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Abstract: Crosslinked poly(dimethylsiloxane) (PDMS) has been widely used as a dielectric elastomer
for electrically driven actuators because it exhibits high elasticity, low initial modulus, and excellent
moldability in spite of low dielectric constant. However, further improvement in the characteristics
of the PDMS elastomer is not easy due to its chemical non-reactivity. Here, we report a simple
method for functionalizing the elastomer by varying content of hydridosilyl groups in PDMS acted
as a crosslinker. We synthesized poly(dimethylsiloxane-co-methylvinylsiloxane) (VPDMS) and
poly(dimethylsiloxane-co-methylsiloxane) (HPDMS). Tri(ethylene glycol) divinyl ether (TEGDE) as
a polar molecule was added to the mixture of VPDMS and HPDMS. TEGDE was reacted to the
hydridosilyl group in HPDMS during crosslinking between VPDMS and HPDMS in the presence of
platinum as a catalyst. Permittivity of the crosslinked film increased from ca. 25 to 36 pF/m at 10 kHz
without a decline in other physical properties such as transparency and elasticity (T > 85%, E ~150
kPa, ε ~270%). It depends on the hydridosilyl group content of HPDMS. The chemical introduction
of a new molecule into the hydridosilyl group in HPDMS during crosslinking would provide a facile,
effective method of modifying the PDMS elastomers.

Keywords: poly(dimethylsiloxane); hydrosilylation; functionalization; permittivity; transparency;
elasticity

1. Introduction

Crosslinked poly(dimethylsiloxane) (PDMS) has been well known for an elastomer material for
electrical-driven actuators, wearable devices, and artificial muscles because it can produce large and
dynamically reversible deformation in response to an electric potential [1–5]. The crosslinked PDMS
film is generally prepared from a reaction between vinyl or allyl and hydridosilyl groups in a liquid
PDMS mixture via platinum (Pt)-catalyzed hydrosilylation [6–8]. In the mixture, PDMS with the
hydridosilyl group is a so-called crosslinker. The crosslinked film has been extensively studied for
dielectric elastomer actuators, despite low permittivity, because the viscous liquid PDMS mixture is
moldable before crosslinking and the crosslinked film is exceedingly soft, stretchable, transparent, and
high voltage-endurable.

High driving voltage over several kV is required for actuation of the PDMS elastomer, which
limits electrical safety and miniaturization of the dielectric elastomer actuator integrated into operation
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system [3–5]. Dielectric property of the elastomer is crucial for reducing the driving voltage. However,
the permittivity of the elastomer cannot be readily improved due to its chemical non-reactivity.
Similarly, since the modification of PDMS is difficult, even though the liquid PDMS is one of promising
materials for microfluidic devices, the other materials such as Teflon, glass, and parylene have been
mainly studied for that purpose [9–11]. In order to improve the dielectric property of the film, organic
polar groups such as halogen, sulfur, and cyano groups have been chemically introduced into the
silicone polymer main chain in the film [12–16]. In this case, an additional synthetic process is required
for preparation of the PDMS monomers and prepolymers to which the polar groups chemically attach.
In simple ways, inorganic fillers with high dielectric constant such as titanium dioxide, zirconium
dioxide, barium titanate, carbon, and silver nanoparticles are physically blended with PDMS [16–22].
However, the crosslinked PDMS film dispersed with the inorganic particle has shown significant
increase of stiffness and opacity.

It has been reported that an azobenzene chromophore with hydroxyl groups was chemically
attached to tetraethylorthosilicate (TEOS) during crosslinking reaction of hydroxy-terminated PDMS
with TEOS in order to increase dielectric constant of the crosslinked PDMS film [23]. This method must
be an efficient and convenient way of chemically introducing polar groups to a crosslinked PDMS.
Similarly, a crosslinked PDMS has been generally obtained by mixing PDMSs containing vinyl or allyl
and hydridosilyl groups, respectively, over the Pt catalyst, as well. The above similar reaction will occur
when the polar molecule containing the vinyl or allyl groups is introduced into the PDMS mixture [24].
If the hydridosilyl group exists much more than the vinyl group in the mixture, the reaction between
the polar molecule and the PDMS crosslinker would increase. As we control the mole ratio of vinyl
to hydridosilyl groups in the mixture, we can increase permittivity as well as modulate degree of
crosslinking of the film, resulting in improvement of its actuation strain. This is because the thickness
strain for low strains (<20%) is proportional to the film permittivity and initial modulus according to
the following equation [23,25] even if it does not fully explain large strain electro-mechanics due to
strain nonlinearity [26–28]

Sz= −εrε0V2/E

where Sz is the actuation strain or the thickness strain; εr, the dielectric constant of the film; ε0, the
permittivity of free space (8.854 pF/m); V, the electric field (volt per meter); and E, the initial modulus
of the film.

In this work, we first control the mole ratio between vinyl and hydridosilyl groups in the PDMS
mixture via copolymerization of each PDMS in order to chemically introduce a requisite molecule.
It is preferable to the variation in wt % of PDMSs because the content of a PDMS crosslinker must
preferentially affect mechanical properties of the PDMS elastomer. We synthesized high molecular weight
poly(dimethylsiloxane-co-methylvinylsiloxane) (VPDMS) and poly(dimethylsiloxane-co- methylsiloxane)
(HPDMS) from diethoxydimethylsilane and diethoxymethylvinylsilane or diethoxymethylsilane. We
fixed the content of vinyl group in VPDMS and varied that of hydridosilyl group in HPDMS. We attempted
a polar molecule containing vinyl or allyl groups to compete with VPDMS during crosslinking between
VPDMS and HPDMS via the Pt-catalyzed hydrosilylation. We evaluated variations in permittivity, optical
transparency, and initial modulus of the crosslinked film with the amount of hydridosilyl group in
HPDMS and addition of tri(ethylene glycol) divinyl ether (TEGDE) as the polar chemical component into
the mixture of VPDMS and HPDMS.

2. Materials and Methods

2.1. Materials

Diethoxydimethylsilane (1), diethoxymethylvinylsilane (2), and diethoxymethylsilane (3) were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) Tri(ethylene glycol) divinyl ether
(TEGDE), platinum (0)-1,3-divinyl-1,1,3,3,-tetramethyldisiloxane complex solution (0.05 mol % of
platinum), and 37% hydrochloric solution in water were purchased from Sigma-Aldrich, Inc. (St. Louis,
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USA) Ethyl acetate (EA) and magnesium sulfate were purchased from Junsei Chemical Co., Ltd. (Tokyo,
Japan). All reagents were used as received.

2.2. Synthesis of Poly(dimethylsiloxane-co-methylvinylsiloxane) (VPDMS)

After 75.01 g of diethoxydimethylsilane and 0.82 g of diethoxymethylvinylsilane were introduced
into 250 mL of 3-necked flask equipped with a stirrer under nitrogen, 7.9 mL of distilled water and
2.0 mL of 37% hydrochloric acid solution in water as a catalyst were dropwise added to the monomer
mixture with stirring in a cold bath. The feeding mole ratio of the monomers was settled at 0.99:0.01
(1:2). The mixture was reacted at 70 ◦C with stirring of the rate of 250 rpm under a regulated nitrogen
flow (70 mL/min) [29]. The polymerization was carried out until it is gelled. The highly viscous
copolymer was dissolved in 200 mL of ethyl acetate (EA) and then the EA polymer solution was poured
into 700 mL of water to remove the catalyst. The EA solution was separated from the excess water and
dried by using magnesium sulfate. After the magnesium sulfate was filtered off and EA was removed
by a vacuum evaporator at 35 ◦C, the transparent, colorless, and highly viscous polymer was dried at
35 ◦C under vacuum for 2 days. Yield: 33.8 g (89%). Mn = 10.1 × 104 g/mol. PD = 1.64. l:m (mole ratio)
= 0.990:0.010. IR νmax(Liquid, NaCl)/cm−1: 3055 w (=C–H str., vinyl); 2963 s, 2905 m (C–H str., methyl);
1598 w (C=C str., vinyl); 1445 w, 1412 m (C–H ben., methyl); 1261 s (Si–O–C str.) 1093 s, 1019 s (Si–O–Si
str.). 1H NMR δh (CDCl3, 500 MHz): 5.92–6.05 (2H, m, vinyl); 5.78–5.83 (H, m, vinyl); 0.04–0.20 (9H, m,
methyl). 13C NMR δc (CDCl3, 500 MHz): 137.11 (s, –CH=); 132.77 (s, =CH2); 0.76–1.35 (m, –CH3). IR,
1H, and 13C NMR spectra were shown in Figure S1 (in supplementary material).

2.3. Synthesis of Poly(dimethylsiloxane-co-methylsiloxane) (HPDMS)

After diethoxydimethylsilane and diethoxymethylsilane were introduced into 250 mL of 3-necked
flask equipped with a stirrer under nitrogen, 1.0 mol % of distilled water and 0.04 mol % of hydrochloric
acid as a catalyst were dropwise added to the monomer mixture with stirring in a cold bath. The
feeding mole ratios of the monomers were settled at 0.90:0.10 and 0.80:0.20 (1:3), respectively. The
mixture was reacted at 70 ◦C with stirring of the rate of 250 rpm under a regulated nitrogen flow
(70 mL/min). The polymerization was carried out until it is gelled. After that, the same procedure as
above was performed.

HPDMS10 (1:3 = 0.90:0.10, monomer feeding mole ratio). Diethoxydimethylsilane: 49.98 g.
Diethoxymethylsilane: 5.02 g. H2O: 5.8 mL. 37% HCl solution in water: 1.5 mL. Yield: 23.8 g (87%).
Mn =16.8 × 103 g/mol. PD = 5.77. n:o (mole ratio)=0.925:0.075. IR νmax (Liquid, NaCl)/cm−1: 2963 s,
2905 m (C–H str., methyl); 2156 m (Si–H str., hydridosilyl); 1445 w, 1412 m (C–H ben., methyl); 1261
s (Si–O–C str.); 1093 s, 1024 s (Si–O–Si str., siloxane). 1H NMR δh (CDCl3, 500 MHz): 4.71 (s, Si–H);
0.09–0.16 (m, –CH3). 13C NMR δc (CDCl3, 500 MHz): 0.62–1.37 (m, –CH3). IR, 1H, and 13C NMR
spectra were shown in Figure S2 (in supplementary material).

HPDMS20 (1:3 = 0.80:0.20, monomer feeding mole ratio). Diethoxydimethylsilane: 30.15 g.
Diethoxymethylsilane: 6.82 g. H2O: 3.6 mL. 37% HCl solution in water: 1.0 mL. Yield: 16.01 g (64%).
Mn = 16.4 × 103 g/mol. PD = 2.34. n:o (mole ratio)=0.807:0.193. IR νmax (Liquid, NaCl)/cm−1: 2964 s,
2905 m (C–H str., methyl); 2157s (Si–H str., hydridosilyl); 1446w, 1412m (C–H ben., methyl); 1261
s (Si–O–C str.); 1093s, 1027s (Si–O–Si str., siloxane). 1H NMR δh (CDCl3, 500 MHz): 4.70 (s, Si–H);
0.09–0.18 (m, Si–CH3). 13C NMR δc (CDCl3, 500 MHz): 0.76–1.33 (m, –CH3). IR, 1H, and 13C NMR
spectra were shown in Figure S3.

2.4. Identification of Reaction of TEGDE with HPDMS

After ca. 0.0051 g of platinum (0)-1,3-divinyl-1,1,3,3,-tetramethyldisiloxane complex solution
(0.05 mol % of platinum) was added to 0.5032 g of HPDMS10 and completely mixed, 0.1678 g of TEGDE
was introduced into the mixture and thoroughly mingled together. The opaque dope layer was casted
on a NaCl window. The layer was placed under vacuum at room temperature for 10 min to remove an
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air bubble in it and cured at 80 ◦C for 2 h under air. After that, it was placed under vacuum at 80 ◦C for
1 h to remove unreacted TEGDE. We compare IR spectra of the dope layer before and after curing.

2.5. Preparation of PDMS Dope and Film Fabrication

After ca. 0.25 wt % of platinum (0)-1,3-divinyl-1,1,3,3,-tetramethyldisiloxane complex solution
(0.05 mol % of platinum) was added to VPDMS and completely mixed, HPDMS and TEGDE or HPDMS
were introduced into the VPDMS mixture and thoroughly mingled together. The opaque PDMS dope
was poured onto a glass plate and cast with a Doctor′s knife. The dope layer was placed under vacuum
at room temperature for 10 min to remove an air bubble in the layer and cured at 80 ◦C for 2 h under
air. After that, it was placed under vacuum at 80 ◦C for 1 h to remove unreacted TEGDE. We obtained
a transparent film with a thickness of 140–150 µm.

2.6. Measurements

A Shimadzu UV-2600 spectrometer and a Nicolet 6700 FT-IR spectrometer were used for UV–vis
and IR measurements, respectively. The liquid polymer or dope was coated on a NaCl window for the
IR measurement. 1H and 13C NMR spectra were recorded with a Bruker 500 MHz NMR spectrometer.
Chloroform-d1 was used as a solvent for the NMR measurements. The isothermal behavior of TEGDE
was monitored using a TA Instruments TGA Q50 under nitrogen at 70, 80, and 90 ◦C, respectively.
Mechanical properties of the films were measured by using TA Instrument RSA-G2. The films prepared
from the polymer dopes were cut into a 5 × 30 mm strip. Initial length of the sample film was 10 mm.
Five or six sample films were taken for each film and the samples with highest and lowest strain were
excluded from the data analysis. The extension rate was 0.1 mm/s. Electrical properties of the film were
obtained by using TA Instrument RSA-G2 and analyzed with an Agilent E4890A Precision LCR meter.
The electrode was formed 20 mm in diameter on both sides of the film by vacuum-deposition of gold.

3. Results and Discussion

3.1. Synthesis and Characterization of VPDMS and HPDMS

We prepared two kinds of PDMS copolymer in order to form the crosslinked PDMS film
via Pt-catalyzed hydrosilylation, poly(dimethylsiloxane-co-methylvinylsiloxane) (VPDMS), and
poly(dimethylsiloxane-co-methylsiloxane) (HPDMS). VPDMS and HPDMS were synthesized as shown
in Scheme 1. The methylvinylsiloxane moiety in VPDMS was settled at ca. 1 mol % because the amount
seems to be enough for the film formation in comparison with a commercial product, SylgardTM, which
has the moiety only at the end in the main chain [30]. The methylsiloxane moiety in HPDMS was
settled at ca. 10 and 20 mol %, respectively. The numbers appearing in each HPDMS sample name in
Table 1 designate the feeding mol % of diethoxymethylsilane. Since HPDMS acts as a crosslinker, the
amount of methylsiloxane moiety needs more than that of methylvinylsiloxane moiety in VPDMS in
order to chemically introduce TEGDE in the crosslinking system. The copolymers were well identified
in Figures S1–S3 (in supplementary material). As shown in Table 1, the copolymer composition was
almost equal to the feeding mole ratio, which is calculated by 1H NMR spectroscopy. The calculation is
based on the peak area near 0 ppm assigned to protons in Si–CH3 and 5.8–6.1 ppm assigned to protons
in vinyl group for VPDMS, near 0 ppm assigned to protons in Si–CH3 and 4.7 ppm assigned to a
proton in Si–H for HPDMS [14,31]. The detailed peak assignment of the 1H and 13C NMR spectra was
summarized in the Materials and Methods section. HPDMS has much lower molecular weight than
VPDMS does because it is gelled at an early polymerization stage. The copolymers were transparent,
viscous liquids, as expected (Figure S4 in supplementary material).
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Scheme 1. Synthesis of VPDMS and HPDMS.

Table 1. Characterization of VPMDS and HPDMS

Name of Copolymer Mn (g/mol) 1 Mw (g/mol) 1 l or n
(Mole Ratio)

m or o
(Mole Ratio)

VPDMS 100,741 165,425 0.990 0.010
HPDMS10 16,814 97,048 0.925 0.075
HPDMS20 16,414 38,480 0.807 0.193

1 Mn and Mw mean the number- and the weight-average molecular weight, respectively.

3.2. Curing Condition of Crosslinking Between VPDMS and HPDMS

We prepared three kinds of the crosslinked film by using the polymer dopes as shown Table 2.
Composition of the dopes was settled at 9:1:1 (wt %) between, VPDMS, TEGDE, and HPDMS,
respectively. In the case of VH10 prepared only from VPDMS and HPDMS, the vinyl group in VPDMS
and the hydridosilyl group in HPDMS are reacted each other in the presence of platinum (Pt) as a
catalyst, resulting in crosslinking reaction between two polymers as shown in Figure 2a. This reaction
is well-known as Pt-catalyzed hydrosilylation. The hydrosilylation reaction has been used as a method
of modifying silicone elastomers [31–35].

First of all, we tried to examine a proper curing condition for our material system. Figure 2b,c
show variations in IR spectrum of the dope layer with curing temperature and time, respectively. The
VH10 dope was coated on a NaCl window and cured at each temperature for 1 h. After that, we fixed
the curing temperature, 80 ◦C, and cured for each time. The absorption peak at near 2160 cm−1 is
due to Si–H stretching vibration of HPDMS [29,31,34]. This peak intensity decreases as the curing
temperature or time increases because the hydridosilyl group is consumed as the crosslinking reaction
occurs. The Si–H consumption, which relates to the degree of crosslinking, was calculated from the
peak variation. The intensity evolution of the Si–H group can be determined from the ratio change of
absorption peak intensity between 2160 and 1260 cm−1 over temperature or time. The absorption peak
near 1260 cm−1 is assigned to Si–CH3 stretching vibration of VPDMS and HPDMS. The quantitative
analysis of the Si-H consumption is based on this peak intensity because the concentration of Si–CH3

group is not changed during crosslinking [36,37]. The consumption is evolved as shown in Figure 2d.
It was almost maximized at 80 ◦C, ca. 58%, when the dope layer was cured for 1 h. It was no more
than 63% at 100 ◦C. At 80 ◦C, two hours of the curing time were enough for obtaining high degree of
crosslinking, as well. The Si-H consumption showed ca. 70% when the layer was cured at 80 ◦C for 2 h.
In this case, the amount of vinyl group is slightly higher than that of the hydridosilyl group in the
dope because the mole ratio between them is calculated at 1.14 (vinyl/ hydridosilyl groups) (Table 2).
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Figure 1. Schematically expressed reaction of TEGDE with HPDMS during crosslinking between
VPDMS and HPDMS (a). Storage permittivity (b), transmittance (c), and stress–strain curves (d) of the
crosslinked films fabricated from VH10, VH10T, and VH20T polymer dopes, respectively.

Table 2. Composition of polymer dopes and mechanical properties of the crosslinked PDMS films
cured at 80 ◦C for 2 h

Name of
Polymer Dope

VPDMS
(g)

TEGDE
(g)

HPDMS10
(g)

HPDMS20
(g)

Initial
Modulus 1 (kPa)

(s.d.) 2

Maximum
Stress 1 (kPa)

(s.d.)

Maximum
Strain 1 (%)

(s.d.)

VH10 1.3769 - 0.1589
(1.14) 3 - 762 (54) 926 (234) 156 (30)

VH10T 1.4542 0.1685 0.1697
(1.12) 3 - 154 (17) 299 (25) 265 (18)

VH20T 1.3554 0.1547 - 0.1509
(0.448) 3 484 (36) 1,438 (141) 277 (10)

1 The values were obtained from Figure 1d. 2 s.d. means standard deviation. 3 The mole ratio between vinyl in
VPDMS and hydridosilyl groups in HPDMS (vinyl/ hydridosilyl groups).
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variation of a VH10 dope layer with curing temperature (b) and time (c). Degree of crosslinking
calculated from the IR spectra (d).

3.3. Fabtication of PDMS Elastomer Films Containing TEGDE

The polymer dope layer containing TEGDE was also cured at 80 ◦C for 2 h according to the
above results (Figure 2d) we obtained. We have known from the result in Figure S5 (in supplementary
material) that a vinyl group of TEGDE is also reacted to the hydridosilyl group in HPDMS in the
presence of Pt. After curing at 80 ◦C for 2 h, the hydridosilyl group in HPDMS was consumed at ca.
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63%. The mole ratio of the vinyl to hydridosilyl groups was calculated at 1 to 0.311. TEGDE can be
slowly vaporized at high temperature. The vaporization rate of TEGDE was measured at ca 0.1 mg/min
at 80 ◦C as shown in Figure S6 (in supplementary material). Therefore TEGDE would exist enough
for reacting to HPDMS in the dope layer of VH10T or VH20T all the curing time. Figure 1a shows a
probable chemical reaction when TEGDE is added to the mixture prepared from VPDMS and HPDMS.
In this case, therefore, the vinyl group of TEGDE can be competed with that of VPDMS to react to
the hydridosilyl group in HPDMS. TEGDE has two vinyl groups at the end, resulting in increasing
the possibility of reacting with HPDMS. Figure S7 (in supplementary material) shows the absorption
peak near 2160 cm−1 of not only the VH10T but also the VH20T dope layers completely disappears
due to a chemical participation of TEGDE into HPDMS during curing even though the peak of the
VH10 dope layer remains after curing. We can see that the IR spectra and the mole ratio between vinyl
and hydridosilyl groups of VH10T and VH20T dopes in Table 2 that TEGDE was more reacted in the
VH20T than in the VH10T.

3.4. Electrical, Optical, and Mechanical Properties of the PDMS Elastomer Films

Figure 1b shows that storage permittivity of a crosslinked PDMS film can be increased by chemical
introduction of a polar moiety into HPDMS. In our case, storage permittivity of the crosslinked PDMS
film is readily increased from ca. 25 to 36 pF/m at 10 kHz. This property will increases more as the
amount of hydridosilyl group increases in HPDMS. It is well known from previous reports [15,19,20,23]
that the storage permittivity of PDMS is ca. 23–26 pF/m at 10 kHz. Loss permittivity of the crosslinked
PDMS film slightly fluctuated within 0.01–0.04 pF/m at 1–100 kHz. We obtained transparent films from
the dope layers of VH10, VH10T, and VH20T, respectively, as shown in Figure 1c. Transmittance of
the crosslinked film obtained only from VPDMS and HPDMS was ca. 93% in a visible region. The
crosslinked PDMS film containing TEGDE showed almost 90% of transmittance even though the dope
layer containing TEGDE was opaque due to the big difference of polarity between PDMS and TEGDE.
This is because TEGDE is chemically introduced into the crosslinked PDMS film during curing and
unreacted TEGDE is completely removed under vacuum.

The degree of crosslinking of PDMS film would decrease if VPDMS compete against TEGDE in
reacting to HPDMS. Therefore, the initial modulus (E) and the strain (ε) of the crosslinked VH10T
film is decreased from 760 to 150 MPa and increased from 160% to 270%, respectively, as TEGDE
is added to the VH10 dope layer, as shown in Figure 1d. Since the crosslinking reaction between
VPDMS and HPDMS as well as the TEGDE chemical participation into the film would be facilitated by
increase of the hydridosilyl group in the HPDMS main chain, the initial modulus of the crosslinked
VH20T film becomes higher than that of the VH10T film. The mechanical properties of the crosslinked
PDMS films were summarized in Table 2. We expect from the result that the modified PDMS films are
superior to the commercial ones such as SylgardTM and VHBTM in terms of the actuation efficiency
because SylgardTM and VHBTM films are much harder and softer than the films, respectively [14,38].
The actuation strain of the VHBTM film would be higher than that of the crosslinked PDMS films
because it has several tens of kPa of initial modulus. However, since VHBTM film readily yields [14],
the film can be wrinkled or creased during repeated actuation.

4. Conclusions

We developed a facile, effective method for functionalizing a PDMS elastomer film. We
simply chemically introduced a molecule desirous of acquiring a special property into the
PDMS film during crosslinking reaction between poly(dimethylsiloxane-co-methylvinylsiloxane)
(VPDMS) and poly(dimethylsiloxane-co-methylsiloxane) (HPDMS) via Pt-catalyzed hydrosilylation.
The functionalization of the crosslinked PDMS film comes from the competition reaction between vinyl
groups in VPDMS and in the additive to a hydridosilyl group in HPDMS. We demonstrated that the
permittivity and mechanical properties of the crosslinked PDMS film were significantly improved to
be suitable for an electrical-driven actuator by chemically introducing tri(ethylene glycol) divinyl ether
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(TEGDE) as a polar molecule. In addition, the film shows high transparency due to the chemically
introduction of TEGDE into it even though TEGDE and the liquid PDMS mixture are immiscible. First
of all, these improvements can be conveniently achieved by adding the requisite chemical component
into the mixture of VPDMS and HPDMS. Future work will focus on investigating the most efficient
ratio between the crosslinking groups in VPDMS and in HPDMS in consideration of the competition
reaction with an additional molecule.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/11/1842/s1,
Figure S1: IR (a), 1H NMR (b), 12C NMR (c), and GPC spectra (d) of VPDMS; Figure S2: IR (a), 1H NMR (b),
12C NMR (c), and GPC spectra (d) of HPDMS10; Figure S3: IR (a), 1H NMR (b), 12C NMR (c), and GPC spectra
(d) of HPDMS20; Figure S4: A photograph of the synthesized PDMS copolymers; Figure S5: IR spectrum of the
dope layer prepared from HPDMS10 and TEGDE before and after curing at 80 ◦C for 2 h; Figure S6: Isothermal
TGA curves of TEGDE at different temperatures; Figure S7: IR spectra of the dope layers prepared from VH10 (a),
VH10T (b), VH20T (c) before and after curing at 80 ◦C for 2 h.

Author Contributions: S.K.P. conceived and designed this work; S.K.P., B.J.P., and J.W.Y. suggested the
methodology; S.K.P., B.J.P., M.J.C., D.W.K., and E.J.S. performed the experiments; S.K.P. and M.J.C. collected and
analyzed the related data; S.K.P. prepared the draft document; D.W.K., S.Y., and S.P. reviewed the paper; S.P.
organized this project.

Funding: This work has been supported by the Civil Military Technology Cooperation (no. 17-CM-SS-15).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Duduta, M.; Hajiesmaili, E.; Zhao, H.; Wood, R.J.; Clarke, D.R. Realizing the potential of dielectric elastomer
artificial muscles. Proc. Natl. Acad. Sci. USA 2019, 116, 2476–2481. [CrossRef] [PubMed]

2. Li, T.; Li, G.; Liang, Y.; Cheng, T.; Dai, J.; Yang, X.; Liu, B.; Zeng, Z.; Huang, Z.; Luo, Y.; et al. Fast-moving soft
electronic fish. Sci. Adv. 2017, 3, e1602045. [CrossRef] [PubMed]

3. Brochu, P.; Pei, Q. Advances in dielectric elastomers for actuators and artificial muscles. Macromol. Rapid
Commun. 2010, 31, 10–36. [CrossRef] [PubMed]

4. Mun, S.; Yun, S.; Nam, S.; Park, S.K.; Park, S.; Park, B.J.; Lim, J.M.; Kyung, K.-U. Electro-active polymer based
soft tactile interface for wearable devices. IEEE Trans. Haptics 2018, 11, 15–21. [CrossRef] [PubMed]

5. Nam, S.; Yun, S.; Yoon, J.W.; Park, S.; Park, S.K.; Mun, S.; Park, B.; Kyung, K.-U. A robust soft lens for tunable
camera application using dielectric elastomer actuators. Soft Robot. 2018, 5, 777–782. [CrossRef] [PubMed]

6. Speier, J.L.; Webster, J.A.; Barnes, G.H. The addition of silicone hydrides to olefinic double bonds. Part II.
The use of group VIII metal catalysts. J. Am. Chem. Soc. 1957, 79, 974–979. [CrossRef]

7. Zheng, P.; McCarthy, T.J. Rediscovering silicones: Molecular smooth, low surface energy, unfilled,
UV/Vis-transparent, extremely crosslinked, thermally stable, hard, elastic PDMS. Langmuir 2010, 26,
18585–18590. [CrossRef]

8. Mark, J.E. Some interesting things about polysiloxanes. Acc. Chem. Res. 2004, 37, 946–953. [CrossRef]
9. Rolland, J.P.; Van Dam, R.M.; Schorzman, D.A.; Quake, S.R.; DeSimone, J.M. Solvent-resistant photocurable

“liquid Teflon” for microfluidic device fabrication. J. Am. Chem. Soc. 2004, 126, 2322–2323. [CrossRef]
10. Tanaka, Y. A peristaltic pump integrated on a 100% glass microchip using computer controlled piezoelectric

actuators. Micromachines 2014, 5, 289–299. [CrossRef]
11. Yildirim, E.; Sahir Arikan, M.A.; Külah, H. A normally closed electrostatic parylene microvalve for micro

total analysis systems. Sens. Actuator A-Phys. 2012, 181, 81–86. [CrossRef]
12. Caspari, P.; Dünki, S.J.; Nüesch, F.A.; Opris, D.M. Dielectric elastomer actuators with increased dielectric

permittivity and low leakage current capable of suppressing electromechanical instability. J. Mater. Chem. C
2018, 6, 2043–2053. [CrossRef]

13. Madsen, F.B.; Yu, L.; Daugaard, A.E.; Hvilsted, S.; Skov, A.L. A new soft dielectric silicone elastomer matrix
with high mechanical integrity and low losses. RSC Adv. 2015, 5, 10254–10259. [CrossRef]

14. Dascalu, M.; Dünki, S.J.; Quinssat, J.-E.; Ko, Y.S.; Opris, D.M. Synthesis of silicone elastomers containing
trifluoropropyl groups and their use in dielectric elastomer transducers. RSC Adv. 2015, 5, 104516–104523.
[CrossRef]

http://www.mdpi.com/2073-4360/11/11/1842/s1
http://dx.doi.org/10.1073/pnas.1815053116
http://www.ncbi.nlm.nih.gov/pubmed/30679271
http://dx.doi.org/10.1126/sciadv.1602045
http://www.ncbi.nlm.nih.gov/pubmed/28435879
http://dx.doi.org/10.1002/marc.200900425
http://www.ncbi.nlm.nih.gov/pubmed/21590834
http://dx.doi.org/10.1109/TOH.2018.2805901
http://www.ncbi.nlm.nih.gov/pubmed/29611809
http://dx.doi.org/10.1089/soro.2017.0146
http://www.ncbi.nlm.nih.gov/pubmed/30156468
http://dx.doi.org/10.1021/ja01561a054
http://dx.doi.org/10.1021/la104065e
http://dx.doi.org/10.1021/ar030279z
http://dx.doi.org/10.1021/ja031657y
http://dx.doi.org/10.3390/mi5020289
http://dx.doi.org/10.1016/j.sna.2012.05.008
http://dx.doi.org/10.1039/C7TC05562E
http://dx.doi.org/10.1039/C4RA13511C
http://dx.doi.org/10.1039/C5RA16132K


Polymers 2019, 11, 1842 10 of 11

15. Racles, C.; Bele, A.; Dascalu, M.; Musteata, V.E.; Varganici, C.D.; Ionita, D.; Vlad, S.; Cazacu, M.; Dünki, S.J.;
Opris, D.M. Polar–nonpolar interconnected elastic networks with increased permittivity and high breakdown
fields for dielectric elastomer transducers. RSC Adv. 2015, 5, 58428–58438. [CrossRef]

16. Madsen, F.B.; Daugaard, A.E.; Hvilsted, S.; Skov, A.L. The current state of silicone-based dielectric elastomer
transducers. Macromol. Rapid Commun. 2016, 37, 378–413. [CrossRef]

17. Liu, H.; Zhang, L.; Yang, D.; Yu, Y.; Yao, L.; Tian, M. Mechanical, dielectric, and actuated strain of silicone
elastomer filled with various types of TiO2. Soft Mater. 2013, 11, 363–370. [CrossRef]

18. Stiubianu, G.; Bele, A.; Cazacu, M.; Racles, C.; Vlad, S.; Ignat, M. Dielectric silicone elastomers with mixed
ceramic nanoparticles. Mater. Res. Bull. 2015, 71, 67–74. [CrossRef]

19. Bele, A.; Cazacu, M.; Stiubianu, G.; Vlad, S.; Ignat, M. Polydimethylsiloxane–barium titanate composites:
Preparation and evaluation of the morphology, moisture, thermal, mechanical and dielectric behavior.
Compos. Pt. B-Eng. 2015, 68, 237–245. [CrossRef]

20. Lee, Y.J.; Caspari, P.; Opris, D.M.; Nüesch, F.A.; Ham, S.; Kim, J.-H.; Kim, S.-R.; Ju, B.-K.; Choi, W.K. Electrical
energy generated by silicone elastomers filled with nanospring-carbon-nanotubes. J. Mater. Chem. C 2019, 7,
3535–3542. [CrossRef]

21. Guan, S.; Song, S.; Li, H.; Mo, G.; Zhao, S.; Guo, L. Development of carboxyl-functionalized multi-walled
nanotube/polydimethylsiloxane novel polymeric nanodielectric material. Mater. Lett. 2018, 216, 281–286.
[CrossRef]

22. Quinssat, J.E.Q.; Alexandru, M.; Nüesch, F.A.; Hofmann, H.; Borgschulte, A.; Opris, D.M. Highly stretchable
dielectric elastomer composites containing high volume fractions of silver nanoparticles. J. Mater. Chem. A
2015, 3, 14675–14685. [CrossRef]

23. Zhang, L.; Wang, D.; Hu, P.; Zha, J.-W.; You, F.; Li, S.-T.; Dang, Z.-M. Highly improved electro-actuation
of dielectric elastomers by molecular grafting of azobenzenes to silicon rubber. J. Mater. Chem. C 2015, 3,
4883–4889. [CrossRef]

24. Moon, H.K.; Kang, S.; Yoon, H.J. Aziridine-functionalized polydimethylsiloxanes for tailorable polymeric
scaffolds: Aziridine as a clickable moiety for structural modification of materials. Polym. Chem. 2017, 8,
2287–2291. [CrossRef]

25. Pelrine, R.; Kornbluh, R.; Pei, Q.; Joseph, J. High-speed electrically actuated elastomers with strain greater
than 100%. Science 2000, 287, 836–839. [CrossRef]

26. Dorfmann, L.; Ogden, R.W. Nonlinear electroelasticity: Material properties, continuum theory and
applications. Proc. R. Soc. A-Math. Phys. Eng. Sci. 2017, 473, 20170311. [CrossRef]

27. Mehnert, M.; Hossain, M.; Steinmann, P. Experimental and numerical investigations of the electro-viscoelastic
behavior of VHB 4905TM. Eur. J. Mech. A-Solids 2019, 77, 103797. [CrossRef]

28. Hossain, M.; Steinmann, P. Modelling electro-active polymers with a dispersion-type anisotropy. Smart
Mater. Struct. 2018, 27, 025010. [CrossRef]

29. Takamura, N.; Gunji, T.; Hatano, H.; Abe, Y. Preparation and properties of polysilsesquioxanes:
Polysilsesquioxanes and flexible thin films by acid-catalyzed controlled hydrolytic polycondensation
of methyl and vinyltrimethoxysilane. J. Polym. Sci. Polym. Chem. 1999, 37, 1017–1026. [CrossRef]

30. Wolf, M.P.; Salieb-Beugelaar, G.B.; Hunziker, P. PDMS with designer functionalities-properties, modifications
strategies, and applications. Prog. Polym. Sci. 2018, 83, 97–134. [CrossRef]

31. Touzi, H.; Chevalier, Y.; Kalfat, R.; Jaffrezic-Renault, N. New elastomeric polymethylsiloxane membranes
bearing cationic exchanging sites for anionic dyestuffs sensors. Eur. Polym. J. 2014, 56, 140–158. [CrossRef]

32. Li, J.P.; Cassagnau, P.; Da Cruz-Boisson, F.; Mélis, F.; Alcouffe, P.; Bounor-Legaré, V. Efficient hydrosilylation
reaction in polymer blending: An original approach to structure PA12/PDMS blends at multiscales. Polymer
2017, 112, 10–25. [CrossRef]

33. Risangud, N.; Li, Z.; Anastasaki, A.; Wilson, P.; Kempe, K.; Haddleton, D. Hydrosilylation as an efficient tool
for polymer synthesis and modification with methacrylates. RSC Adv. 2015, 5, 5879–5885. [CrossRef]

34. Dirany, M.; Dies, L.; Restagno, F.; Léger, L.; Poulard, C.; Miquelard-Garnier, G. Chemical modification of PDMS
surface without impacting the viscoelasticity: Model systems for a better understanding of elastomer/elastomer
adhesion and friction. Colloid Surf. A-Physicochem. Eng. Asp. 2015, 468, 174–183. [CrossRef]

35. Yan, L.; Li, J.; Liu, N.; Hao, X.; Li, C.; Hou, W.; Li, D.X. Thermostable gold nanoparticle-doped silicone
elastomer for optical materials. Colloid Surf. A-Physicochem. Eng. Asp. 2017, 518, 151–157. [CrossRef]

http://dx.doi.org/10.1039/C5RA06865G
http://dx.doi.org/10.1002/marc.201500576
http://dx.doi.org/10.1080/1539445X.2012.661821
http://dx.doi.org/10.1016/j.materresbull.2015.07.005
http://dx.doi.org/10.1016/j.compositesb.2014.08.050
http://dx.doi.org/10.1039/C8TC06460A
http://dx.doi.org/10.1016/j.matlet.2018.01.128
http://dx.doi.org/10.1039/C5TA03122B
http://dx.doi.org/10.1039/C5TC00368G
http://dx.doi.org/10.1039/C7PY00317J
http://dx.doi.org/10.1126/science.287.5454.836
http://dx.doi.org/10.1098/rspa.2017.0311
http://dx.doi.org/10.1016/j.euromechsol.2019.103797
http://dx.doi.org/10.1088/1361-665X/aa9f88
http://dx.doi.org/10.1002/(SICI)1099-0518(19990401)37:7&lt;1017::AID-POLA16&gt;3.0.CO;2-F
http://dx.doi.org/10.1016/j.progpolymsci.2018.06.001
http://dx.doi.org/10.1016/j.eurpolymj.2014.04.010
http://dx.doi.org/10.1016/j.polymer.2017.01.039
http://dx.doi.org/10.1039/C4RA14956D
http://dx.doi.org/10.1016/j.colsurfa.2014.12.036
http://dx.doi.org/10.1016/j.colsurfa.2017.01.028


Polymers 2019, 11, 1842 11 of 11

36. Park, S.K.; Farris, R.J. Dry-jet wet spinning of aromatic polyamic acid fiber using chemical imidization.
Polymer 2001, 42, 10087–10093. [CrossRef]

37. Park, S.K.; Kwark, Y.-J.; Nam, S.; Park, S.; Park, B.; Yun, S.; Moon, J.; Lee, J.-I.; Yu, B.; Kyung, K.-U. Wrinkle
structures formed by formulating UV-crosslinkable liquid prepolymers. Polymer 2016, 99, 447–452. [CrossRef]

38. SylgardTM 184 Silicone Elastomer Kit Technical Data Sheet. Available online: https:
//www.dow.com/en-us/document-viewer.html?ramdomVar=6429644214938805507&docPath=/content/
dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf (accessed on
4 November 2019).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0032-3861(01)00576-6
http://dx.doi.org/10.1016/j.polymer.2016.07.031
https://www.dow.com/en-us/document-viewer.html?ramdomVar=6429644214938805507&docPath=/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf
https://www.dow.com/en-us/document-viewer.html?ramdomVar=6429644214938805507&docPath=/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf
https://www.dow.com/en-us/document-viewer.html?ramdomVar=6429644214938805507&docPath=/content/dam/dcc/documents/en-us/productdatasheet/11/11-31/11-3184-sylgard-184-elastomer.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Poly(dimethylsiloxane-co-methylvinylsiloxane) (VPDMS) 
	Synthesis of Poly(dimethylsiloxane-co-methylsiloxane) (HPDMS) 
	Identification of Reaction of TEGDE with HPDMS 
	Preparation of PDMS Dope and Film Fabrication 
	Measurements 

	Results and Discussion 
	Synthesis and Characterization of VPDMS and HPDMS 
	Curing Condition of Crosslinking Between VPDMS and HPDMS 
	Fabtication of PDMS Elastomer Films Containing TEGDE 
	Electrical, Optical, and Mechanical Properties of the PDMS Elastomer Films 

	Conclusions 
	References

