequencies (18-1¢F Hz), where the dielectric response mainly depesmishe bulk polarization
processes [19], there are no significant changéseist (figure 2(a)) for all the materials. However,
the dielectric constant varies with the compositaspared to that of the pure matrix. From figure
2(a) the relative dielectric constant for pure P&Q kHz can be determined to be 5.6, which is
higher than the value reported for VHB4910 (3.21 &Hz) [20, 21].
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Figure 2: Dielectric spectroscopy plot (a) real part ofrpgtivity versus frequency and (b) imaginary pért o
permittivity versus frequency for PPO and the cosifes.

Treated fumed silica was used as a filler for i@oément, and since it is a low dielectric constant
filler (¢ = 3.9) it gives a minor decrease in the dieleghecmittivity, as predicted by common
mixing rules [22]. Although, at higher treated fuinglica content the bulk permittivity of PPO_15
and PPO_30 becomes higher than PPO_5 and PPO réMaiins lower than the pure matrix. This
change in the behavior of the dielectric propergéiekigher filler loading factors could be the fdesu
of a larger contribution from interfaces at fill@dtrix boundaries as the filler volume fraction is
increased. Some studies have already revealedhthgiresence of such boundary layers inside a
material increases the dielectric permittivity. lwgtance, at the interface between matrix anerfill

in a particulate composite or between two immigciphases in a polymer blend, intermediate
interaction regions can provide additional polar@a properties, which can play a major role in

determining the final permittivity of such materjaD, 23—-25].

3.4. Mechanical analysis

The mechanical properties of PPO and reinforcedposites were investigated by tensile testing as
shown in figure 3.

Each test was stopped either at sample break, wddchrred for all samples except PPO_30, or
when the load cell reached maximum limit (10 N).s&ived elongation at break of pure PPO is
170% while all the composites show maximum elomgatexceeding 500%. Thus, filler
incorporation in PPO network increases the extditgiof the networks, clearly showing the

desired improvement in mechanical stability of pinepared composites.
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Table 2: Local elastic modulus of PPO and its compositalifierent strains.

Sample Modulus at 25% | Modulus at 50% | Modulus at 100%
strain (kPa) strain (kPa) strain (kPa)
PPO 264 205 143
VHB4910 78 31 19
PPO_5 200 160 119
PPO_10 327 241 176
PPO_15 338 240 178
PPO_30 474 344 239

Table 2 summarizes the local elastic moduli (tahgdope) at different strains of PPO and the
composites.

From the table, it is clear that for PPO compodiesocal elastic modulus steadily decreaseseas th
strain is increased up to about 100%, which israrnon feature of elastomeric behavior.

At higher elongations the situation changes anepgr monotonic increase in the stress curves is
observed (except for pure PPO as the sample fatledbout 170% strain), recognizable as an up-
swing after a flex point above 100% strain, whisldue to the preferred orientation of the polymer
chains in the direction of extension. When theefihmount is increased, the respective curves shift
to higher stresses at corresponding strains (fi@urevith the exception of PPO_5, for which the

response remains below that of the pure matrix. Paesible reason might be that in the case of
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PPO_5 the reduction of crosslink density dominatdsiced mechanical improvement due to filler
addition thereby making the sample softer than PR@arkedly different stress—strain behavior is
observed for VHB, where a very low modulus at ssabelow 600% is observed (which is
advantageous for electromechanical actuation) viath by a moderate increase at strains beyond
900%.

3.5. Actuation study

Electromechanical tests were performed on 100%tneteeed samples of both PPO and its
composites, and the results are presented in figuréThe electromechanical response of
prestretched VHB4910 is included in figure 4 fosyggomparison. Due to the detection of partial
electrical conduction at fields over 20 Mm™ in samples containing treated fumed silica, the
effective electric field acting on these samples wat considered reliable beyond this threshold
value. Therefore, data have been reported onlyrdtable values below 20 Wim? (with the
exception of PPO_30, which showed reliable actnatiban electric field as high as 27uwh™).

For pure PPO the sample failed at fields arount 1ifn™, while VHB4910 did not show any such

failure.
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Figure 4: Electromechanical response of PPO and the comesosi

11



As seen in figure 4, the electromechanical respofgeire PPO is very close to that of VHB4910.
Addition of filler significantly reduces the sticless of PPO and improves its mechanical
performance manifold (figures 1 and 3). The de@dasYoung’s modulus at low filler loading,
followed by an increase as filler amount is inceshsdirectly reflects on the electromechanical
response of PPO composites. From figure 4, it carsden that PPO_5 shows the maximum
actuation strain among the studied PPO compositéiewed by PPO_10 and PPO_15. The
relatively low actuation strain of PPO_10 and PP®isldue to the higher modulus and lower
dielectric permittivity compared to pure PPO andPB. At higher content of treated fumed silica
the strain induced by the electrostatic pressummibes very small as can be seen for PPO_30.
These observations are in good agreement with iequ@) and all measurements agree well at low
voltages whereas the different losses start to alaymportant role at higher voltages for all types
of materials investigated here. Considering thelte®btained from electromechanical tests, PPO
filled with small amounts of filler has very goodtaation behavior and good mechanical
properties. Higher filler content gave better menta property, but severely hindered the
electromechanical performance of the material. @loee a convenient tradeoff between the
required mechanical reinforcement of PPO compositesthe electromechanical response opens a
pathway into the development of stacked actuat®6s P7]. The PPO samples possess natural
adhesiveness, which would be beneficial for sankiwg several actuators on top of each other.
Future development of this material would be toketa balance between improving mechanical
properties and electromechanical response by etttimgloying chemical modification of the base
polymer or using novel filler materials. Howevdreffiller selection is limited to fillers with lit

UV absorption.

Table 3 summarizes and compares all the matertalfda PPO, PPO_5 and VHB4910 obtained in
this study.

From table 3 it is seen that pure PPO is a religtiseft material; however, it shows high viscous
loss owing to high tan delta. When treated fumdidasis added, the shear modulus increases,
indicating reinforcement effect of the PPO matrikhwa parallel decrease in viscous loss. The
storage permittivity of pure PPO is about 1.5 tirhiggher than VHB4910 although a slight decrease
in permittivity can be seen in the case of PPO_pradicted by the mixing rule mentioned earlier.
PPO_5 and VHB4910 show similar electromechanichéb®r which is an improvement over pure
PPO.

12



Table 3: Material data comparison between PPO, PPO_5 &it1g10.

Sample Shear modulug  Tan delta from Storage Tensile modulus| Electrically induced strain
(kPa) at 16 Hz | rheology at 16 Hz | permittivity | (kPa) at 100% (%) at ~14 Vum™)
at 1 kHz strain
PPO 34.7 0.16 5.6 143 1.2
PPO_5 41.2 0.07 5.1 119 1.6
VHB4910 50.7 0.2 3.7 19 1.8
4. Conclusion

This study reveals the potential of PPO reinfonaiti treated fumed silica filler as a new dielectri
electroactive polymer actuator. A novel PPO elastoand its composites were developed by a
simple and easily manageable processing schemear $heology showed enhancement in the
mechanical stability of PPO composites over the haeically weak pure PPO network, and
additionally, both PPO and its composites showgdifscantly less viscous loss as compared to the
widely used VHB elastomer. The reinforcement effeas also reflected in mechanical tests, where
the composites showed elongations of more than 5@fi%pared to the 150% for the pure network.
The relative permittivity of pure PPO at*Bz was found to be 5.6, and all the PPO composites
showed permittivities above 4.8, which is signifitg higher than VHB4910. The
electromechanical test showed that PPO compositésswall amounts of filler (5—-10 phr) have
the best electromechanical behavior.

The observed performance, combined with theirnstd stickiness, suggests that these materials
have a great potential in the application areaafked actuators. PPO composites were also found
to be similar to VHB4910 in their electromechanicabponse with the added advantage of
possessing very low viscous dissipation. FurtheendPO presents another advantage over
VHB4910 since further optimization of PPO netwoiksallowed due to the reactive handles

resulting from an excess of thiol groups. This Wwél studied in the future.
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