Applied Polymer

SCIENCE

Mechanical, Dielectric, and Electromechanical Properties of Silicone
Dielectric Elastomer Actuators

Il Jin Kim,2 Kyoungho Min,* Hyunchul Park,® Soon Man Hong,*® Woo Nyon Kim,?

Seung Hyun Kang,* Chong Min Koo-3

LCenter for Materials Architecturing, Korea Institute of Science and Technology, Hwarangno 14-Gil 5, Seongbuk-Gu, Seoul
136-791, Republic of Korea

2Department of Chemical and Biological Engineering, Korea University, Sungbuk-Gu, Seoul 136-701, Republic of Korea
3Nanomaterials Science and Engineering, University of Science and Technology, 176 Gajung-Dong, 217 Gajungro Yuseong-Gu,
Daejeon 305-350, Republic of Korea

“Central Research Institute Silicone Research Team, KCC Corporation, 83 Mabook-Dong, Giheung-Gu, Yongin-Si Gyunggi-Do,
Republic of Korea

Correspondence to: C. M. Koo (E-mail: koo@kist.re.kr)

ABSTRACT: Silicone elastomer actuators were investigated to develop a simple and industrially scalable product with improved
mechanical properties, such as a low modulus, high tearing strength, and good resilience, and enhanced electromechanical
actuation properties. Silicone elastomers were fabricated via a hydrosilylation addition reaction with a vinyl-end-functionalized
poly(dimethyl siloxane) (V), a multivinyl-functionalized silicone resin, and a crosslinker in the presence of a platinum catalyst.
For the larger electromechanical actuation response, the silicone dielectric elastomer actuator had to have a larger molecular
weight of poly(dimethyl siloxane), a smaller hardener content, and a resin-free composition. However, the silicone elastomer
actuators needed to include a small amount of resin to improve the tearing strength. © 2013 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

The production of dielectric elastomer actuators (DEAs), devi-
ces for converting electrical to mechanical energy, have been a
fast-growing and promising research field in recent years
because of the outstanding advantages of DEAs, such as their
large electromechanical strain, fast response, low cost, and fac-
ile processability.'™® They have been considered as good candi-
date materials for optical lenses, robotics, haptic displays,
loudspeakers, active vibration damping, and muscle replace-

ment.” '3

DEA is basically a compliant capacitor consisting of a deforma-
ble dielectric elastomer and compliant electrodes, as shown in
Scheme 1. When an electric field is applied to the electrodes,
the DEA is squeezed in the thickness direction and is expanded
in area as a result of Maxwell stress, which originates from the
Coulomb interaction between oppositely charged compliant
electrodes.”'* The resulting electromechanical actuation strain
(s) is expressed by eq. (1):

© 2013 Wiley Periodicals, Inc.
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where & and ¢, are the vacuum permittivity (8.85 X 10~ '
F/m) and the relative dielectric constant of the material, respec-
tively, and Ef and E are the electric field (V/um) and modulus
(MPa), respectively.

Dielectric elastomers usually consist of a polymer network and
are capable of regaining their shape and size after deformation.
The network is a three-dimensional entity of polymer chains
connected with covalent bonds that are introduced through
crosslinking reaction of a functional polymer with a crosslinker.
Dielectric elastomer films are insulated with rubberlike struc-
tures that are capable of undergoing reversible extension and
producing work. Thus, an elastomer film needs to be capable of
sustaining a large area expansion strain without suffering any
damage and losing electric charging on the electrodes."”

. . . 16-20
Various dielectric elastomers, such as acryl rubbers, thermo-

: 21-23 1; 24-31
plastic elastomers, and silicone elastomers, have already
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Scheme 1. Mlustration of the setup for the actuation strain measurements. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

been investigated as DEAs. The elastomer VHB 4905 from 3M was
reported to provide excellent performance for highly prestrained
films, but the handling of this product is quite difficult because of
its sticky nature. The poly[styrene-b-(ethylene-co-butylene)-b-sty-
rene] block polymer thermoplastic elastomer containing aliphatic
mineral oil was a good system for understanding the actuation
mechanism of DEAs with large actuation strains but showed fatal
disadvantages, such as the leakage of mineral oil.”*™*

Silicone elastomers have desirable properties, including a high
energy efficiency, fast response, and good durability, because of
their low viscoelastic losses, good resilience, and low electrical
leakage. Silicone elastomers also have good temperature and
humidity tolerance. Several commercial silicone elastomers have
already been investigated as promising DEA products.”” How-
ever, commercial silicone elastomers, such as Sylgard 184A,
need further improvement in their mechanical and actuation
properties because of some disadvantages, including their high
modulus, small actuation strain, and weak tearing strength.’

In this work, our aim was to develop a straightforward and
industrially scalable silicone elastomer actuator not only with
improved mechanical properties (e.g., low modulus, high tearing
strength, good resilience) but also with improved electromechan-
ical actuation properties. Silicone elastomers were fabricated via
a hydrosilylation addition reaction with vinyl-end-functionalized
poly(dimethyl siloxane)s (Vs), a multivinyl-functionalized sili-
cone resin (R), and a crosslinker in the presence of a platinum
catalyst at an elevated temperature. The effects of the molecular
weight of poly(dimethyl siloxane) (PDMS) and the resin and
hardener contents on the tensile, dielectric, and electromechani-
cal properties of the silicone elastomers were investigated to
determine the optimum composition of the silicone DEA.

EXPERIMENTAL

Materials
The V, R, Si—H functionalized hardener (H), retarder, and
Pt catalyst were supplied by KCC Corp. (Republic of Korea).
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The chemical structures of V, R, and H are illustrated in
Scheme 2. The five V samples had various vinyl molar con-
tents, viscosities, and molecular weights, as listed in Table I.
The viscosities of the V samples were 0.45, 1, 10, 70, and
150 kcP. The vinyl content of R was 0.7 mmol/g. The Si—H
content of H was 2.3 mmol/g. Vinyl methyl cyclosiloxane
was used as the retarder. A commercial silicone elastomer
(Sylgard 184A) was purchased from Dow Corning. Xylene
solvent was purchased from Daejung Chemicals (Republic of
Korea).

Fabrication of the Silicone Elastomer Films via
Hydrosilylation

The silicone dielectric elastomer films were fabricated via a
hydrosilylation reaction, as illustrated in Scheme 2. The vinyl
groups in V and R and the Si—H groups of H were reacted to
form CH,CH,—Si covalent bonds via a Pt-catalyzed hydrosilyla-
tion reaction at an elevated temperature. The vinyl methyl
cyclosiloxane retarder prevented a hydrosilylation reaction dur-
ing premixing at low temperature and allowed the reaction to
proceed only at an elevated temperature. For the fabrication of
the silicone dielectric elastomer films, initially V, R, the retarder,
and the Pt catalyst were mixed together in xylene at different
mass ratios according to the compositions presented in Table II.
The concentrations of the Pt catalyst and the vinyl methyl
cyclosiloxane retarder were fixed at 60 ppm and 0.067 mg,
respectively, in the mixtures. Then, H was added to the mixture
and mixed homogeneously. The xylene solvent and entrapped
bubbles were removed in vacuo. The resulting resinous mixture
was coated on the polyimide film to form silicone elastomer
films with a thickness of 150 um with a bar coating device. The
curing was carried out at elevated temperature at approximately
135°C for 4 h in vacuo. In a typical sample with a notation
such as Vy50H; sRy0, Vis0 indicates a V with a viscosity of 150
kcP, H, 5 indicates that the relative molar ratio of the Si—H
functional groups of H to the vinyl groups of V was 1.5, and
R;o represents a resin content of 10 wt % in the silicone
elastomer.
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Scheme 2. Mlustration of the hydrosilylation reaction.
Characterization (S;) was measured with a laser displacement sensor (Keyence

The molecular weight and molecular weight distribution were
determined with gel permeation chromatography (TS Science-
Jasco) with toluene as the solvent. The 'H-NMR and '*C-
NMR spectra were recorded on a Bruker 400-MHz high-reso-
lution Fourier transform NMR spectrophotometer with CDCl;
as the solvent. The film thickness was measured with a micro-
meter (Heidenhain, MT2501). The dielectric constant (K) and
dielectric loss tangent (tan J) of the sample films were meas-
ured with an impedance analyzer (HP4192A) with a dielectric
test fixture (Agilent 16089A) at 100 kHz at room temperature.
The tensile properties were measured at an extension rate of
10 mm/min at room temperature with a universal testing
machine (H5KT) with the ASTM D 882 standard method. The
sample dimensions for the mechanical tests were 50 X 10
mm?* (Length X Width). The cyclic load—unload tensile test
was implemented at an extension and contraction rate of 20
mm/min. The electromechanical transverse actuation strain

Table I. Characterizations of the Materials

LK-G80), as illustrated in Scheme 1. The polymer film had
one end clamped at a fixed solid base and the other end was
fixed with a cantilever at a different solid base. The polymer
film was under slight tension because of the cantilever holding
the film. When the voltage was applied to the film, its electro-
mechanical deformation caused the end of the flexible cantile-
ver to move back and forth. A laser displacement sensor
measured the distance between the cantilever and the laser
sensor. The usual dimensions of the films for actuation were
25 X 35 mm®. Carbon grease electrodes with dimensions of 15
X 25 mm? were coated on both surfaces of the film. The strain
measurements were measured under a 0.2-Hz alternating-
current (ac) electric signal. The electric voltage was delivered
to the film with a function generator (Agilent 33250A) and
amplified by a factor of 1000 through a high-voltage lock in
an amplifier. S; was defined as the change in length (AL) of
the sample divided by the initial length (L,):

Viscosity (kcP) M., (g/mol) M., (g/mol) MM, O—CH=CH, (mmol/g) Si—H (mmol/g)
R 0.7
Vos 0.45 11,376 24,571 2.16 0.17
V4 1 16,426 33,788 2.06 0.12
V4o 10 39,799 75,954 1.91 0.053
V7o 70 53,082 100,322 1.89 0.027
Viso 150 85,320 158,859 1.86 0.021
H 2.3

M,, = number-average molecular weight; M,, = weight-average molecular weight.
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Table II. Compositions of Silicone Dielectric Elastomers
V(g
Sample Vos Vi Vio V7o Viso R (g) Retarder (mg) Pt (ppm) H(g)
Vo.sH1.5Ro 30 0] 0.067 60 341
ViH1.5Ro 30 0 0.067 60 2.35
V10H15R0 30 0] 0.067 60 1.04
V70H1.5Ro0 30 0 0.067 60 0.53
Vis0H1.5R0 30 0 0.067 60 0.42
V150H1.5R5 30 1.5 0.067 60 111
VisoH1.5R10 30 8 0.067 60 1.79
Vis0H1.5R15 30 4.5 0.067 60 248
Vis0H1.5Rz20 30 6 0.067 60 316
V150H1.5R25 30 7.5 0.067 60 3.85
Vi10H15R5 30 1.5 0.067 60 1.73
V70H1 5R5 30 1.5 0.067 60 1.21
V150H1.5R5 30 1.5 0.067 60 111
VioH30Rs 30 1.5 0.067 60 3.44
V70H3.0R5 30 1.5 0.067 60 242
Vis0H3.0Rs 30 1.5 0.067 60 219
Vi10H45R5 30 1.5 0.067 60 517
V70H45R5 30 1.5 0.067 60 3.64
V150H4.5R5 30 1.5 0.067 60 3.29
5, (%) = AL %100 2) Figure 2 shows the stress—'strain curves and the resu.lt‘ing tensile
Loy modulus (E) and elongation at break (g;) of the silicone elas-

RESULTS AND DISCUSSION

This research was focused to develop a useful silicone elasto-
mer actuator with enhanced mechanical properties (low mod-
ulus, high tearing strength, and good resilience) and
electromechanical actuation properties. Figure 1 shows the 'H-
NMR spectra of representative V, H, and R. As Figure 1(a)
shows that V5, had two sets of characteristic peaks around
0.2 and 6 ppm. The peaks between 0.1 and 0.4 ppm repre-
sented the methyl groups attached to the silicone atoms and
indicated that the main backbone structure was PDMS. The
other peaks between 5.7 and 6.3 ppm indicated the presence of
vinyl groups at the end of PDMS. As shown in Figure 1(b), H
also had two sets of characteristic peaks around 0.2 and 4.7
ppm. The peaks at 0.2 ppm represented the methyl groups
attached to the silicone atoms, whereas the peak at 4.7 ppm
indicated the presence of Si—H functional groups. As shown
in Figure 1(c), the resin (R) revealed three sets of characteristic
peaks around 0.2, 1.3, and 6 ppm. The peaks between 0.1 and
0.3 ppm represented the methyl groups attached to the silicone
atoms. The other peaks between 1.2 and 1.4 ppm indicated the
hydroxyl groups attached to the silicone atoms. The peaks
between 5.7 and 6.3 ppm revealed the presence of vinyl groups
attached to the silicone atoms. The detailed peak assignments
are presented in Figure 1. From the 'H-NMR and gel permea-
tion chromatography results, the molar concentrations of the
vinyl and Si—H functional groups in V, R, and H were calcu-
lated, as listed in Table I.
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tomers with various weight-average molecular weights of V.
The relative molar ratio of Si—H groups in H to the vinyl
groups in V was fixed at 1.5. The silicone elastomers were free
of R. The detailed mechanical properties are listed in Table II.
The sample V,sH; sRg, with a molecular weight of V of 0.45
kg/mol, revealed an E of 0.99 MPa and an ¢, of 57%. As the
molecular weight of V increased, ¢, increased; in contrast, E
decreased. The sample V,50H; sR,, with a molecular weight of
V of 150 kg/mol, had an E value of 0.20 MPa and an g, of
262%.

Figure 3 shows the E and ¢, of silicone elastomers with various
R contents. The relative molar ratio of Si—H to vinyl in the sili-
cone elastomer was fixed at 1.5. The value of E increased line-
arly with increasing R content. However, ¢, increased with
increasing R content up to 10 wt % and then decreased with
further increases in the R content. The resin-free V,50H; 5R,
had an ¢, of 262%. V,50H; sR;0, with an R content of 10%, had
the largest ¢, of 311%, whereas V,50H, 5R,5, with an R content
of 25%, had the smallest ¢, of 125%. That is, the incorporation
of small amounts of R into the silicone elastomer improved the
tearing strain and strength.

Figure 4 shows the variation of E and ¢, of the silicone elasto-
mers with H contents. The R content was fixed at 5 wt %. As
H content increased, E increased slightly, whereas ¢;, decreased.
The effect of the hardener was stronger in the low V molecular
weight rather than in the high V molecular weight. Vi,
showed a larger increase than V5, in E as the H content
increased.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40030
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Figure 1. '"H-NMR spectra of (a) V, (b) H, and (¢) R.

Figure 5(a) shows representative cyclic load—unload examina-
tion graphs of the V,50H; 5R silicone elastomers. For a better
display, each cyclic curve was vertically shifted on the y axis.
Each specimen was examined in a four-cycle load—unload test
to evaluate the resilience properties. The maximum extension
in the examinations was 150%. In the first load—unload cycle,
the V50H; sRo sample showed a small hysteresis. The hystere-
sis resulted in a permanent residual strain that remained even
after the load was completely removed. In the second to
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Figure 2. (a) Stress—strain curves and (b) the resulting E and ¢, values of
silicone elastomers with different molecular weights. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

fourth cycles, the V,s0H; sR, sample hardly revealed further
hysteresis behavior; this indicated the development of no fur-
ther residual strain during these cycles. Figure 5(b) shows the
first cycles in the load—unload examination of the silicone
elastomers at various molecular weights of V. Each curve was
vertically shifted for display. The V,sH;sRo,
V1H;sRo, and VioH; sR, samples were ruptured before 150%
extension. Samples with a larger molecular weight provided
larger ¢,’s. The V,0H,;s5Ro and Vi50H;sR, samples revealed
residual strains of 4.8 and 4.5%, respectively. These results
indicate that the stretchability and resilience of the silicone
elastomers improved with increasing molecular weight of V.
We observed that the residual strains also depended on the R
and H contents. Figure 5(c) shows the residual strain of
Vis0H 5 with various R contents. Sample V,50H; sRy (without
R) provided a residual strain of 4.5%. In the presence of R,
the Vi50HisRs, VisoHisRip, VisoHisRis, and VisoH,sRy
samples revealed the same residual strain of 7.2%. Figure 5(d)
shows the residual strains of Vi59R, with various H contents.
The residual strain monotonously increased with increasing H
content.

a better

The measured K values and tan ¢ values of the silicone elas-
tomers at a frequency of 100 kHz are listed in Table III. The
dielectric properties of the silicone elastomers hardly
depended on the molecular weight of V or on the R and H
contents. Regardless of the sample composition, the silicone
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elastomer provided almost the same Ks of 3.26-3.34 and tan
0 values of 0.0003-0.003 at 7 100 kHz. The dielectric proper-
ties are determined by the chemical structures of the poly-
mers, and all of the silicone polymers in this study revealed
almost the same chemical structures.”® The tan &, which
results from the inelastic rotation of the dipoles in the sample
under an electric field, is related to the internal energy dissi-
pation and energy consumption during electromechanical

1.5
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<
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H content (Si-H/C=C ratio)
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Figure 4. (a) E versus H content and (b) &, versus H content of the sili-
cone elastomers. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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actuation.'*™'® Thus, the produced silicone elastomers were
capable of being used as an energy-efficient polymer actuators
with a small energy loss.

Figure 6(a) shows the S, values of the V50H; sR, silicone elasto-
mer at various ac electric field strengths. S, was calculated with
eq. (2) on the basis of the peak-to-peak strain at each electric
field. The S, value increased with increasing applied electric
field. Figure 6(b) shows the variation of S, of silicone elastomers
with various molecular weights of V. The commercial Sylgard
184A silicone elastomer was compared with these as a reference.
In every sample, the S, value was proportional to the square of
the applied electric field. The actuation strain curves agreed
with the characteristic electric actuation behavior of the electro-
strictive DEA." The actuation strains strongly depended on the
molecular weight of the polymer. The S, value increased with
increasing molecular weight of V. All of the silicone elastomers
in this study provided larger actuation strains than the commer-
cial silicone 184A. Sample V,50H;sR, revealed an S, value of
0.82% at 50 V/um, which was four times larger than that of
184A. Figure 6(c) shows the S, variation of the silicone elasto-
mer samples with various R contents. The S, value decreased
with increasing R content at the same electric field strength.
Figure 6(d) shows the S, variation of the silicone elastomer sam-
ples with various H contents. The S, value decreased with
increasing H content at the same electric field strength.

In this study, the effects of the molecular weight of V and the
amounts of R and H on the mechanical, dielectric, and electro-
mechanical properties of the silicone elastomers were investi-
gated. The dielectric properties, such as K and tan d, of the
silicone elastomers were observed to be independent of the
molecular weight of V and the amounts of R and H because the
chemical features of the silicone elastomers were the same.
However, the mechanical and electromechanical properties of
the silicone elastomers were significantly affected by the molecu-
lar weight of V and the R and H contents.

With regard to the mechanical properties, as the molecular
weight of V increased, the E values of the silicone elastomers
decreased, but the ¢, and resilience values increased. In contrast,
when the H content increased, E and the residual strain of the
silicone elastomers increased, and ¢, decreased. Basically, the
modulus of the elastomers with a network structure depended
on the crosslinking density, which was a function of the chain
length between the crosslinking points, as shown in eq. (3).”

E:pRairT/Mc (3)

where p, Ry, T, and M, represent the density, ideal gas con-
stant, temperature, and molecular weight between crosslinking
points, respectively. As the M, value between the crosslinking
points increased, the crosslinking density decreased, and the
modulus decreased. With the assumption that all of the vinyl
groups of V participated in the hydrosilylation crosslinking
reaction, the molecular weight of V would be equivalent to M..
As a result, when the molecular weight of V increased, the E
values of the silicone elastomers decreased, according to eq. (3).
The softer elastomer with a large M, value provided a larger ¢,
and a smaller hysteresis in the cyclic test. Because of the same

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40030
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reason, when the H content increased, the crosslinking density
and E values of the silicone elastomers increased. The stiffer
elastomer with a large H content provided a smaller ¢, value
and a larger hysteresis in the cyclic test.

Interestingly, when the R content increased, the E values of the
silicone elastomers monotonously increased; however, the ¢,
value increased up to 10 wt % and then decreased. This modu-

lus behavior was explained by the fact that the R played a role

Table III. Mechanical, Dielectric, and Actuation Properties of the Silicone Dielectric Elastomers with Various Compositions

Sample E (MPa) ep (%) K at 100 kHz Tan § at 100 MHz S; at 50 V/um (%)
184A 0.24 93 333 0.0007 0.19
Vo.5H1 5R0 0.99 57 3.26 0.0001 0.28
V1H1 sRo 0.84 86 325 0.0007 0.33
V10H15R0 0.6 124 3.31 0.0008 0.43
V-0H1 5Ro 0.49 216 3.26 0.001 0.62
V150H1.5R0 0.2 262 3.33 0.0003 0.83
V150H15Rs 0.38 289 3.38 0.0013 0.71
V1s50H15R10 0.41 311 3.33 0.0014 0.59
Vis0H1 5R15 0.65 249 3.3 0.0007 0.43
V1s0H1.5R20 0.79 158 3.34 0.002 0.27
V1s50H1 5R25 1.34 125 3.33 0.001 0.25
V70H1.5Rs 0.59 223 33 0.0021 0.51
V-oHz0Rs 0.64 209 3.22 0.0022 0.38
V-0oH4.5Rs 0.7 193 3.27 0.003 0.26

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

40030 (7 of 9)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40030


wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
0.6
( a) — 11V/um
04} £
c
B
0.2 =
= S
2] ©
] @
02} 9]
2
g
04+t %
-0.6 1 1 1 1 1 1 L I I = Il i i 1 Il I
o 2 4 6 8 10 12 14 16 18 0 10 20 30 40 50 60
Time(s) Electric field (V/um)
1.0 1.0
= | )
< o8t T UOF 5w g
£ -V HR % 150 ' 15
g @ o = Vlﬁﬂ H1 ERS
'g 0.6 Vm Hs,uRs 2 0.6 - —a—V _H ) R
A 150 ° 1.5 10
% Vm HMRS % ¥ Vi HiRes
% 0.4} *3 04r V‘!Sﬂ H1.5R20
@ )
g 0] Viso HisRos
£ 02r 2 02
@ [}
> >
w 0
= =
S 00 S 00
'_ 1 1 1 1 '_ 1 1 1 1

0 10 20 30 40 50 60
Electric field (V/um)

0 10 20 30 40 50 60
Electric field (V/um)

Figure 6. (a) S, of the V5,H; sR, silicone elastomer at various ac electric field strengths. (b) S, of silicone elastomers with various molecular weights of
V, (¢) S, of silicone elastomers with various R contents, and (d) S, of silicone elastomers with various H contents. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

as a crosslinking point like the hardener. At small amounts of
R, the increase in the crosslinking density of the silicone elasto-
mer improved both the tearing strain and strength because the
resins acted as strong crosslink points. However, a high concen-
tration of R caused a reduction in the tearing strain of the elas-
tomer because of the large increase in the stiffness. That is, the
addition of a small amount of R increased the crosslinking den-
sity and the tearing strength.

The electromechanical properties of the silicone elastomers
depended significantly on the molecular weight of V and the R
and H contents. As the molecular weight of V increased, S,
increased. In contrast, when the R and H contents increased, S,
decreased. This actuation behavior may have been due to elec-
tromechanical responses that were observed to be reciprocal to
the moduli of the elastomers, as shown in eq. (1). The modulus
decreased with increasing molecular weight of V and decreased
with increasing amounts of H and R in the products.

CONCLUSIONS

Silicone elastomers were fabricated via a hydrosilylation addi-
tion reaction with V, R, and a Si—H functionalized crosslinker.
The mechanical and electromechanical properties of the silicone
elastomers were observed to be easily controllable with the
molecular weight of PDMS, the resin content, and the hardener
content. To get a larger s, a larger molecular weight of PDMS, a
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lower hardener content, and a resin-free composition should be
used. However, the silicone DEA needed to include a small
amount of resin to improve the tearing strength.
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