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Preface 

This thesis is submitted in fulfilment of the requirements of the Danish Doctor of 

Philosophy (Ph.D.) in chemical engineering. It contains works from December 2013 to 

December 2016, carried out under the main supervision of Anne Ladegaard Skov and the 

co-supervision of Peter Szabo. This thesis has been written based on experimental works 

performed on silicone dielectric elastomers and electrodes by means of block 

copolymers. 

The aim of the thesis is to present novel work on the enhancement of relative 

permittivity and electrical breakdown strength by incorporating block copolymers. 

Herein, silicone elastomers with increased relative permittivity and high electrical 

breakdown strength, as well as a low Young’s modulus, were successfully prepared by 

means of block copolymers via thorough synthesis and compounding. From the 

synthesised copolymers, a binary system of a copolymer blend consisting of two 

copolymers was prepared and cross-linked, in order to enhance electro-mechanical 

properties. Besides preparing silicone elastomers with increased relative permittivity 

and high electrical breakdown strength, a conductive composite for a stretchable DE 

electrode was developed from a chain-extended PDMS-based copolymer along with the 

incorporation of nano-sized conductive fillers.  

This thesis contains eight chapters. The introduction, in Chapter 1, provides an 

overview of dielectric elastomer technology, including silicone elastomers and compliant 

electrodes. Details of block copolymers are also discussed. Chapter 2 presents the 

resulting silicone properties from incorporating polydimethylsiloxane-

polyethyleneglycol (PDMS-PEG) copolymer in commercial silicone elastomers, and in 

Chapter 3, the resulting properties of the cross-linked polydimethylsiloxane-

polyphenylmethylsiloxane (PDMS-PPMS) copolymer, mainly in terms of electrical 

breakdown strength, are presented. The synergistic effect of the electro-mechanical 

properties of binary system of copolymer blend consisting of PDMS-PEG and PDMS-PPMS 

copolymers is discussed in Chapter 4. Details on compliant electrodes, achieved by 

incorporating a one-dimensional (1D) conducting network containing multi-walled 

carbon nanotubes in a PDMS-PEG matrix are described in Chapter 5, while the main 

conclusion, future works and experimental methods are discussed in Chapters 6, 7 and 8, 

respectively. 

This thesis is based on published/submitted manuscripts, which can be found in the 

following appendices: 

1. A Razak AH, Szabo P, Skov AL (2015) ‘Enhancement of dielectric permittivity by 

incorporating PDMS-PEG multiblock copolymers in silicone elastomers’ RSC 

Adv. 5:53054–53062 – Appendix I  

2. A Razak AH and Skov AL (2017) ‘Silicone elastomers with covalently 

incorporated aromatic voltage stabilisers’ RSC Adv. 7:468-477 – Appendix II 

3. A Razak AH, Yu L, Skov AL (2017) ‘Voltage-stabilised elastomers with increased 

relative permittivity and high electrical breakdown strength by means of phase 
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separating binary copolymer blends of silicone elastomers’ RSC Adv. 7:17848–

17856 – Appendix III 

4. A Razak AH, Madsen FB, Skov AL (2016) ‘Mechanically compliant electrodes and 

dielectric elastomers from PEG-PDMS copolymers’ MRS Adv. 1:3497-3508 – 

Appendix IV 
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Abstract 

Emerging artificial muscle technology has developed from metal-based robotics to soft-

type robotics made from soft matter. Research into artificial muscle technology based on 

soft matter has been conducted mainly in order to mimic soft and robust human muscle. 

In this regard, dielectric elastomers have been studied. Their actuation occurs when 

Maxwell stress exceeds elastic stress in the presence of an electrical field, resulting in 

contraction in thickness and planar expansion in the area. As well as an actuator, 

dielectric elastomers can be used as generators and sensors. As a dielectric elastomer, 

silicones have been used extensively in many applications, due to favourable properties 

such as thermal stability, non-conductivity, high gas permeability and low toxicity. 

However, silicones have a low dielectric constant and thereby low energy density. In 

order to enhance actuation performance, it is the aim of this research to develop silicone 

elastomers with a high dielectric constant and high electrical breakdown strength, as well 

as a low Young’s modulus. 

In this Ph.D. thesis, two methods were developed to enhance silicone properties such 

as the dielectric constant and electrical breakdown strength. The first method was 

devised to enhance the dielectric constant of silicone elastomers through the use of a 

polydimethylsiloxane-polyethyleneglycol (PDMS-PEG) copolymer, in order to obtain an 

elastomer with high electrical energy. PDMS-PEG copolymers were synthesised and 

blended in commercial silicone and subsequently cross-linked. The relative permittivity 

of cross-linked silicone with 5 wt% of PDMS-PEG copolymers increased by nearly 50%, 

without compromising dielectric loss and mechanical properties, compared to the 

commercial silicone elastomer.  

The second investigated method involved enhancing the electrical breakdown 

strength of silicone by using an aromatic voltage stabiliser. Here, 

polyphenylmethylsiloxane (PPMS), which contained aromatic voltage stabilisers, was 

bonded covalently to PDMS through a hydrosilylation reaction obtaining PDMS-PPMS 

copolymers. The synthesised copolymers were subsequently cross-linked with a vinyl 

cross-linker. The obtained cross-linked PDMS-PPMS copolymers were inherently soft and 

robust with increased electrical breakdown strength (21%) compared to the reference 

elastomer without an aromatic voltage stabiliser. 

The conducting polymer was developed through the use of a multi-walled carbon 

nanotube (MWCNT) in a PDMS-PEG matrix as a compliant electrode of dielectric 

elastomers. The conductive PDMS-PEG copolymer was incorporated with surface-treated 

MWCNT, in order to obtain highly conductive elastomer. The prepared sample with 4 

parts per hundred rubber (phr) MWCNT was soft and the resulting conductivity of the 

cross-linked PDMS-PEG copolymer with the addition of MWCNT was high, at 10-2 S cm-1, 

nearly equivalent to a commonly used commercial conducting polymer. 

In this thesis, the elastomer and electrode system is referred to as a ‘dielectric 

elastomer transducer.’ 
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  Resume På Dansk 

I takt med at teknologien indenfor kunstige muskler udvikles, er det forventeligt, at man 

vil se et skift fra metalbaserede til bløde materialer baseret på elastomerer. Forskning, 

der har til formåe, at efterligne de bløde og robuste menneskelige muskler ved hjælp af 

elastomerer, forekommer i stigende omfang. I den dielektriske elastomer opnås 

aktuering, når et elektrisk felt medfører, at Maxwell spændingen overstiger den elastiske 

spænding. Dette resulterer i en sammentrækning i højderetningen og en udvidelse af 

overfladearealet. Ud over anvendelse som aktuatorer benyttes dielektriske elastomerer 

også som generatorer og sensorer. Silikone har som dielektrisk elastomer fundet udbredt 

anvendelse pga. attraktive egenskaber så som termisk stabilitet, elektrisk isolationsevne, 

høj gas permeabilitet og lav toksisitet. Silikone er dog kendetegnet ved lav dielektrisk 

konstant og dermed lav energitæthed. Udviklingen af silikone med høj dielektrisk 

konstant kombineret med høj elektrisk sammenbrudsstyrke og lavt Youngs modul er 

afgørende for at kunne forbedre materialets egenskaber som aktuator. 

I denne PhD afhandling er der anvendt to forskellige metoder til at forbedre silikones 

egenskaber såsom dielektisk konstant og elektrisk sammenbrudsstyrke. Den første 

metode havde til hensigt at øge den dielektriske konstant for silikone elastomerer ved 

anvendelsen af polydimethylsiloxane-polyethyleneglycol (PDMS-PEG) copolymer. 

Formålet med dette var at opnå en elastomer med høj energitæthed. PDMS-PEG 

copolymer blev syntetiseret og iblandet kommerciel silikone og efterfølgende 

krydsbundet vha. krydsbindecemolekyler. Sammenlignet med den kommercielle silikone 

blev den resulterende relative permitivitet af krydsbundet silikone med 5 wt% PDMS-

PEG øget med næsten 50%. Dette uden tab af dielektriske og mekaniske egenskaber. 

Den anden metode havde til hensigt at øge den elektriske sammenbrudsstyrke af 

silikone ved at anvende en aromatisk spændingsstabilisator. Polyphenylmethylsiloxane 

(PPMS) som udgjorde den aromatiske spændingsstabilisator blev covalent bundet til 

PDMS via en hydrosilylation, hvorved der dannes PDMS-PPMS copolymer. Den 

syntetiserede copolymer blev efterfølgende krydsbundet med en vinyl krydsbinder. Den 

fremstillede krydsbundne PDMS-PPMS copolymer var både blød og robust samt udviste 

øget elektrisk sammenbrudsstyrke (21%) sammenlignet reference materialet uden den 

aromatiske spændingsstabilisator. 

En kompatibel elektrode, i form af en ledende polymer, blev udviklet ved 

inkorporering af kulstof nanorør (multi-walled carbon nanotubes – MWCNT) i en PDMS-

PEG matrix. Overfladebehandlet MWCNT blev inkorporeret i den ledende PDMS-PEG 

copolymer med henblik på at opnå en elastomer med høj ledningsevne. Det fremstillede 

materiale indeholdende 4 phr MWCNT var blødt, og den resulterende ledningsevne var 

høj, 10-2 S cm-1, hvilket var tæt på niveauet for kommercielle polymerer.  

I denne afhandling er elastomer- og elektrodesystemet refereret til som en 'dielektrisk 

elastomer transducer'. 
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1 Introduction 

This thesis deals with the inclusion of copolymers into dielectric elastomers and 

electrodes. Therefore, three main parts are discussed in this chapter, namely elastomers, 

block copolymers and DE electrodes. 

1.1 Dielectric elastomers 

Soft elastomers such as silicones, acrylates and polyurethanes have been studied 

extensively for use in artificial muscle technology [1,2]. Electroactive polymers, known as 

EAPs, are elastomers that exhibit a change in size or shape when stimulated by an 

external electrical field [3]. EAPs can be divided into ionic and electronic, with the former 

requiring low driving voltages and an electrolyte and deforming due to the diffusion of 

ions in the material in the presence of an electrical field. Electronic EAPs, on the other 

hand, require high driving voltages and can be operated in the air. Additionally, they 

possess higher electrical energy than ionic EAPS and come complete with large actuation 

forces, rapid response times and long lifetimes [1]. Their drawback is that they require 

high driving voltages, between 500 V to 10 kV, to actuate [2,4]. Polymer electrets [5–7], 

electro-strictive graft elastomers [8], ionic polymer gels [9] and dielectric elastomers 

[10–12] are examples of electronic EAPs. Among all of the mentioned electronic EAPs, 

dielectric elastomers are the most favourable in actuation, due to high actuation speeds, 

large strains, high work densities and a high degree of electromechanical coupling [1]. 

1.1.1 Overview of DEs 

Dielectric elastomers (DEs) are also known as ‘compliant capacitors,’ with actuation 

occurring when electrostatic stress exceeds elastic stress [13]. An overall ability to 

accumulate electrical energy through an elastomeric membrane is denoted as:  

𝐶 =
0 𝑟𝐴

𝑑
                                                                    (1.1) 

                                                               
where C is the capacitance of the material, εr and ε0 correspond to the relative permittivity 

of the measured elastomer and vacuum permittivity (8.854 ·10-12 F m-1), respectively, and 

A and d are film area and film thickness, respectively. 

1.1.2 Modes of application 

DEs have been studied extensively with respect to finding both new and better elastomer 

candidates for novel DE applications [14–17]. Such properties have enabled them to play 
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a significant role in applications such as actuators, sensors and generators, the working 

principles for which are described in the following subsections. 

1.1.2.1 DE actuators  

In general, an actuation is defined as a mechanical motion caused by external forces or 

applied electrical fields. The operational principle of a dielectric elastomeric actuator 

(DEA) is presented in Figure 1.1. For a DE film, which is sandwiched between two 

stretchable electrodes, electrostatic pressure is generated, due to an increase of electrical 

field, which subsequently induces thinning and planar expansion of the DE [18]. This 

electrostatic pressure, known as Maxwell pressure (p), is defined as [19]: 

𝑝 = 0 𝑟𝐸2                                                                (1.2)  

where E is the electrical field.  

Assuming a constant Young’s modulus during the actuation cycle, the strain (s) of the 

DE can be determined. At a given voltage (V), the actuation strain of a DE film with a 

Young’s modulus (Y) and thickness (d) is determined from Equation 1.3: 

𝑠 = −
𝑝

𝑌
= −

0 𝑟𝐸2

𝑌
=

− 0 𝑟

𝑌
(

𝑉

𝑑
)

2

                                          (1.3) 

 

As actuators, DEs are used in various applications such as tuneable lenses [20], 

miniaturised actuators [21], loud speakers [22], active membrane pumps [23] and 

artificial muscle rotary motors [24]. 

  

Figure 1.1 Working principle of a DE actuator (DEA).  

1.1.2.2 DE generators  

A generator is a device which produces electrical energy from potential or kinetic energy. 

In DE technology, a generator can be developed to harvest energy from ocean waves by 

utilising DEs, which is well-known as a wave energy harvester [25]. The operational 

principle of the dielectric elastomeric generator (DEG) is presented in Figure 1.2. In the 
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initial state, a DE film is supplied with a voltage as a pre-charged film. During oscillation 

of the mechanical wave, the pre-charged film is stretched, due to the force of the 

mechanical wave, and the film is released afterwards (relaxed mode), resulting in 

opposite charges on the two electrodes are pushed apart. Concurrently similar charges 

are brought closer as the elastomer’s area decreases, thereby causing an increase in 

charge density and thus increasing electrical energy [26].  

 

Figure 1.2 Working principle of a DE generator (DEG). 

1.1.2.3 DE sensors 

A sensor is a device which measures input from the physical environment, e.g. pressure 

and stretching, and sends the output in a form of a human-readable display for further 

analysis. For a pre-charged DE film, any external forces that deform the DE, such as 

pressing, stretching and touching, change the capacitance of the elastomer. The signal can 

be measured from the capacitance change, which is proportional to the square of the 

strain ratio between the final strain and the initial strain [27]. The operational principle 

of a dielectric elastomeric sensor (DES) is presented in Figure 1.3. DE-based sensors have 

been used for purposes of military, physiotherapeutic and haptic devices [27,28]. 

 

Figure 1.3 Working principle of a DE sensor (DES).  
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1.1.3 Performance strategies for dielectric elastomers (DEs) 

1.1.3.1 Performance of a DE actuator 

The actuation performance of a DE actuator at a given voltage (V) can be improved by 

enhancing its relative permittivity (𝜖𝑟) or by reducing the Young’s modulus (𝑌). These 

handles are obvious from the actuation equation derived by Pelrine et al. [19], which 

relates actuation strain (s) to the mentioned parameters via: 

𝑠 =
− 0 𝑟

𝑌
 (

𝑉

𝑑
)

2

                                                             (1.4) 

where ϵ0 = 8.85∙10−12 F m−1 is the permittivity of free space.  

The largest achievable electrical field over the dielectric elastomer before electrical 

failure (𝐸𝐵𝐷) is denoted as ‘electrical breakdown strength,’ In this electrical field the 

maximum theoretical actuation strain (smax) is achieved under the assumption that the 

elastomer is highly extensible and does not break down mechanically prior to electrical 

breakdown: 

𝑠𝑚𝑎𝑥 =
− 0 𝑟

𝑌
 𝐸𝐵𝐷

2                                                          (1.5) 

1.1.3.2 Performance of a DE generator 

When converting the electromechanical energy of DEs, electrostatic potential energy (Ue) 

occurs between maximum strain upon stretching (smax) and minimum strain upon 

relaxing (smin). The electrical field generated while harvesting wave-mechanical energy 

can be presented in three cycles: constant-charge, constant-voltage and constant-field, 

where the conversion of electromechanical energy is the most efficient in the constant-

field cycle compared to the other cycles, because mechanical/electrical energy is stored 

temporarily in the other cycles. The electrostatic potential energy of the DE generator is 

constant for a constant-electrical field and is given by [29]: 

𝑈𝑒 =
1

2 𝑟 0𝑉𝐸𝐵𝐷
2                                                           (1.6) 

  
where V denotes total active elastomer volume. 

The potential energy of the DE generator can be optimised by utilising dielectric 

elastomers with a high dielectric constant, high electrical breakdown strength and large 

sample density.  

1.1.3.3 Performance of a DE sensor 

A change in the capacitance of a DE is related to different modes of operation, such as 

pressure, stretch, touch, shear and proximity. In a sensor, the capacitance of the DE with 

the effect of parasitic capacitance (Cparasitic) is shown as: 

𝐶 = 𝑟 0

𝐴

𝑑
+ 𝐶𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐                                                         (1.7) 
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The increased capacitance of a DE sensor depends on the mode of operation, because 

when one is stretched or pressurised, or applied with a shear force, capacitance increases 

due to an increase in the sample area to film thickness ratio. In touch mode, capacitance 

increases due to increased parasitic capacitance, which is defined as unavoidable 

capacitance occurring between parts of an electronic component. In proximity mode, the 

capacitance of the DE sensor increases due to the increased relative permittivity of the 

DE. Proximity mode occurs due to electromagnetic radiations. 

1.1.3.4 Common strategies for enhancing the performance of DEs 

1.1.3.4.1 Enhancement of relative permittivity 

Several works have been performed on elastomers for enhancing relative permittivity by 

adding highly polarisable ceramic and conductive fillers from metal oxides, e.g. titanium 

(IV) dioxide (TiO2) [30], barium titanate (BaTiO3) [31–34] and calcium copper titanate – 

CCTO (CaCu3Ti4O12) [35]. Besides metal oxides fillers, different alternatives to obtaining 

elastomers with high relative permittivity have been explored, such as chemical 

functionalisation through the covalent grafting of dipoles such as trifluoropropyl [36], p-

nitroaniline [37] or azide groups [38] to the silicone backbone. Asides from the addition 

of metal oxides and chemical functionalisation, the incorporation of encapsulated high-

permittivity fillers, such as polyaniline (PANI) [39], silver nanoparticles [40] and water 

[41], and ionic liquids, such as glycerol [42], into silicone elastomers has been reported 

to improve relative permittivity. 

1.1.3.4.2 Strain-hardening of elastomer 

Another approach to improving actuation performance for DEs is by strain-hardening the 

elastomer, which can be achieved by either pre-straining externally, by stretching films 

onto a stiff supporting structure [43], or pre-straining internally, achieved through an 

interpenetrating polymer network (IPN) [44,45] or by creating bimodal networks [46]. 

Out of all the stretching methods, stretching films using a supporting structure is the most 

commonly used in DE technology. 

1.1.3.4.3 Enhancement of electrical breakdown strength 

The effect of electrode configuration on the electrical breakdown strength of pre-

stretched DEs has been studied by Tröls et al. [47] and Zakaria et al. [48]. As the electrode 

size increases, the sample volume also increases and the increased sample volume needs 

to be considered when determining electrical breakdown strength. In the work 

performed by Tröls et al., compliant and rigid electrodes were used for the measurement 

of pre-stretched elastomer electrical breakdown, and the effects of both electrodes were 

compared. The resulting electrical breakdown strengths depended on the electrode 

configuration, where the electrical breakdown strength was lower when measured using 

compliant electrodes than when using rigid electrodes. The drawback in the work 

performed by Tröls et al. is that the volume of pre-stretched samples was not conserved 

such that the sample volume was reduced significantly by pre-stretching. Therefore, 
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constant volumes of tested samples are necessary to obtain comparable data. The 

electrical breakdown study of a pre-stretched sample with constant volume was reported 

by Zakaria et al [48]. Two experimental configurations, with and without constant sample 

volume, were used to determine the stretch dependence of the electrical breakdown 

strength of PDMS elastomers. Breakdown strength was determined for samples with and 

without volume conservation and was found to depend strongly on the stretch ratio and 

the thickness of the samples.  

Several film fabrication processes have been used to make DE films, including direct 

hot-pressing, centrifuging and drop-casting. These different types of processing method 

create different mechanical properties for the obtained elastomers, as reported by 

Kollosche et al. [49]. Among all the mentioned processing methods, films prepared via the 

centrifuging and drop-casting methods were softer, i.e. a decreased Young’s modulus, 

than hot-pressed films. An elastomer with a low Young’s modulus (Y) possesses 

decreased electrical breakdown strength compared to one with high Y [30,49,50]. 

Therefore, increased electrical breakdown strength can be obtained from DE films 

prepared by drop-casting.  

A highly pre-stretched DE film results in large actuation strain. Pre-stretching 

enhances the actuation performance of DE film, due to the favourable realignment of 

material imperfections such as voids and micro-cracks. In addition, pre-stretching 

reduces the film thickness of the DE and lowers the driving voltage, which subsequently 

increases electrical breakdown strength, as reported by Zakaria et al. [51] and Huang et 

al. [50].  

The effect of different types and amounts of filler on the electrical breakdown strength 

of DEs has been investigated. Several types of fillers, such as an anatase titanium(IV) oxide 

(TiO2), a core–shell of titanium dioxide-silica (TiO2-SiO2) and a calcium copper titanate 

(CCTO- CaCu3Ti4O12), were incorporated into liquid and room-temperature vulcanisable 

silicone elastomers [30]. Among these fillers, a silicone elastomer containing TiO2-SiO2 

filler possesses very high electrical breakdown strength, as reported by Vudayagiri et al. 

[30]. Aside from having high electrical breakdown strength, the resulting Young’s 

modulus of the silicone-TiO2-SiO2 composite was high. A DE with an increased Young’s 

modulus delays the rapid thinning process, due to electromechanical instability (EMI), 

and thereby increases electrical breakdown strength [52]. 

1.1.4 Dielectric silicone elastomers 

Polydimethylsiloxanes (PDMS) or silicones are semi-inorganic polymers that are 

composed of a siloxane (Si-O) backbone. Silicones possess a very low glass transition 

temperature (Tg), as low as -120°C, and they are usually thermally stable up to more than 

300°C [53]. Other good qualities of silicones include good oxidation and UV resistance, 

high gas permeability, excellent electrical properties and are biocompatible. Without 

cross-linking, PDMS is a liquid. When making an elastomer, functional PDMS can be cross-

linked with a cross-linker. For film preparation, the formulation containing PDMS, a 

cross-linker and a catalyst is cast on a substrate before cross-linking. Finally, the DE film 

is cured either at room or elevated temperatures, or in the presence of UV light. 
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Hydrosilylation is a commonly used reaction to produce silicone elastomers and is 

defined as the vinyl addition cure between a silyl hydride and a vinyl group catalysed by 

a platinum complex [54,55]. The formation of elastomer with a high degree of network 

control can be obtained through a hydrosilylation reaction. Another advantage of 

hydrosilylation is that no by-product is formed; however, it is sensitive to sulphur and 

amine moieties, which can poison the platinum catalyst and subsequently stop 

hydrosilylation altogether.  

Silicone polymers can be cured using a room-temperature vulcanising (RTV) moisture 

system via a condensation reaction. At room temperature, a cross-linker which is exposed 

to ambient humidity is hydrolysed producing a silanol group. Subsequently, the silanol 

cross-linker condenses further with silanol-functionalised silicones or another silanol 

cross-linker, and the condensation reaction proceeds until a cured system is obtained. 

With the addition of a titanium 2-ethylhexoxide catalyst, the condensation reaction 

occurs quite quickly and thereby reduces the time taken for film formation. 

Different mechanical properties of silicone elastomer can be obtained from different 

cross-linking densities, while non-cross-linked silicone polymers can be obtained 

commercially at molecular weights between 0.2 and 100 kg mol-1. Silicone elastomers 

with low cross-linking density result in soft silicone elastomers, such that they can be 

actuated at a lower voltage compared to stiffer elastomers, which possess high cross-

linking density; however, they suffer from poor mechanical robustness. To enhance 

mechanical robustness, fillers such as surface-treated silica nanoparticles are often 

incorporated into silicone elastomers.  

Preparing a silicone elastomer film from a high-molecular weight PDMS can be 

difficult, due to a high viscosity mixture. Usually a film coating containing viscous PDMS 

reduces the quality of thin films prior to cross-linking. As a solution to reducing the 

viscosity of the silicone mixture, common organic solvents, such as tetrahydrofuran 

(THF) and toluene, or methylsiloxane fluids are used for a smooth film coating, thereby 

improving the quality of the film. Nevertheless, the use of solvents may trap air in the 

films, even for carefully prepared samples. 

1.2 Block copolymers 

Block copolymers are macromolecules that consist of two or more repeating polymer 

units. Macromolecules are obtained by combining two or more chemically immiscible 

polymer blocks that are thermodynamically incompatible. All block copolymers belong to 

soft matter and are often characterised by a fluid-like disorder on the molecular scale and 

a high degree of order at longer lengths [56]. In order to minimise Gibbs free energy, the 

blocks in a copolymer undergo self-assembly and organise themselves into well-defined 

and periodic nanostructures. Due to these well-defined nanostructures, block copolymers 

have been explored for providing many useful and desirable properties in products such 

as lubricant, asphalt, adhesive material and dielectric elastomer. 
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1.2.1 Morphologies of block copolymers 

Due to the minimisation of free energy, diblock copolymers phase separately and 

subsequently assemble into different morphologies such as spheres (S), cylinders (C), 

gyroids (G) and lamellars (L), as shown in Figure 1.4 [56–60]. These architectures are 

achieved when two immiscible polymers, which are covalently bonded, segregate to form 

well-defined structures [61]. The different morphologies can be obtained by varying the 

volume fraction of one constituent in the diblock copolymer. The self-assembly of 

copolymer depends on the incompatibility degree (N, where  is the Flory-Huggins 

interaction parameter and N is the degree of polymerisation) and volume fraction of one 

constituent in the block copolymer (f) [56,62].  

 

 

Figure 1.4 Two phase diagrams of linear AB diblock copolymers a: Prediction of four 
equilibrium morphologies from self-consistent mean-field theory [56], b: Phase diagram 
of poly(isoprene-styrene) diblock copolymers [57], reproduced from [Bates FS, 
Fredrickson GH (1999) Block copolymers—Designer soft materials. Phys Today 52:32–
38], with the permission of the American Institute of Physics.  

1.2.2 Miscibility of copolymers 

Copolymer blocks are expected to phase-separate, due to the minimisation of Gibbs free 

energy and the miscibility of two copolymers’ blocks, subsequently forming well-defined 

morphologies which may give the most favourable electro-mechanical properties of DEs. 

However, preparing an elastomer by means of a block copolymer can be rather 

challenging, as the phase separation may occur on the macroscale, resulting in an 

inhomogeneous elastomer. When utilising the block copolymer, phase separation 

occurring on the micro- and nanoscales is favoured, in order to obtain a homogeneous 

elastomer with enhanced electrical and mechanical properties. 

In order to optimise a silicone dielectric elastomer, a polymer/copolymer, which is 

conductive or possesses a high dielectric constant, can be incorporated into the silicone 

elastomer by means of either a binary polymer blend or copolymerisation. In a binary 

a b 
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system of polymer blends consisting of a conducting polymer/copolymer and a non-

conducting PDMS, an elastomer is prepared from phase separation, whereby the desired 

morphology of the continuous non-conducting PDMS phase and conducting 

polymer/copolymer discontinuous phase is created in the blends. However, the phase 

separation of binary polymer blends is macroscopic rather than microscopic or 

nanoscopic, and consequently it compromises the homogeneity of the two components in 

the elastomeric matrix. Preventing macroscopic phase separation when preparing the DE 

is significant for long DE lifetimes. 

As a solution to the macroscopic phase-separated binary polymer blend, a conducting 

polymer, which is immiscible in PDMS, is copolymerised with PDMS as a block copolymer. 

The covalent-bonded copolymers’ blocks, containing conducting and non-conducting 

polymers, phase separate and form the more favourable micro- or nanoscopic phase 

separation, which ascribes to the desired electro-mechanical properties of the DE. The 

favourable morphology of a copolymer results from phase separation between the rich 

domain of a non-conducting block (continuous phase) and the small domain of a 

conducting block (discontinuous phase). Therefore, the optimised silicone elastomer, 

prepared from a phase-separating system by means of copolymerisation, results in phase 

separation on the micro- or nanoscale, indicating that the elastomer is homogeneous.  

1.2.3 Voltage-stabilised elastomer by means of a block copolymer 

When optimising dielectric elastomers (DEs) a conflict exists, namely that for large, 

achievable actuation strains softness is required, although with increased softness 

electrical breakdown strength decreases. A strategy for enhanced electrical breakdown 

strength in DEs can be achieved by voltage stabilisation, due to electron-trapping effects, 

which have been investigated previously by including minute concentrations of aromatic 

voltage stabilisers in polymers, mainly polyethylene (PE), with the purpose of reducing 

power loss for high-voltage insulation cables [63–65]. Aromatic voltage stabilisers, which 

have delocalised π-electrons, trap energetic electrons and create radicals, as they 

interrupt the distribution of the π-electron cloud [66]. In high-voltage insulation cables, 

the electrical breakdown strength of PE increases by utilising aromatic azo-compounds, 

which have six different side groups with electron-acceptors (NO2∙, CN∙) or electron-

donors (NH2∙, CH3∙, OH∙), as reported by Yamano et al. [63]. A PE composite containing an 

azo-compound with (OH)2 and NO2 side groups in remarkably low concentrations has the 

highest electrical breakdown strength, improving by 48% compared to the PE without an 

additive. This indicates that both electron-donating (OH∙) and -accepting (NO2∙) groups 

efficiently increase electrical breakdown strength, due to the increased polarity in the 

aromatic group, and thus lower excitation energies. Yamano [64] enhanced further 

electrical breakdown strength in PE by employing acene compounds (naphthalene, 

anthracene, tetracene and pentacene) as aromatic voltage stabilisers.  

The homogeneity of elastomer is affected by phase separation of the mixture. With 

proper sample preparation, phase separation can be achieved on the nanoscale, while the 

nanoscopic phase-separating system has influenced the enhanced electrical and 

mechanical properties of DEs.  
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Utilising aromatic voltage stabilisers of any kind as a silicone additive will unavoidably 

cause phase separation of the mixture. Preventing this on both the macro- and the 

microscale during preparation, as well as during actuation, is a key requirement for long 

DE lifetimes [65]. PPMS possesses voltage stabilisation capabilities but is immiscible in 

PDMS, and thus the copolymerisation of the two components is necessary for 

homogeneity. The effect of electron-trapping by phenyl groups, so-called ‘homo-

aromatics’, in a silicone elastomer is illustrated in Figure 1.5. Electrons in the presence of 

an electrical field accumulate initially at the interfacial boundary between the film and 

the electrode, as shown in Figure 1.5(b). The electrons then migrate and are trapped in 

the phenyl groups, as seen in Figure 1.5(c). When electrons migrate and collide with the 

homo-aromatic group, they disturb the cloud of π-electrons in the aromatic group, and 

this results in the formation of electron-accepting radicals, as shown in Figure 1.5(d). The 

depth of the electron trap is highly influenced by the type of radical [66], where the depth 

of the aromatic group with the radical of an electron-accepting type is greater than that 

of the aromatic group without a radical [64,66]. The trapped electrons act as negative 

space charges in the elastomer, causing a decrease in electrical field strength on the 

cathode [64]. This decreased electrical field strength then reduces electron migration 

from the cathode. The trapped electrons remain in the film bulk and therefore delay 

electrical breakdown; thus, increased electrical breakdown strength is achieved. 

 

Figure 1.5 The enhancement of electrical breakdown strength, due to electron-trapping: 
a) A silicone elastomer with an aromatic group grafted to the silicone backbone and a 
coating of compliant electrodes on the top and bottom surfaces. b) The existence of 
electrons at the interfaces between the elastomer and the compliant electrode in the 
presence of an electrical field. c) The electron-trapping effect as a consequence of a 
collision between electrons and the phenyl group. d) The formation of anion radicals 
resulting from the disturbance of the cloud of phenyl group π-electrons. 
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1.3 Elastomer parameters 

For the optimisation of elastomer, the cross-linked copolymer is further characterised for 

electrical and mechanical properties, and often a conflict exists between the optimised 

parameter and other parameters, e.g. relative permittivity versus electrical breakdown 

strength and mechanical properties. As a result, it is necessary to consider the 

compromised parameter during the optimisation of DEs.   

1.3.1 Permittivity 

Permittivity measures the level of electrical energy stored in the form of charge 

separation caused by polarisation. Relative permittivity is the ratio of the storage 

permittivity of an elastomer (ε’) to the storage permittivity of a vacuum (ε0 = 8.854·10−12 

F/m). In this thesis, frequency-dependent storage permittivity (ε') is referred to as 

‘relative permittivity’, in line with DE standards. DEs with increased relative permittivity 

have been studied extensively for the optimisation of DEs [38,53,67–70]. An elastomer 

with high relative permittivity, such as poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVDF) with εr = ~12, indicates that PVDF possesses high electrical energy [69]. An 

elastomer with high electrical energy is important for better performance in DE 

applications. Tan δ is the ratio of loss permittivity (ε’’) to storage permittivity (ε’).  

An un-actuated DE consists of dipolar molecules (Si-O, Si-CH3) randomly aligned in an 

elastomeric matrix (see  

Figure 1.6). When the DE is polarised, the dipolar molecules realign such that the 

positive charges of the dipoles orient toward the negative charges on the electrode (refer 

to Figure 1.7). 

 
 
Figure 1.6 Unpolarised dipoles randomly aligned in the elastomeric matrix. 
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Figure 1.7 Re-orientation of polarised dipoles in the elastomeric matrix. 

1.3.2 Electrical breakdown strength 

The elastomer can withstand a maximum electrical field, but above the maximum 

electrical field the DE will short-circuit and form a pinhole, defined as the electrical 

breakdown strength of DEs [71]. The optimisation of electrical breakdown strength and 

the mechanism behind the electrical breakdown of DEs have been studied recently.  

In the next subsections, several mechanisms that lead to electrical breakdown in DEs 

namely electromechanical breakdown, electrothermal breakdown and partial discharge, 

will be discussed.  

1.3.2.1 Electromechanical breakdown 

Another form of electrical breakdown in DEs is electromechanical breakdown, which 

occurs during actuation when attractive forces between the two electrodes become 

dominant and locally exceed a certain threshold value that cannot be balanced by the 

elastomer’s resistance to compression [72,73]. For DEs, electromechanical breakdown is 

also known as ‘electromechanical instability’, or ‘EMI’. Electrical stress in the local regions 

of a DE may give rise to localised thinning, known as the ‘Stark and Garton’ thinning 

process [74], which causes an increase in the electrical field, due to a decrease in film 

thickness, and subsequently results in an increase in electrostatic forces such as positive-

feedback effect. These local regions, which are subjected to a higher electrical field, 

possess high shear stresses and subsequently form indentations [75], which in turn result 

in inhomogeneous fields where these indentations create sharp notches and caused the 

elastomer to push away radially by a certain degree, depending on the DE’s Young’s 

modulus. Above the critical voltage, the DE will short-circuit, due to void formation. 

Electromechanical breakdown can be eliminated by pre-stretching the elastomer, since 
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pre-stretching has a combined effect of improving the alignment of film imperfection, 

decreasing film thickness and increasing electrical breakdown strength [48,76]. 

1.3.2.2 Electrothermal breakdown 

During DE electrical breakdown, heat generated inside the film, which cannot be balanced 

by heat lost to the surrounding area, is defined as ‘electrothermal breakdown’ [77]. When 

a voltage is applied to a DE, electrical power is dissipated, causing increased temperature, 

which then creates local heating and results in increased electrical power dissipation and 

subsequently a further increase in temperature [78]. This process is known as ‘thermal 

runaway’. Above a critical temperature, electrothermal breakdown will occur. The 

electrothermal breakdown in silicone DEs has been studied by Zakaria et al. [51], who 

used a model based on numerical analysis with quasi-steady state approximation to 

estimate the thermal runaway in silicone DEs. The outcomes from the modelling were 

compared to experimental data on the temperature effects of silicone elastomers. Studies 

have proven theoretically and experimentally that electrothermal breakdown is not the 

main cause of the electrical breakdown of thin silicone elastomer, due to the very low 

electrical field required to initiate the thermal runaway.  

1.3.2.3 Partial discharge 

In a DE film, a partial discharge is commonly associated with voids. Whilst preparing the 

elastomer, the formation of small voids is unavoidable, even in the most carefully 

executed preparation technique. Trapped gas in the voids results in decreased relative 

permittivity and low electrical breakdown strength of the DE, caused by a arise in the 

electrical field, and subsequently these voids  break down electrically before the 

elastomer [77,79]. In DEs, several conditions lead to partial discharges, namely gas 

pressure, void shape and void size [77]. For a very thin DE, partial discharge may lead 

rapidly to failure. 

1.3.3 Young’s Modulus 

The Young’s modulus (Y) can be estimated from a molecular theory on the viscoelastic 

behaviour of incompressible cross-linked polymer. In Chapter 2, Young’s moduli of the 

prepared elastomers were calculated from this molecular theory and then used to 

determine the figure of merit (FOM) for the DE actuator. 

The elastomer is stretched uniaxially in the z-direction. Assuming the elastomer is 

incompressible, 𝑙0
3 = 𝑙𝑥𝑙𝑦𝑙𝑧, where l0 is the initial length of the cube and lx, ly and lz are 

the dimensions after deformations in the x-, y- and z-directions, respectively. Based on 

Helmholtz free energy per volume and incompressibility, isotropic stress (𝜎𝑖𝑖) for a 

chemical cross-linked elastomer is given by:  

𝜎𝑖𝑖 = 𝑛𝑘𝐵𝑇𝜆𝑖
2 − 𝑃                                                            (1.8) 
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where n, kB and λi are the numbers of chains per volume, the Boltzmann constant and 

different dimensional stretch ratios, respectively, at a particular temperature (T) and 

pressure (P). 

For uniaxial stretching, the stretch ratios in the x-, y- and z-directions are defined 

as 𝜆𝑥 = 𝜆𝑦 = 𝜆−
1

2 and 𝜆𝑧 = 𝑙𝑧𝑙0
−1, respectively (see Figure 1.8). As applied stress is in the 

z-direction (𝜎𝑧𝑧), stresses in the x- and y-directions (𝜎𝑥𝑥 and 𝜎𝑦𝑦) are zero and give: 

𝜎𝑦𝑦 = 𝜎𝑥𝑥 = 𝑛𝑘𝐵𝑇𝜆−1 − 𝑃 = 0                                             (1.9) 

 
𝑃 = −𝑛𝑘𝐵𝑇𝜆−1                                                           (1.10) 

 

𝜎𝑧𝑧 = 𝑛𝑘𝐵𝑇𝜆2 − 𝑃                                                         (1.11) 
 

By solving Eqns. 1.10 and 1.11, the stress (𝜎𝑖𝑖) in force (F) and area (A) is expressed in 

Eqn. 1.11, where 𝜆𝑧 = 𝜆: 

𝜎𝑖𝑖 =
𝐹

𝐴
= 𝑛𝑘𝐵𝑇(𝜆2 − 𝜆−1)                                                 (1.12) 

 

The stretch ratio, λ, is defined as 1+ε. Assuming that the deformation (ε) is very small, 

λ2 and λ-1 are equal to 1+2ε and 1-ε, respectively. The expression of 𝜆2 − 𝜆−1 equals 3ε, 

and thereby Eqn. 1.12 can be written as 𝜎𝑖𝑖 = 3𝑛𝑘𝐵𝑇 .  

The shear modulus (G’) is equal to 𝑛𝑘𝐵𝑇, and hence the final expression of the Young’s 

modulus can be expressed in terms of G (see Eqn. 1.14). 

𝑌 = 3𝑛𝑘𝐵𝑇                                                               (1.13) 
 

𝑌 = 3𝐺′                                                                  (1.14)  

 

 
Figure 1.8 An illustration of a cube, before and after applying stress in the z-direction. 
Solid and dashed cubes represent the elastomer, before and after uniaxial deformation, 
respectively, in the z-direction. 
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1.3.4 Figure of merit (FOM) of a dielectric elastomer actuator 

The figure of merit is used to access actuation performance for DEs. A figure of merit for 

dielectric elastomer actuators, FOM (DEA), derived by Sommer-Larsen and Larsen [80], is: 

𝐹𝑂𝑀(𝐷𝐸𝐴) =  
3 𝑟 0𝐸𝐵𝐷

2

𝑌
                                                   (1.15) 

 

For a dielectric elastomer generator (DEG), the generator’s performance can be 

evaluated from the figure of merit for DEG, FOM (DEG), presented by McKay et al. [81]: 

FOM(DEG) =  
3εrε0EBD

2

2φ
                                                   (1.16) 

 

where φ is the strain energy function of the elastomer.  

The FOM value for the investigated elastomer is normalised with the FOM value for a 

standard silicone dielectric elastomer, e.g. RT625. The normalised FOM (DEA/DEG)Norm. is 

calculated as:  

𝐹𝑂𝑀(𝐷𝐸𝐴/𝐷𝐸𝐺)𝑁𝑜𝑟𝑚. =  
𝐹𝑂𝑀(𝐷𝐸𝐴/𝐷𝐸𝐺)𝐸𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟

𝐹𝑂𝑀(𝐷𝐸𝐴/𝐷𝐸𝐺)𝑅𝑇625

                        (1.17) 

 

The strain energy function of an elastomer is defined as the strain energy per unit volume 

and is equal to the area under the stress-strain curve of the elastomer [30]. Stress in the 

elastomer can be obtained by taking the derivative of φ with respect to the strain, and for 

an isotropic φ relates to the energy stored in the elastomer to the three dimensional 

strain components. 

1.4 Compliant DE electrodes  

Stretchable, conductive materials have been studied extensively for many applications 

such as biomedical devices [82], electro-mechanical transducers [83] and solar power 

[84]. For dielectric elastomer (DE) technology, an inherently soft and highly conductive, 

compliant electrode material is required for optimum electro-mechanical transduction 

performance. The main function of the two compliant electrodes is to transfer in and out 

the electrical charges needed for actuation. The optimisation of electrodes mainly 

emphasises conductivity, stretchability, response speed and the lifetime of the electrodes. 

Ideal compliant electrodes must have large-strain actuation for DEA and efficient energy 

harvesting for DEG, with integrated logic or feedback based on self-sensing for DES [83]. 

1.4.1 Types of DE electrode 

In the next subsections, carbon and metallic electrodes and ionic conductors are 

discussed, as well electrodes containing nano-sized particles. Presently, these electrodes 

are commonly used in dielectric elastomer technology. 
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1.4.1.1 Carbon-based electrodes 

Conventional carbon-based electrodes are commonly made from carbon powders, carbon 

greases or carbon-elastomer composites. Aside from the low costs of carbon powders and 

carbon greases, they are quick to apply to an elastomer. Carbon powder has been used 

extensively on acrylic elastomers, and it is commonly applied using a spraying method 

[83]. However, handling carbon powder can be messy, whilst the conductivity of 

elastomer incorporating carbon powders cannot be sustained at large strains. Moreover, 

the lifetime of carbon powders is very limited, as they can be easily interrupted by other 

objects.  

Carbon greases are viscous fluids containing carbon powders, and they are more 

practical to use compared to carbon powders and are quick to apply as well. Similar to 

the carbon powders, carbon greases, however, are not robust for DE applications. In fact, 

they diffuse into the elastomer due to high permeability, which may deteriorate the 

actuation performance of the DE. The viscous nature of carbon grease reduces the 

electrode’s response speed and subsequently decreases the actuation performance of the 

DE. 

A nanocomposite containing a silicone elastomer and conductive nanoparticles, such 

as carbon powders, can be utilised as a compliant electrode for DEs. The silicone-carbon 

nanocomposite is highly conductive, without compromising the soft nature of the silicone 

elastomer, and it is mechanically robust because the carbon powder acts as a filler for 

enhancing robustness [85]. The drawback of the silicone-carbon nanocomposite is that it 

may have a stiffening effect on the DE as a soft actuator, and it is difficult to achieve 

excellent dispersion of carbon nanoparticles in the silicone matrix. As an alternative to 

carbon nanoparticles, exfoliated graphite has been used as nano conductive fillers when 

making a conductive nanocomposite [86].  

1.4.1.2 Metallic thin-film electrodes 

Nano-sized metals such as silver nanowires (AgNWs) [87] are used as electrodes for DEs. 

Silver nanowires possess high conductivity, but they are significantly stiffer than 

elastomers. Furthermore, they often result in fractures at strains of only a few per cent 

[83]. Due to this increased stiffness, depositing AgNWs directly on a thin DE film stiffens 

the DE, and the film with a deposition of AgNWs breaks at 2 to 3% actuation strain. 

However, depositing silver nanowires on corrugated DE film does not limit the actuation 

strain. A corrugated electrode with a corrugation depth-to-period ratio close to 0.4-0.5 

(4-5 m depth and 10 m period) [88] is favoured up to 33% strain in the direction of 

compliance, as verified by Benslimane et al. [88]. By patterning silver metallic electrodes 

on the corrugated DE film, an electrode with anisotropic behaviour is obtained. 

Benslimane et al. [88] later optimised the performance of a new configuration of the 

corrugated electrode by increasing the corrugation depth-to-period ratio to nearly 1 (7 

m depth and 7 m period). This new arrangement was more compliant than electrodes 

with previous configurations and could achieve strains of up to 80%. 
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1.4.1.3 DEs electrodes with nano-sized particles  

Nanowires and nanotubes are capable of maintaining a percolation network at large 

strains, and thus reduce the electrode thickness to avoid a stiffening effect. Conductive 

PANI nanofibres, poly(3-decyloxythiophene) and carbon nanotube thin films are capable 

of forming highly compliant electrodes [89]. PANI nanofibre films provide large actuation 

strain and have a negligible influence on the mechanical properties of the film, but they 

lose conductivity over time [90]. Similar to PANI nanofibre films, conducting films 

containing single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) possess excellent actuation and have a negligible influence on the 

mechanical properties of DE film.  

Both ultrathin PANI and SWCNT films are capable of ‘self-clearing’ [90,91]. Electrodes 

with self-clearing behaviour increase the lifetime of DEAs, because they are able to work, 

even after a certain amount of localised breakdown, by vaporising around the defect 

during the electrical breakdown. Obviously, PANI and SWCNT films are favourable, due 

to their increased lifetime, even though the films suffer from several local electrical 

breakdown defects. 

1.4.1.4 Ionic conductors 

Ionic conductors have been used in soft hydrogels as transparent and highly compliant 

electrodes for DEs as loudspeakers [92] and strain sensors [93]. Ionic conductors have 

higher resistivity than most electronic conductors, but they also have low sheet resistance 

when they are highly pre-stretched [92]. Another limitation when utilising ionic 

conductors is that their response speed from the ions is slower than the electron speed 

of electronic electrodes.  

1.4.2 Requirements of compliant DE electrodes 

When optimising compliant electrodes, they must possess high conductivity, increased 

softness and high robustness, even after many cycles of use.  

DE electrodes must be highly conductive to transfer charges quickly on the DE. For this 

purpose, an electrode with conductivity above 10-2 S cm-1 is the ideal electrode to be 

utilised in DE technology [85]. Conductivity can be tuned using advanced synthesis 

methods, e.g. surface modification of MWCNT, or by advanced dispersion techniques 

using surfactants. An excellent electrode will remain conductive when it is stretched by 

more than 50%, even after millions of cycles.  

In order to create an excellent soft DE actuator, electrodes must be inherently soft, 

such that they do not add stiffness in DEs. Upon stretching, the electrodes should possess 

no strain limit; furthermore, they should operate in charge mode rather than in voltage 

mode, in order to avoid electromechanical instabilities (EMI) inherent to DEs.  

In addition, the electrodes must be robust after many cycles of use, as this indicates 

how well it can maintain conductivity and actuation strain after many cycles of actuation, 

which should be, ideally, 3 million cycles, as reported by Rosset and Shea [83]. 
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1.5 Research motivation  

At present, some works have been performed on the optimised electro-mechanical 

properties of silicone elastomers by means of phase separation. A strategy for increased 

relative permittivity has been performed by means of a phase-separating system with the 

incorporation of ionic or polar liquids in silicone elastomer, as verified by Mazurek et al. 

[42,94]. Phase separation has influenced the electro-mechanical properties of silicone 

elastomer, i.e. increased relative permittivity, high electrical breakdown and a low 

Young’s modulus. In order to create a phase-separating system in silicone elastomer, the 

elastomer can be prepared through either copolymerisation or a binary 

polymer/copolymer blend of two immiscible polymers. The synthesised copolymer or the 

prepared blending formulation is subsequently cross-linked to obtain an elastomer. The 

copolymers’ blocks segregate due to the minimisation of free energy, resulting in well-

defined morphologies as a result of phase separation, which is favourable when the best 

increases in electro-mechanical properties are achieved.  

In this thesis, a silicone elastomer with increased relative permittivity is prepared 

from a phase-separating PDMS-PEG copolymer in silicone elastomer. The PDMS-PEG 

copolymer, which is conductive, is incorporated into a polymer blend binary system. To 

enhance the electrical breakdown strength of the silicone elastomer, PPMS, which 

possesses voltage stabilisation, is copolymerised with PDMS and subsequently cross-

linked, resulting in a voltage-stabilised silicone elastomer with increased electrical 

breakdown strength. Due to the increased relative permittivity and high electrical 

breakdown strength of the PDMS-PEG and PDMS-PPMS copolymers, respectively, a 

binary system of copolymer blend consisting of both copolymers is prepared and the 

synergistic effect of both copolymers with respect to electro-mechanical properties is 

investigated. All elastomers prepared from the synthesised copolymers and the 

interpenetrating network exhibit increased softness with a low Young’s modulus. Finally, 

a conductive nanocomposite is prepared from PDMS-PEG copolymers by incorporating 

multi-walled carbon nanotubes to be utilised as a compliant electrode for DEs.  
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2 Enhancement of relative permittivity  

By phase-separating a block copolymer, an approach to increase the relative permittivity 

of silicone elastomers, prepared by phase-separating PDMS-PEG copolymer, is described 

in this chapter. Several approaches for enhancing relative permittivity have been 

reported previously, with the commonest method involving blending silicone elastomers 

with metal oxide fillers. This blend often results in a stiff elastomer, and thereby this 

composite depreciates the electro-mechanical integrity of a soft dielectric elastomer 

actuator. In order to overcome stiff silicone elastomer, PDMS-PEG copolymers have been 

incorporated into commercial silicone elastomer. The miscibility of PDMS-PEG 

copolymer in the commercial silicone elastomer creates favourable phase separation on 

the microscopic scale, and hence the prepared elastomers possess increased relative 

permittivity without compromising their soft nature, conductivity or electrical 

breakdown strength. Details on preparing silicone elastomers with PDMS-PEG 

copolymers are presented in this chapter, as well as on electrical and mechanical 

properties. 

The results presented in this chapter have been published in RSC Advances, volume 5, 

page 53054-53062 (2015) and the article is attached as Appendix I. The procedures for 

preparing PDMS-PEG copolymers and the composites containing synthesised PDMS-

PEG copolymers are presented in Chapter 8.1. 

2.1 Enhancement of dielectric permittivity by incorporating PDMS-PEG 
multiblock copolymers in silicone elastomers 

2.1.1 Introduction 

The synthesis of the PDMS-PEG multiblock copolymer utilised herein is based on 

hydrosilylation, as shown in Scheme 2-1.  

 

 

Scheme 2-1 The hydrosilylation reaction utilised when preparing a PDMS-PEG multiblock 
copolymer, where m is the number of repeating dimethylsiloxane units in PDMS, and n = 
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4 is the constant number of repeating ethyleneglycol units in PEG. X is the number of 
repeating PDMS-PEG units in multiblock copolymers. 

 

Here, elastomers are prepared by means of phase separating PDMS-PEG 

multiblock copolymers, whereby the copolymers’ blocks are expected to segregate 

to form well-defined structures, depending on the chain lengths of the two 

constituents. Subsequently the phase-separated copolymers are cross-linked via 

silylation into elastomers.  

2.1.2 Results and discussion 

2.1.2.1 PDMS-PEG multiblock copolymer 

The PDMS-PEG block copolymer samples with different PDMS chain-lengths were 

characterised by means of size-exclusion chromatography (SEC), while the cross-linked 

samples were analysed by means of dielectric spectroscopy and rheology. Results for the 

average number of molecular weights obtained from SEC, shown in Table 2.1, indicate 

that synthesised PDMS-PEG multiblock copolymers possess lower Mn than targeted. 

 

Table 2.1 Average number of multiblock copolymers molecular weights. 

 

PDMS-PEG 

block 

copolymer 

Experimental 

Mn,T (103 

g/mol) 

PDMS81-PEG 13 

PDMS14-PEG 2.5 

PDMS7-PEG 3.6 

PDMS3-PEG 1.2 

 

The relative permittivity of the multiblock copolymers is shown in Figure 2.1. Relative 

permittivity for the copolymer with the least PEG (PDMS81-PEG) is constant at all 

frequencies, with a slight increase at low frequencies. This behaviour is similar to that of 

the reference elastomer (MJK), but the PDMS81-PEG multiblock copolymer has three-fold 

higher relative permittivity. For samples with higher PEG content, significant relaxation 

takes place at low frequencies, leading to increased permittivity (as seen in Figure 2.2), 

while dielectric loss also increases very abruptly when decreasing the frequency. This 

behaviour indicates conductive nature of the elastomers. In Figure 2.3 the conductivity of 

the copolymers is shown. It is obvious that they are all conductive, due to the display of a 

plateau in conductivity at low frequencies. The block copolymers have conductivities of 

the order of 102 to 105 higher than those of the reference elastomer (MJK). 
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Figure 2.1 Relative permittivity of cross-linked PDMS-PEG multiblock copolymers at 23°C. 
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Figure 2.2 Dielectric loss factor for cross-linked PDMS-PEG multiblock copolymers at 
23°C. 
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Figure 2.3 Conductivity of PDMS-PEG multiblock copolymers at 23°C. 

 

The rheological properties of the cross-linked copolymers are shown in Figure 2.4. 

The PDMS14-PEG and PDMS81-PEG samples show the behaviour of very soft networks 

with low storage moduli compared to silicone elastomers, and they also demonstrate 

significant relaxation at low frequencies, which further indicates the inherent softness. In 

contrast, the PDMS3-PEG and PDMS7-PEG samples possess PEG-like properties with high 

storage moduli and low losses. Furthermore, their shear modulus is higher than that of 

the reinforced commercial silicone elastomer. Therefore, it is clear that an increase of PEG 

constituents in a PDMS-PEG multiblock copolymer reinforces the network comparable 

with the effect of silica fillers. It is noteworthy that PDMS81-PEG and PDMS14-PEG closely 

resemble each other despite PDMS81-PEG being significantly shorter than PDMS14-PEG 

(see Table 2.1), and thus PDMS81-PEG should provide significantly higher cross-link 

density and thus higher G. However, this effect cannot be seen simply because the 

increased content of PEG in PDMS14-PEG has an identical cross-linking effect. 

2.1.2.2 Binary polymer block copolymer and silicone elastomer blends  

Due to the conductivity of PDMS-PEG multiblock copolymers, they were further blended 

and cross-linked into a commercial PDMS elastomer (MJK). Incorporating the block 

copolymers into a silicone network as a binary polymer blend (BPB) can facilitate the 

creation of PEG spheres, as illustrated in Figure 2.5. The blends consist of PDMS-PEG 

multiblock copolymers at loadings of 5, 10, 15 and 20 wt% and are denoted as 

MJK/PDMSi, where i=81,14,7,3. When increasing PEG fractions, unfavourable and 

discontinuous morphologies may be formed. 
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Figure 2.4 Comparison between the storage and loss modulus PDMS-PEG multiblock 
copolymers at 23°C. 

 

 
 

Figure 2.5 Illustration of morphologies for BPB of PDMS-PEG block copolymer and 
silicone elastomer: a. Continuous phase in PDMS b. Co-continuous phase in PDMS c. 
Discontinuous phase in PDMS. 

2.1.2.3 Dielectric properties of the binary polymer blends 

The relative dielectric permittivity and loss permittivity of the polymer blends are 

shown in Figure 2.6 and Figure 2.7, respectively. Relative permittivities are 

significantly improved compared to the reference elastomer (MJK), and loss 
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permittivities are substantially lower than those of the pure copolymers – as 

hypothesised. Refer to Appendix I - ESI Fig. S2-4 for data for all samples. 

In general, the storage permittivity of MJK/PDMS7 increases as the wt% of the PDMS7-

PEG multiblock copolymer increases in line with loadings from 5 to 20 wt%. 

Incorporating 20 wt% of PDMS7-PEG in a PDMS network yields the highest relative 

permittivity (5.2), which is an increase of 60% compared to the relative permittivity of 

MJK (3.5). The small increase in relative permittivity at low frequencies for MJK/PDMS7, 

with 5 and 10 wt%, is due to electrode polarisation effects occurring during the 

measurement process. However, this can be corrected by applying silicone grease 

between the sample and the electrode [95]. The dynamic dipole orientation of polymer 

molecules resulting from polarisation are observed for MJK/PDMS7 at 15 and 20 wt%, as 

Debye-relaxation peaks occur at frequencies of 100 - 103 Hz. 

10-2 10-1 100 101 102 103 104 105 106 107
3

4

5

6

7

8

R
el

at
iv

e 
pe

rm
itt

iv
ity

, 
' r

Frequency (Hz)

 PDMS Elastomer (MJK)
 5wt% MJK/PDMS7
 10wt% MJK/PDMS7
 15wt% MJK/PDMS7
 20wt% MJK/PDMS7
 PDMS7-PEG

 
Figure 2.6 The relative permittivity of MJK/PDMS7 (5–20 wt% of PDMS7-PEG) at 23°C. 

 

One essential finding from the dielectric characterisation is that none of the 

polymer blends is conductive. To further analyse the optimum polymer blend, 

selection based on the sample which gives the lowest dielectric loss factor is 

carried out. Polymer blends of MJK/PDMS3, MJK/PDMS14 and MJK/PDMS81 

possess electrical loss factors in the ranges of 0.5-0.9, 0.25-0.75 and 0.06-1.25, 

respectively, in the investigated frequency regime. MJK/PDMS7 is the most 

promising blend, due to a low dielectric loss factor of 0.05- 0.125 (Figure 2.7).  
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Figure 2.7 The dielectric loss factor of MJK/PDMS7 (5–20 wt% of PDMS7-PEG) at 23°C. 

 

The behaviour of MJK/PDMS7 non-conductivity with different copolymer 

loadings is very promising, since no plateau regions are observed at low 

frequencies (Figure 2.8). This implies that a blending method applied properly 

causes the successful formation of a discontinuous phase for PEG that creates non-

conductive behaviour of the developed polymer in the PDMS elastomer and 

PDMS7-PEG blends at loadings of 5, 10, 15 and 20 wt%. The conductivity of 

MJK/PDMS7 is consistent with respect to the MJK elastomer, which is non-

conductive, as shown in Figure 2.8. 

The low dielectric loss factor and non-conductivity of MJK/PDMS7 for all 

investigated copolymer loadings indicates that the composites consist of PEG in 

discontinuous phases. 
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Figure 2.8 The conductivity of MJK/PDMS7 (5–20 wt% of PDMS7-PEG) at 23°C. 
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2.1.2.4 Rheological properties of BPB 

To evaluate the effect of blending on mechanical properties, elastomers from 

MJK/PDMS7 with a 5–20 wt% copolymer were rheologically characterised, as 

shown in Figure 2.9. The storage modulus of MJK/PDMS7 with 20 wt% is relatively 

close to the storage modulus of silicone elastomer (MJK). In contrast, MJK/PDMS7 

with 5 and 10 wt% is softer than the PDMS elastomer, with storage moduli being 

one-fold and three-fold lower than the storage modulus of MJK (7×105 Pa). The 

blend of MJK/PDMS7 with 15 wt% is the stiffest, with G’ = 8×105 Pa. Another 

important feature observed from Figure 2.9 is the appearance of small relaxation 

peaks in the loss moduli for 15 and 20 wt%. This is due to the transient nature of 

the PEG semi-crystalline phases acting as reinforcing domains. 

All elastomers, however, do show to be well cross-linked and appear very 

elastic, and therefore they are suitable as soft dielectric elastomers. 
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Figure 2.9 The storage and loss moduli of MJK/PDMS7 (5–20 wt% of PDMS7-PEG) at 23°C. 

2.1.2.5 Dielectric breakdown (EBD) strength 

Electrical breakdown and the influence of different PDMS7-PEG block copolymer 

loadings in MJK/PDMS7 on the Weibull parameters were investigated. The Weibull fits 

can be seen in Figure 2.10. The Weibull 𝛽-parameter (slope of the dashed line in Figure 

2.10) decreases in line with an increasing MJK/PDMS7 wt%, and it even increases at 20 

wt%. The y-axis (Figure 2.10) was determined from the formula below: 

 

𝑙𝑛[− 𝑙𝑛(1 − 𝐹)] = 𝛽 𝑙𝑛(𝐸𝐵𝐷) − 𝛽𝑙 𝑛(𝜂)                             (2.1) 
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where F and EBD were the Weibull cumulative distribution function and electrical 

breakdown, respectively. The value of the Weibull location parameter η was 

determined from ln[− ln(1 − 𝐹)] = 63.2%. 

Averaged and fitted electrical breakdown data for all the samples are presented 

in Table 2.2. MJK/PDMS7 with 5 wt% bears the highest dielectric breakdown 

strength (103 V µm-1) with a standard deviation of ± 4 V µm-1 when averaging over 

the 12 samples. All samples have an almost identical Weibull η parameter and 

respective breakdown strengths. 

 

Table 2.2 Dielectric breakdown strength, Weibull parameters η and β , and R2 of linear fit 
for the pure silicone elastomer (MJK) and MJK/PDMS7 with 5-20 wt% of the PDMS7-PEG 
multiblock copolymer. 

MJK/ 

PDMS7 

Dielectric 

breakdown 

EBD       

 (V µm-1) 

Weibull 

𝜂-parameter 

Weibull 

𝛽-parameter 

 

R2 of 

linear 

fit 

MJK 

5 wt% 

93 ± 7 

103 ± 4 

98 

105 

17 

31 

0.92 

0.84 

10 wt% 92 ± 3 94 31 0.93 

15 wt% 93 ± 8 96 13 0.99 

20 wt% 101 ± 5 103 25 0.95 
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Figure 2.10 Cumulative probability of failure of the PDMS elastomer (MJK) and 
MJK/PDMS7 with 5–20 wt% of the PDMS7-PEG multiblock copolymer (T = 23°C). The 
dashed lines represent the linear fit line to the data.  
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Adding conductive particles usually destabilises the elastomer in respect to 

electrical breakdown [96], but in the  composites investigated herein the conductive 

PEG clearly stabilises the elastomers, as the 𝛽 parameters for the composites are 

significantly larger – and thus the materials will be more electrically stable. This may be 

due to the charge-trapping effects of PEG [48]. The trapping effect probably decreases in 

line with increased loadings, and thus there is an optimum in the composition at which 

the electrical stabilisation is highest. The softest sample (5wt%) is furthermore very 

steep, and therefore the effect cannot be attributed to increased Young’s moduli, as shown 

in Vudayagiri et al [30]. 

2.1.2.6 Figure of merit (FOM)  

One method which can be used to evaluate the actuation performance of the elastomer 

is by means of a figure of merit for dielectric elastomer actuators, FOM (DEA). The FOM 

(DEA) for the MJK/PDMS7 samples was determined relative to the absolute value 

of the FOM (DEA) of Elastosil RT625 (1.86×10-24), as reported by Vudayagiri et al. 

[30]. 

The calculated figures of merit are shown in Table 2.3. The composite with 5 wt% has 

the highest normalised FOM (DEA) value of 17, i.e. 17 times greater actuation than the 

reference elastomer. This composition is the best-performing elastomer amongst those 

investigated, due to the combination of high electrical breakdown strength, a low 

Young’s modulus and relatively high dielectric permittivity.  

 

Table 2.3 Normalised FOM (DEA) and Young’s modulus (Y) for MJK/PDMS7 with 5–20 
wt% of PDMS7-PEG multiblock copolymer. 

MJK/PDMS7 

Young’s modulus, 

Y* 

(kPa) 

Normalised FOM (DEA)  

0 wt% (MJK) 

5 wt% 

205 

123 

6.1 

17.2 

10 wt% 169 9.6 

15 wt% 238 8.0 

20 wt% 203 11.2 
          * Young’s modulus calculated from Y = 3G’ 

2.1.2.7 Contact angles of BPB 

The wettability of MJK/PDMS7 polymer blends was evaluated by static contact angle 

measurements. The nature of the PDMS-PEG multiblock copolymer is known as one of the 

amphiphilic dynamic polymer chains. Similar to MJK/PDMS7, which consists of PDMS7-

PEG block copolymers in the PDMS matrix, the trend on wettability leans toward 

amphiphilic behaviour. In Figure 2.11, the contact angles of MJK/PDMS7 for different 

wt% (5, 10, 15 and 20) decline steeply for the first 20s and are followed by a slight 

decrease until they are almost stable at the end of the time period. This indicates that the 

block copolymer in the polymer blends orients its polymer chains in order to achieve the 
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lowest possible surface energy, since the copolymer comprises blocks of both 

hydrophobic PDMS and hydrophilic PEG. When the developed elastomer is exposed to air, 

the surface is controlled by the hydrophobic PDMS from the block copolymer and the 

matrix, but upon contact with water the chains re-orient and the PDMS blocks migrate 

back into the bulk material and are replaced by the more hydrophilic PEG blocks at the 

surface [97]. This behaviour is confirmed by the contact angle measurement, where the 

rearrangement of the polymer chains accounts for the change in contact angle over time 

when a droplet of deionised water is dropped onto the top surface of the sample. Thus, 

classing the wettability of MJK/PDMS7 as amphiphilic is the result of incorporating the 

PDMS7-PEG multiblock copolymer in the network, since PEGs are well-known for their 

hydrophilic properties. 
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Figure 2.11 MJK/PDMS7 contact angles (5–20 wt% of PDMS7-PEG) at 23°C. 

2.1.2.8 SEM analysis 

In order to verify the hypothesised structure of the composites, the prepared films 

were investigated by SEM; the microscope pictures are shown in Figure 2.12. For 

MJK/PDMS7 with 5 wt% copolymer loading, a rough surface is obtained. There are 

no visible PEG domains observed, and the composite appears homogeneous on the 

microscale. When the loading of the block copolymer increases from 10 to 20 wt%, 

the microspherical domains become visible and the number of microspheres 

increases in line with an increased concentration of PEG. The domains were 

analysed using Image Processing and Analysis software (ImageJ). The domain sizes 

of visible spherical domains for MJK/PDMS7 at 10, 15 and 20 wt% are 1.3 ± 0.2 µm, 

1.3 ± 0.2 µm and 1.6 ± 0.2 µm, respectively. The observation of spherical domains 
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is coherent with the samples from Liu et al [68], who observed pores on composite 

samples of PDMS and PEG etched with ethanol. The obtained morphologies 

indicate that the methodology of blending polymers creates the good dispersion of 

multiblock copolymers in a silicone network where the spherical domain size 

seems independent on concentration, as the chain length of the PEG was not a 

variable in this study. Since the composite with the lowest concentration of PEG 

possesses different morphology, and at the same time possesses the best overall 

properties for actuation and lifetime, it may be argued that the introduction of 

additional surfaces into the system is unfavourable, especially as these surfaces 

may increase permittivity but they also destabilise the elastomer. 

 

  

  
 

Figure 2.12 SEM images of MJK/PDMS7 at: a. 5 wt% b. 10 wt% c. 15 wt% d. 20 wt%. 

2.1.3 Part conclusion 

A new composite elastomer, which has high relative and low loss permittivity, was 

successfully created from a binary system of polymer blends consisting of 

conducting PDMS7-PEG multiblock copolymer and non-conducting PDMS 

b 

d 

a 

c 
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elastomer (MJK). The desired morphology (discontinuous phase of the block 

copolymer and continuous phase of PDMS) was successfully created in the blends, 

thereby indicating the development of non-conductive behaviour in the elastomer. 

Low copolymer loading is favourable, since it creates a homogeneous elastomer on 

the micro-scale which in turn facilitates a more electrically stable elastomer. Even 

though the PDMS7-PEG multiblock copolymer is conductive and has high loss 

permittivity, a good composite elastomer can be developed by incorporating the 

block copolymer into a silicone network at different wt% and by employing a 

proper mixing technique. The dielectric breakdown strengths for cross-linked 

MJK/PDMS7 polymer blends were relatively high, with values in the order of 100 

V/µm. Finally, by integrating all the characterised parameters, i.e. Young’s 

modulus, breakdown strength and relative permittivity, figures of merit for the 

dielectric elastomer actuation of the various MJK/PDMS7s were determined, and 

it was concluded that by incorporating low concentrations of PEG, actuation could 

be improved 17-fold along with the extension to the lifetime of the dielectric 

elastomer.  
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3 Enhancement of electrical breakdown 

strength 

A strategy for increasing the electrical breakdown strength of silicone dielectric 

elastomers via a voltage-stabilising effect is described in this chapter. The idea behind 

this work came from literature studies of the enhancement of electrical breakdown 

strength in polyethylene as a high-voltage insulation cable. From the literature studies, 

aromatic-based additives were incorporated into polyethylene (PE), and these additives 

acted as a voltage stabiliser to improve the electrical breakdown strength of PE via 

electron-trapping effects. Increased electrical breakdown strength is achieved through 

voltage stabilisation. When synthesising PDMS-PPMS, the optimised condition of the 

hydrosilylation reaction occurs in a very convenient environment, namely speed-mixing 

for a few minutes at room temperature. The cross-linked PDMS-PPMS copolymers are 

soft and highly elastic. Details on preparing cross-linked PDMS-PPMS copolymers, and 

their electrical and mechanical properties, are explained thoroughly in this chapter.  

The results presented herein have been published in RSC Advances, volume 7, page 

468-477 (2017) and the article is attached as Appendix II. The procedures for preparing 

cross-linked PDMS-PPMS copolymers with different concentrations of phenyl groups are 

presented in Chapter 8.2. 

3.1 Silicone elastomers with covalently incorporated aromatic voltage 
stabilisers 

3.1.1 Introduction 

Increasing the electrical breakdown strength of DEs allows for greater actuation, due to 

the possibility of utilising larger electrical fields without failure [19,98]. For DEs, several 

mechanisms lead to electrical breakdown, namely partial discharge [79] and 

electromechanical [74] and electrothermal breakdown [51,99]. Multiple studies on pre-

strained DE electrical breakdown have been conducted, with the main emphasis on 

reliability and the effect of electrical breakdown strength on external properties such as 

effective electrode configurations [47,48], elastomer processing techniques [49] and pre-

stretching methods [19,47,98]. As an alternative approach to enhancing electrical 

breakdown strength, blending in additives with a voltage-stabilising effect or via polymer 

structure modifications remains unexplored for dielectric elastomers. 

 In this work, the voltage stabilisation effect of PPMS in cross-linked PDMS-PPMS 

copolymers is investigated, while cross-linked materials are characterised mechanically 

and dielectrically. Herein, soft dielectric silicone elastomers with increased electrical 



PHD thesis, DTU | Aliff H. A Razak                                                            
 

Enhancement of electrical breakdown strength  DTU Kemiteknik | 33 

breakdown strength, due to the incorporation of an aromatic voltage stabiliser, were 

prepared by cross-linking synthesised polydimethylsiloxane-polyphenylmethylsiloxane 

(PDMS-PPMS) copolymers. Concentrations of the voltage stabiliser were varied by 

changing the molecular weights of the PPMS in the copolymer. 

3.1.2 Results and discussion 

PDMS-PPMS block copolymers were prepared from the hydrosilylation of hydride-

terminated PPMS and vinyl-terminated PDMS at room temperature in the presence of a 

platinum (Pt) catalyst, as shown in Scheme 3-1. The synthesised block copolymer has X+1 

blocks of phenylmethylsiloxane and X blocks of dimethylsiloxane.  

 

 

Scheme 3-1 The hydrosilylation reaction utilised when preparing the PDMS-PPMS block 
copolymer with a stoichiometric ratio of r = (X + 1) / X, where m is the number of 
repeating phenylmethylsiloxane units in PPMS (m = 2 and 6) and n is the number of 
repeating dimethylsiloxane units in PDMS (n = 377, 231, 126 and 80). 

 

The targeted elastomers with covalently grafted voltage stabilisers are shown in 

Figure 3.1. In order to realise these elastomers, copolymers were first synthesised and 

characterised before being cross-linked into elastomers. 

 
 

 

Figure 3.1 Illustration of a cross-linked copolymer with a) short- and b) long-chain. 
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3.1.2.1 Synthesised PDMS-PPMS copolymers 

Determined molecular weights of synthesised PDMS-PPMS copolymers are shown in 

Table 3.1. All copolymers have low polydispersity indexes (PDI ≤ 2.1). The disappearance 

of the Si-CH2=CH2 bond signal at 5.8 - 6.2 ppm was confirmed by 1H-NMR, to ensure that 

all vinyl groups in the PDMS had been consumed fully during the hydrosilylation of vinyl-

terminated PDMS and hydride-terminated PPMS; refer to Appendix II - ESI 5 for NMR 

spectra in Figures S2-9. 1H-NMR spectra confirmed that the synthesised PDMS-PPMS 

copolymers were hydride functional, and all vinyl groups in the PDMS were fully reacted. 

3.1.2.2 Linear viscoelasticity 

To evaluate the effect of the increased concentration of the phenyl group on viscoelastic 

properties, the prepared elastomers were characterised rheologically, as shown in Figure 

3.2. This is an important investigation to perform for these systems, since aromatics are 

well-known to inhibit utilised silylation chemistry. The PDMS-PPMS elastomers show to 

be well cross-linked and behave elastically, i.e. the inhibiting nature of the phenyl groups 

did not affect the final properties of the elastomers. The resulting storage moduli (G’) for 

all elastomers and the reference are between 104 and 105 Pa, and they all behave in a 

similar manner with close-to-identical relaxations. From these results it is obvious that 

the elastomers maintain network integrity. Relative losses [tan (𝛿)] are comparable to 

these of commercial silicone elastomers such as Elastosil RT625 from Wacker Chemie 

[100]. 

Table 3.1 Average number of molecular weights and actual concentrations of the phenyl 
group of synthesised PDMS-PPMS copolymers.  

Cross-linked 

PDMS-PPMS 

copolymer 

Actual 

Mn,T 

(kg mol-1) 

Polydispersity 

index, PDI 

(Mw / Mn) 

377DMS_2PMS 32 2.1 

231DMS_2PMS 36 1.9 

126DMS_2PMS 73 1.5 

80DMS_2PMS 39 1.8 

377DMS_6PMS 42 1.7 

231DMS_6PMS 37 1.8 

126DMS_6PMS 82 1.6 

80DMS_6PMS 32 2.0 
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Figure 3.2 The storage and tan (𝛿) of cross-linked PDMS-PPMS copolymers at 23°C; C is 
in 10-4 mol g-1. 

3.1.2.3 Stress-strain relationship 

Stress-strain curves and Young’s moduli of the cross-linked copolymers are shown in 

Figure 3.3and Figure 3.4, respectively. All cross-linked copolymers show increased strain 

at breaking, compared to the reference (DMS-H31), due to an evident ‘plasticising’ effect 

(see Figure 3.3). All elastomers are still strain-hardening despite being plasticised. The 

resulting Young’s moduli at 5% strains of the cross-linked copolymers are shown in 

Figure 3.4, and the soft nature of all the elastomers is obvious. Common Young’s moduli 

of silicone elastomers are around 1 MPa [100]. Another finding is that the cross-linked 

copolymer 80DMS_2PMS is slightly stronger than the reference elastomer (DMS-H31), 

not only with respect to the initial Young’s modulus, but also with respect to ultimate 

strength.  
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Figure 3.3 Stress-strain curves for PDMS-PPMS elastomers with different phenyl group 
concentrations at 23°C (typical standard deviations in tensile measurements were of the 
order ± 5%). 
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Figure 3.4 Young’s moduli for the PDMS-PPMS and reference elastomers. 

With respect to actuation, elastomers C=7.8 and 15·10-4 mol g-1 show the most 

softness. On the other hand, both elastomers do not possess any significant strain-

hardening behaviour. The slightly stronger elastomers C=8.4 and 8.7·10-4 mol g-1 show 

ideal properties for actuation with good, ultimately strain-hardening, behaviour. 

Obviously, from the mechanical data, there is no clear trend in mechanical behaviours 

except that a concentration of around 8.5·10-4 mol g-1 seems to be the most favourable. 

This is most likely due to local phase separation, which serves both to stabilise and to 

plasticise the elastomer, i.e. some regions will be rich in PPMS (rigid zones) and other 

regions poor (plasticised zones). This can be seen to some extent from SEM imaging of 

the resulting films with two examples shown in Figure 3.5. As investigated by Luo et al. 

[101], PDMS shows a distinct triangular pattern whereas PMMS shows a pattern with 

bent rectangles. This is illustrated below by the elastomers 377DMS_2PMS and 

80DMS_2PMS, wherein sample 377DMS_2PMS shows a distinct PDMS structure while 

elastomer 80DMS_2PMS has areas with both signatures. SEM pictures of all elastomers 

can be seen in Appendix II - ESI 6, Figure S10. 

Figure 3.5 SEM pictures of two representative samples, namely a) 377DMS_2PMS and b) 
80DMS_2PMS. 

a b 
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3.1.2.4 Dielectric properties 

The conductivity and dielectric properties of the cross-linked PDMS-PPMS copolymers 

and the reference elastomer are shown in Figure 3.6 and Figure 3.7, respectively. The 

resulting conductivities indicate that none of the cross-linked copolymers is conductive, 

as illustrated in Figure 3.6. Low conductivity is a key element in the actuation 

performance of the DE. The relative permittivity of prepared elastomers with short-chain 

PPMS initially increases and reaches a maximum phenyl group concentration of 6.9·10-4 

mol g-1, albeit it decreases thereafter. On the other hand, the relative permittivity of cross-

linked copolymers with long-chain PPMS decreases in line with an increase in phenyl 

concentration. The flat curves furthermore indicate that phase separation is not 

macroscopic but rather limited to the lower microscale or nanoscale. These observations 

again indicate that micro- or nanoscale phase separation takes place and that the 

morphology of the elastomers depends strongly on the concentration of phenyl groups. 

Dielectric losses, which are represented by tan (𝛿), are relatively low for all cross-linked 

copolymers, as shown in Figure 3.7. The reference elastomer (DMS-H31) shows low tan 

(𝛿) as well. 
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Figure 3.6 The conductivity of PDMS-PPMS elastomers with different phenyl 
concentrations of at 23 °C: a) short-chain and b) long-chain PPMS; C is in 10-4 mol g-1. 
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Figure 3.7 The dielectric properties of PDMS-PPMS elastomers with different phenyl 
concentrations at 23°C: a) short-chain and b) long-chain PPMS; C is in 10-4 mol g-1. 
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3.1.2.5 Electrical breakdown and Weibull analysis 

The influence of the concentration of the phenyl group in cross-linked PDMS-PPMS 

copolymer on electrical breakdown strength was investigated. The resulting electrical 

breakdown strength of the cross-linked copolymers with different phenyl group 

concentrations is shown in Figure 3.8, namely an optimum electrical breakdown strength 

(72 ± 3 V µm-1) occurring at a phenyl concentration of 8.4∙10-4 mol g-1. In other words, 

electrical breakdown strength has increased 36% compared to the reference elastomer. 

The optimum is most likely due to the combination of favourable phase separation and a 

relatively high concentration of phenyl groups. Stiffness may also affect electrical 

breakdown strength strongly [102], i.e. the electrical breakdown strength of the reference 

elastomer is low due to the inherently soft nature of silicone elastomers cross-linked from 

high molecular weight PDMS polymers [103], and there is a broad amount of variation in 

the Young’s moduli of the prepared elastomers. To evaluate whether the voltage 

stabilisation effect is rather an effect of increased stiffness, the influence of Y on electrical 

breakdown strength was investigated. There is no correlation, as seen from Appendix II - 

ESI 7 in Figure S11, which means that the effect is due to the voltage stabilisation effect. 
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Figure 3.8 Electrical breakdown strength of PDMS elastomer and PDMS-PPMS 
copolymers with different phenyl group concentrations. 

 

Weibull analysis was used to obtain a further understanding of the electrical reliability 

of the prepared elastomers. The Weibull probability distribution of failure for all films is 

shown in Figure 3.9. The η-parameter, which is the Weibull scale parameter, was 

determined from the Weibull plot as the value at which failure probability, ln[-ln(1 - F)], 

was 63.2% [10]. The β-parameter is the Weibull shape parameter, representing the 

broadness of distribution. The η-parameter is closely correlated to the mean breakdown 

voltage [104]. A small value of the Weibull shape parameter indicates that electrical 

breakdown occurrences are broadly dispersed [104]. 
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Due to different prepared PDMS-PPMS elastomer film thicknesses, the determined 

electrical breakdown strengths were normalised based on a reference thickness for 

better comparison. Normalised dielectric breakdown strength can be determined by [48]: 

𝐸𝑛 = 𝑛
− 

1
𝛽𝐸0                                                                (3.1)  

where 𝐸0 is the  electrical breakdown strength of a 100 µm film, β is the Weibull shape 

parameter and n is relative sample thickness compared to the chosen reference thickness 

of (t0 = 100 µm).  

The results for the normalised electrical breakdown strength (𝐸𝑛), Weibull 𝜂- and β-

parameters and R2 of the linear fits for cross-linked copolymers, including the reference, 

are summarised in Table 3.2. Cross-linked PDMS-PPMS copolymers with long-chain PPMS 

possess lower electrical breakdown strength standard deviation than the copolymers 

with short-chain PPMS, as illustrated in Table 3.2. The coefficient of determination (R2) 

of all investigated elastomers is above 0.85, indicating that the measured electrical 

breakdown strengths correlate well with the fitted regression lines. 

 

Table 3.2 Electrical breakdown strength at 23°C, Weibull parameters η and β and R2 of 
the linear fit for all prepared cross-linked copolymers and the reference. 

Cross-linked 

PDMS-PPMS 

copolymer 

Thick-

ness 

(µm) 

Electrical 

breakdown 

strength 

(V µm-1) 

Weibull β-

parameter 

Weibull η-

parameter 
R2 

Normalised 

electrical 

breakdown 

(V µm-1) 

DMS-H31 (ref.) 105 53 ± 4 17 55 0.85 52.9 ± 3.6 

377DMS_2PMS 81 53 ± 4 17 55 0.85 53.7 ± 3.7 

231DMS_2PMS 91 60 ± 4 20 61 0.91 60.1 ± 3.4 

126DMS_2PMS 80 65 ± 2 32 66 0.94 65.5 ± 2.5 

80DMS_2PMS 90 72 ± 3 26 73 0.92 71.9 ± 3.1 

377DMS_6PMS 81 64 ± 2 47 65 0.89 64.1 ± 1.6 

231DMS_6PMS 95 54 ± 1 60 54 0.94 54.0 ± 1.6 

126DMS_6PMS 95 54 ± 2 39 55 0.88 54.0 ± 1.8 

80DMS_6PMS 95 56 ± 2 28 57 0.94 56.1 ± 2.2 

 

The Weibull plots for all samples are shown in Figure 3.9. The plotted data in the 

Weibull probability distribution of failure of elastomers with short-chain PPMS clearly 

show two domains (refer to Figure 3.9a). This is an indication of the inhomogeneity of the 

phenyl group in the PDMS-PPMS matrix containing short-chain PPMS. On the other hand, 

the Weibull distribution data for the elastomers with long-chain PPMS show one domain 

with only a small discrepancy at high voltages, thereby indicating better homogeneity of 

the phenyl group in the PDMS-PPMS matrix. 
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Figure 3.9 Weibull plots of PDMS elastomer and PDMS-PPMS copolymers with different 
phenyl group concentrations: copolymers from a) short-chain and b) long-chain PPMS. 
The dashed lines serve solely as guidelines for the eyes to differentiate between data 
slopes; C is in units of 10-4 mol g-1. 

 

Weibull parameters 𝜂 and β at different phenyl group concentrations are compared 

and summarised in Figure 3.10. One important finding from the values of the Weibull β-

parameter is that the PDMS-PPMS elastomers with long-chain PPMS have larger β-

parameter values compared to the elastomers with short-chain PPMS except at very high 

phenyl group loadings, where β drops. For both types of cross-linked copolymers an 

optimum 𝜂 parameter value of around 8∙10-4 is found. Furthermore no links between the 

Weibull parameters and the Young’s moduli of the elastomers could be identified, as 

shown in Appendix II - ESI 8, Figure S12. 

 

 

Figure 3.10 Weibull parameters for prepared PDMS-PPMS copolymer and reference 
(DMS-H31) samples: a) β-parameter and b) η-parameter. 

3.1.3 Part conclusion 

Inherently soft elastomers based on cross-linked PDMS-PPMS copolymers were 

synthesised successfully and proven to possess increased electrical breakdown strength, 

due to voltage stabilisation arising from aromatic groups of PPMS. Cross-linked 

copolymers with varying concentrations of aromatic groups were prepared from 
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copolymers synthesised by varying the chain length of PDMS while maintaining the chain 

length of PPMS. The cross-linked copolymers possessed higher electrical breakdown 

strength than the pure PDMS-based reference elastomer, due to π-electrons of the 

aromatic group being capable of trapping charges. Aside from having high electrical 

breakdown strength, the cross-linked copolymers showed an increased storage modulus 

and low viscous loss, hence maintaining the network integrity of the dielectric elastomer. 

All cross-linked copolymers demonstrated strain-hardening behaviours. From the 

electrical breakdown strength, optimal phenyl group concentration was determined at 

approximately 8.4∙10-4 mol g-1. As a result of these properties, voltage-stabilised 

elastomers were synthesised. Further studies will hopefully uncover better voltage 

stabilisers, which would subsequently be a giant step toward producing reliable dielectric 

elastomers. 
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4 Optimisation of electro-mechanical 

properties 

An approach for enhancing electro-mechanical properties of silicone elastomers by 

means of phase separating binary copolymer blends is presented in this chapter. Phase 

separation on the nanoscopic to microscopic scale may create favourable, well-

defined morphologies in silicone dielectric elastomers for enhanced electro-

mechanical properties. To achieve the ultimate goal with respect to actuation, namely 

a soft dielectric actuator with high permittivity and electromechanical stability, so-

called voltage-stabilised silicone elastomers prepared from PDMS-PPMS copolymers 

are chosen as the basis for a cross-linked binary copolymer mixture. The relative 

permittivity of the voltage-stabilised elastomers, however, is not higher than that of 

a commercial silicone elastomer. As a solution to voltage-stabilised elastomers with 

enhanced relative permittivity, high-permittivity PDMS-PEG copolymers are 

covalently incorporated into silicone elastomers from a voltage-stabilised silicone 

copolymer. The resulting electrical and mechanical properties of the cross-linked binary 

copolymer blends consisting PDMS-PPMS and PDMS-PEG copolymers are described in 

this chapter. 

The results presented in this chapter have been submitted to RSC Advances and 

the article is attached as Appendix III. The procedures for preparing voltage-

stabilised silicone elastomers with incorporation of the PDMS-PEG copolymers by 

means of binary system of copolymer blends are presented in Chapter 8.3. 

4.1 Voltage-stabilised elastomers with increased relative permittivity 
and high electrical breakdown strength by means of phase 
separating binary copolymer blends of silicone elastomers 

4.1.1 Introduction  

Phase separation is commonly known to occur in polymer blends and block 

copolymers. Polymer blends phase separate due to the immiscibility of the polymers 

as a result of minimising free energy when the polymers separate [105,106]. 

Thermoplastic polymer blends possess different types of well-defined structures, 

such as bi-continuous structures [106–108], islands [106] and holes [106], and these 

phase-separated structures depend strongly on the volume fraction of the 

constituents in the polymer blends. A silicone elastomer prepared from a binary 

polymer blend consisting of a conducting PDMS-PEG copolymer and non-conducting 

PDMS results in the creation of a continuous phase of PDMS and a discontinuous 
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phase of PEG [10]. Favourable phase separation in cross-linked blends can be 

achieved via proper blending and preparation methods. Silicone elastomers 

prepared from polymer blends have been shown to optimise elastomer as a soft 

actuator with a large strain. 

In this work, phase separation as means of optimising silicone elastomers is 

explored further by combining two recently synthesised copolymers (PDMS-PEG and 

PDMS-PPMS copolymers), which have been shown to enhance relative permittivity 

and electrical breakdown strength, respectively. A synergistic effect of the cross-

linked binary system of copolymer blends consisting of a PDMS-PEG and a PDMS-

PPMS copolymer is also explored further. 

4.1.2 Results and discussion 

A cross-linked binary copolymer blend consisting of PDMS-PPMS and PDMS-PEG 

copolymers with a possible morphology is illustrated in Figure 4.1. The targeted 

morphology of the binary system of copolymer blends containing PDMS-PEG and 

PDMS-PPMS copolymers is a well-defined structure forming a continuous PDMS-rich 

phase and discontinuous phases of PEG and PPMS, as illustrated in Figure 4.1.  

 

 

Figure 4.1 Illustration of a silicone copolymers, prepared by phase-separating a 
PDMS-PEG copolymer in a PDMS-PPMS matrix by means of a binary system of 
copolymer blends. 

4.1.2.1 Synthesised PDMS-PPMS copolymer (80DMS_2PMS) 

It has been shown previously that PDMS-PPMS copolymers possess excellent 

mechanical properties when they are cross-linked with a vinyl-functional cross-

linker [109]. All vinyl groups of PDMS were consumed during the hydrosilylation of 

vinyl-terminated PDMS and hydride-terminated PPMS, which was confirmed by the 

disappearance of the Si-CH=CH2 bond signal at 5.8 - 6.2 ppm in the 1H-NMR spectra 

(refer to Appendix III, ESI 2 for NMR spectra in Figure S1). The synthesised PDMS-

PPMS copolymer was telechelic hydride-functional. The determined molecular 

weight of 80DMS_2PMS was 32 kg mol-1, while the molar concentration of phenyl 
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groups of 80DMS_2PMS was 8.8·10-4 g mol-1, determined from NMR integration areas 

[109]. A PDMS-PPMS copolymer containing a PDMS chain length of 𝑚1= 80 and a 

PPMS chain length of 𝑛1= 2 (80DMS_2PMS) was used in all cross-linked binary 

copolymer blends (BCBs), due to the highest electrical breakdown strength (EBD = 72 

V µm-1) occurring at a phenyl concentration of 8.8·10-4 g mol-1, resulting from a 

synergistic effect of favourable phase separation and a relatively high concentration 

of phenyl groups. 

4.1.2.2 Synthesised PDMS-PEG copolymers 

The disappearance of the Si-H bond signal at 4.70 ppm was checked by 1H-NMR for a 

complete conversion of hydride PDMS groups in the hydrosilylation of hydride-

terminated PDMS and vinyl-terminated PEG; refer to Appendix III, ESI 2 for NMR 

spectra in Figures S2-5. Determined molecular weights from the SEC of PDMS-PEG 

copolymers PDMS81-PEG, PDMS14-PEG, PDMS7-PEG and PDMS3-PEG were 49, 29, 

3 and 5 kg mol-1, respectively.  

4.1.2.3 Linear viscoelasticity 

To evaluate the effect of loading different types of PDMS-PEG copolymers on 

viscoelastic properties, the prepared elastomers were characterised rheologically, as 

shown in Figure 4.2. They are well cross-linked and behave elastically, i.e. the 

incorporation of PDMS-PEG copolymer into the BCB does not destabilise the PDMS-

PPMS elastomers. The resulting storage moduli (G’) for all prepared cross-linked 

BCBs and the reference are between 104 and 106 Pa. The cross-linked BCBs with 10 

and 20 phr of PDMS81-PEG are the most rigid elastomers compared to other 

prepared elastomers and the reference elastomer, revealing that the elastomers have 

PEG-like properties, due to the semi-crystalline PEG acting as a reinforcing domain 

in the matrix. All prepared cross-linked BCBs and the reference elastomer possess 

close-to-identical relaxations. Relative losses [tan (𝛿)] for all elastomers are low and 

are comparable to that of Elastosil RT625 (a commercial silicone elastomer from 

Wacker Chemie) [100], as well as that of the reference elastomer. It is obvious from 

Figure 4.2 that all of the prepared elastomers maintain their network integrity in the 

small deformation regime. 

4.1.2.4 Stress-strain relationship 

Stress-strain curves and the Young’s moduli of prepared samples are shown in Figure 

4.3 and Table 4.1, respectively. It is evident from Figure 4.3 that all prepared samples 

and the reference elastomer show strain-hardening behaviour. The cross-linked 

BCBs with 10 and 20 phr of PDMS81-PEG show the most increased ultimate strain 

compared to other cross-linked BCBs and the reference elastomer, indicating that 

PDMS81-PEG plasticises the elastomer without compromising network integrity and 

thereby results in increased softness with high extensibility (refer to Figure 4.3). 

Obviously, the increased ultimate strain of cross-linked BCBs with loadings of 

PDMS81-PEG indicates that the incorporation of PDMS81-PEG softens the elastomer 
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whilst strain-hardening it, which results in an elastomer with increased softness with 

respect to extensibility. Furthermore, the elastomers mentioned herein possess 

higher ultimate strain than the strain of the VHB 4910 elastomer from 3M, where 

VHB 4910 possesses an ultimate strain of 800%, as reported by Tugui et al. [110]. On 

the other hand, the cross-linked BCB with 20 phr of PDMS14-PEG shows very low 

ultimate strain, indicating that the high loading of the PDMS14-PEG copolymer 

deteriorates network integrity, due to the macroscopic phase separation of PEG 

domains in the copolymer blend matrix. 
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Figure 4.2 The storage modulus and tan (𝜹) of prepared voltage-stabilised elastomers 
with different types and concentrations of PDMS-PEG copolymers at 23°C. 
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Figure 4.3 Stress-strain curves for prepared cross-linked BCBs and the reference 
elastomer at 23°C (standard deviations of ultimate strains and ultimate strengths 
were of order ± 1 – 19% and ± 3 – 16 %, respectively).           
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All cross-linked BCBs show decreased ultimate strength compared to the 

reference elastomer. Cross-linking with 10 phr of PDMS14-PEG results in the most 

increased ultimate stress compared to other cross-linked BCBs, due to semi-

crystalline PEGs acting as reinforcing domains.  

Obviously, the resulting Young’s moduli of all cross-linked BCBs are low, as well as 

that of the reference elastomer, as shown in Table 4.1. In comparison to the 

commercial silicone elastomer (RT625 from Wacker Chemie), all cross-linked BCBs 

and the reference elastomer are softer than RT625, which possesses Y = 1 MPa[100].  

 

Table 4.1 Young’s moduli for cross-linked BCBs and reference elastomer 

Sample 
Young’s modulus, Y 

(MPa) 

0 phr PDMS-PEG (reference) 0.41 ± 0.05 

10phr PDMS81-PEG BCB 0.45 ± 0.08 

20phr PDMS81-PEG BCB 0.25 ± 0.05 

10phr PDMS14-PEG BCB 0.43 ± 0.05 

20phr PDMS14-PEG BCB 0.58 ± 0.13 

10phr PDMS7-PEG BCB 0.30 ± 0.10 

20phr PDMS7-PEG BCB 0.21 ± 0.03 

10phr PDMS3-PEG BCB 0.34 ± 0.06 

20phr PDMS3-PEG BCB 0.36 ± 0.05 

 

4.1.2.5 Dielectric properties 

The conductivity and dielectric properties of the prepared elastomers are shown in 

Figure 4.4 and Figure 4.5, respectively. The resulting conductivities indicate that none 

of elastomers is conductive. The resulting conductivity of the cross-linked BCB with 

20 phr of PDMS3-PEG indicates increased relaxation occurring at the frequencies 100 

to 102 Hz, compared to other cross-linked BCBs and the reference elastomer, which 

may indicate a local phase separation of PEG-rich domains.  

The resulting relative permittivity for the prepared elastomers with a low loading 

(10 phr) of PDMS-PEG copolymers is lower than the reference elastomer, except the 

cross-linked BCBs with 10 phr of PDMS7-PEG, which shows increased relative 

permittivity, improving by 27%. For the prepared elastomers with a high loading (20 

phr) of PDMS-PEG copolymers, the relative permittivities are almost higher than the 

reference elastomer, whereby the cross-linked copolymer with 20 phr of PDMS7-PEG 

has the highest relative permittivity. Figure 4.5 clearly shows that the cross-linked 

copolymers with low and high loadings of PDMS7-PEG possess increased relative 

permittivity, compared to the other elastomers and the reference. The phase 

separation of PDMS-PEG copolymers in the PDMS-PPMS matrix seems to occur on the 
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micro- or nanoscopic scale, since the elastomers are macroscopically homogenous, 

as observed from light microscopy. 

Dielectric losses, here represented by tan (𝛿), are relatively low for all cross-linked 

copolymers as well as the reference elastomer (see Figure 4.5). Similar to the 

relaxation in Figure 4.4, the cross-linked BCB with 20 phr of PDMS3-PEG shows 

increased relaxation occurring at the same frequency. 
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Figure 4.4 The conductivity of 80DMS_2PMS elastomers with different concentrations 
of PDMS-PEG copolymers at 23°C. 

 

10-1 100 101 102 103 104 105 106

10-5
10-4
10-3
10-2
10-1
100

ta
n 

(
)

Frequency (Hz)

3,0
3,5
4,0
4,5
5,0
5,5

 80DMS_2PMS (reference)
 10phr PDMS81-PEG  20phr PDMS81-PEG
 10phr PDMS14-PEG  20phr PDMS14-PEG
 10phr PDMS7-PEG    20phr PDMS7-PEG
 10phr PDMS3-PEG    20phr PDMS3-PEG

R
el

at
iv

e 
pe

rm
itt

iv
ity

 

Figure 4.5 The dielectric properties of 80DMS_2PMS elastomers with different 
concentrations of PDMS-PEG copolymers at 23°C. 

 

SEM imaging shows obviously different morphologies for prepared elastomers, as 

illustrated in Figure 4.6. The SEM image of the cross-linked BCB with 20 phr of 
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PDMS7-PEG shows clearly distinct PEG domains (white circles), which are well-

distributed in the PDMS matrix, thereby indicating that a homogeneous elastomer on 

the macroscopic scale has been obtained (see Figure 4.6b). On the other hand, SEM 

imaging of the reference elastomer shows the presence of PDMS and PPMS domains 

in the matrix (see Figure 4.6a). Furthermore, the reference elastomer has a triangular 

pattern (PDMS domain) and that of a bent rectangle (PPMS domain), which is agrees 

with the SEM image of the cross-linked PDMS-PPMS copolymer [109] (see Figure 

4.6a). Other SEM images of prepared elastomers, which show different morphologies, 

can be seen in Appendix III, ESI 3, Figure 6.  

 

  

Figure 4.6 SEM pictures of two representative samples, namely a) 80DMS_2PMS 
(reference elastomer) and b) binary copolymer blends with 20 phr of PDMS7-PEG. 

 

For the reference elastomer, the PDMS-rich domains, which act as plasticisers by 

increasing free volume, enhance elastomer softness, whilst PPMS domains which act 

as rigid zones reinforce the network, thus resulting in an elastomer with increased 

ultimate stress and increased ultimate strain, as shown in Table 4.2.  

Previous work has shown elastomers with an increased Young’s modulus possess 

increased electrical breakdown strength [30,111]. In order to investigate the 

influence of increased relative permittivity, relative permittivity is evaluated based 

on the effects of increased stiffness and increased stretchability. The influences of the 

Young’s modulus (Y) and ultimate strain (𝜖) on relative permittivity are shown in 

Figure 4.7 and Figure 4.8, respectively. No direct correlation of increased relative 

permittivity as an effect of stiffness can be seen in Figure 4.7. Furthermore, no clear 

trend can be seen from increased relative permittivity as a result of increased 

ultimate strain, as shown in Figure 4.8.  

 

 

 

 

a b 
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Table 4.2 Relative permittivity and mechanical properties of prepared cross-linked 

BCBs and the reference elastomer 

Sample 
Young’s 
modulus 

(MPa) 

Relative 
permittivity 

Ultimate 
stress (MPa) 

Ultimate strain 
(%) 

80DMS_2PMS 
(reference) 

0.41 ± 0.05 3.71 1.86 ± 0.31 967 ± 33 

10 phr PDMS81-
PEG BCB 

0.45 ± 0.08 3.14 1.10 ± 0.10 1748 ± 40 

20 phr PDMS81-
PEG BCB 

0.25 ± 0.05 3.78 0.74 ± 0.02 1164 ± 17 

10 phr PDMS14-
PEG BCB 

0.43 ± 0.05 3.64 1.57 ± 0.12 635 ± 52 

20 phr PDMS14-
PEG BCB 

0.58 ± 0.13 3.67 0.25 ± 0.03 104 ± 1 

10 phr PDMS7-
PEG BCB 

0.30 ± 0.10 4.71 0.40 ± 0.03 431 ± 19 

20 phr PDMS7-
PEG BCB 

0.21 ± 0.03 4.66 0.42 ± 0.04 552 ± 103 

10 phr PDMS3-
PEG BCB 

0.34 ± 0.06 3.41 1.14 ± 0.10 724 ± 40 

20 phr PDMS3-
PEG BCB 

0.36 ± 0.05 4.15 0.56 ± 0.03 491 ± 43 
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Figure 4.7 Relative permittivity versus Young’s modulus. 
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Figure 4.8 Relative permittivity versus ultimate strain. 

4.1.2.6 Electrical breakdown and Weibull analysis 

The influence of the different PDMS-PEG copolymer molecular weights and their 

concentrations in cross-linked BCBs on electrical breakdown strength was 

investigated. The thicknesses of the prepared samples were in the range of 81 to 135 

µm. The resulting electrical breakdown strengths of prepared elastomers 

incorporating PDMS-PEG copolymers are shown in Table 4.3. The cross-linked BCBs 

with 10 and 20 phr of PDMS14-PEG possess the highest electrical breakdown 

strength, namely 80 ± 5 and 81 ± 18 V µm-1, respectively, improving by approximately 

10% compared to the reference elastomer. Increased electrical breakdown is most 

likely due to the synergistic effect of the favourable phase separation of PEG and 

voltage stabilisation. Moreover, the cross-linked BCBs with PDMS7-PEG and PDMS3-

PEG with a loading of 20 phr possess increased electrical breakdown strength 

compared to the reference elastomer. Clearly, the incorporation of PDMS81-PEG in 

the BCB decreases electrical breakdown strength (see Table 4.3), which indicates that 

PDMS81-PEG may destabilise voltage stabilisation and hence deteriorate the charge 

trapping effect caused by the π-electrons of phenyl groups. 

The electrical reliability of the prepared elastomers was investigated via Weibull 

analysis. The β-parameter, the Weibull shape parameter, was determined from the 

slope of the Weibull plot of failure probability versus electrical breakdown strength. 

The η-parameter, the Weibull scale parameter, was determined at a point at which 

failure probability, ln[-ln(1 - F)], was 63.2% [10]. Due to different film thicknesses, 

the determined electrical breakdown strengths were normalised, based on a 

reference thickness for better comparison. Normalised dielectric breakdown 

strengths were calculated using the equation of normalised electrical breakdown 

strength verified by Zakaria et al. [48]. The reference thickness for normalisation was 
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100 µm. The results for the Weibull 𝜂- and β-parameters, R2 of the linear fits for cross-

linked copolymers and normalised electrical breakdown strength are presented in 

Table 4.3. The values of the coefficient of determination (R2) for all investigated 

elastomers are above 0.80, excluding elastomers with 10 phr of PDMS7-PEG and 20 

phr of PDMS3-PEG. A coefficient of determination above 0.85 indicates that the 

measured electrical breakdown strength correlates well with the fitted regression 

lines [109]. Cross-linked BCBs with 20 phr of PDMS81-PEG, 10 and 20 phr of PDMS7-

PEG, 20 phr of PDMS3-PEG and the reference elastomer possess a high β-parameter, 

thereby indicating that electrical breakdown occurrences are narrowly dispersed 

and hence homogenous elastomers are obtained. The β-parameters of elastomers 

with the most increased electrical breakdown strength (10 and 20 phr of PDMS14-

PEG BCBs) are lower than the β-parameter of the reference elastomer. Combining the 

results for relative permittivity, electrical breakdown strength and ultimate strain 

(𝜖), the cross-linked BCB with 20 phr of PDMS7-PEG possesses the most enhanced 

electrical properties (εr = 4.66, EBD = 76 ± 3 V µm-1) as well as good ultimate strain (𝜖 

= 552 ± 103 %).  

 

Table 4.3 Electrical breakdown strength at 23°C, Weibull parameters η and β and R2 

of the linear fit for all prepared cross-linked copolymers and the reference. 

Cross-linked PDMS-
PPMS copolymer 
(80DMS_2PMS) 

Electrical 
breakdown 

strength 
(V µm-1) 

Weibull β-
paramete

r 

Weibull η-
paramete

r 
R2 

Normalised 
electrical 

breakdown 
strength 

0 phr PDMS-PEG 
(reference) 

72 ± 3 26 73 0.93 71.9 ± 3.1 

10phr PDMS81-PEG 61 ± 8 9 64 0.89 61.1 ± 7.8 

20phr PDMS81-PEG 54 ± 2 36 55 0.96 54.3 ± 1.7 

10phr PDMS14-PEG 80 ± 5 19 82 0.84 80.5 ± 5.2 

20phr PDMS14-PEG 81 ± 18 5 88 0.93 82.9 ± 18.8 

10phr PDMS7-PEG 64 ± 2 38 65 0.70 64.3 ± 2.3 

20phr PDMS7-PEG 76 ± 3 34 77 0.89 76.4 ± 2.6 

10phr PDMS3-PEG 63 ± 9 7 67 0.94 60.6 ± 8.7 

20phr PDMS3-PEG 74 ± 3 30 75 0.76 73.7 ± 3.0 

 

Increased electrical breakdown strength has been established as the result of 

either an increased Young’s modulus [30] or voltage stabilisation [109]. Further 

investigation into electrical breakdown was performed to evaluate whether 

increased electrical breakdown strength is the effect of other elements, i.e. increased 

stiffness, increased relative permittivity or increased stretchability. The influences of 

the Young’s modulus, relative permittivity and ultimate strain on electrical 

breakdown strength are shown in Figure 4.9, Figure 4.10 and Figure 4.11. No obvious 
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trend can been seen in Figure 4.9 for increased electrical breakdown strength as a 

function of stiffness, showing that the increased electrical breakdown strength of all 

prepared elastomers is due to the synergistic effect of voltage stabilisation and the 

favourable phase separation of PEGs. No clear trend can be observed for electrical 

breakdown strength versus relative permittivity, indicating that the increased 

electrical breakdown strength is not due to increased relative permittivity (see Figure 

4.10). An obvious trend can be observed that the resulting electrical breakdown 

strengths of prepared elastomers are minimal, occurring at an ultimate stress of 

around 1.1 MPa, thereby indicating that decreased electrical breakdown strength 

occurs close to an ultimate stress of 1.1 MPa (refer to Figure 4.11). 
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Figure 4.9 Electrical breakdown strength versus Young’s modulus. 
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Figure 4.10 Electrical breakdown strength versus relative permittivity. 
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Figure 4.11 Electrical breakdown strength versus ultimate stress. Blue line is a visual 
guideline. 

 

The theoretical actuation strains were calculated from the actuation equation [19], 

by assuming the maximum applicable electrical field, i.e. electrical breakdown 

strength can be achieved when the elastomer possesses softness with high 

extensibility and does not breakdown mechanically before electrically [109]. 

Theoretical actuation strains and measured ultimate strains are shown in Table 4.4. 

The elastomer with 10 phr of PDMS81-PEG, which is highly extensible, shows the 

lowest theoretical actuation strain compared to the other elastomers. No correlation 

can be seen from an increased theoretical actuation strain as an effect of increased 

ultimate strain. A large actuation strain is influenced by increased electrical 

breakdown strength and increased relative permittivity. Obviously, elastomers with 

decreased ultimate strain, such as the example with 20 phr of PDMS14-PEG, may 

break down mechanically before they break down electrically (see Table 4.4). 

 

Table 4.4 Theoretical actuation strain and measured ultimate strain for prepared 

elastomers. 

Sample 
Theoretical actuation 

strain 
(%) 

Ultimate strain 
(%) 

80DMS_2PMS (reference) 600 967 ± 33 

10 phr PDMS81-PEG BCB 366 1748 ± 40 

20 phr PDMS81-PEG BCB 629 1164 ± 17 

10 phr PDMS14-PEG BCB 769 635 ± 52 

20 phr PDMS14-PEG BCB 590 104 ± 1 

10 phr PDMS7-PEG BCB 928 431 ± 19 
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20 phr PDMS7-PEG BCB 1821 552 ± 103 

10 phr PDMS3-PEG BCB 578 724 ± 40 

20 phr PDMS3-PEG BCB 881 491 ± 43 

 

4.1.2.7 Part conclusion 

A soft elastomer with respect to high extensibility was prepared from phase-

separating a PDMS-PEG copolymer in a binary copolymer blend consisting of a PDMS-

PPMS copolymer as a primary copolymer, and it possessed increased relative 

permittivity and increased electrical breakdown. The synergistic effect of the cross-

linked binary copolymer blend consisting of PDMS-PPMS and PDMS-PEG copolymers 

shows that the elastomer, namely a cross-linked binary copolymer blend with 20 phr 

of PDMS7-PEG, has the most enhanced electrical properties, i.e. increased relative 

permittivity and high electrical breakdown strength, without compromising highly 

extensible softness. This increased electrical breakdown strength is due to voltage 

stabilisation arising from the phenyl groups of PPMS, while increased relative 

permittivity is due to the most favourable phase separation of the PDMS7-PEG 

copolymer in the binary copolymer blend matrix. Furthermore, the cross-linked 

binary copolymer blend with 20 phr of PDMS7-PEG possesses a substantially high 

theoretical actuation strain, which could be utilised as a soft actuator.  
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5 Compliant dielectric elastomer electrodes 

Due to their conductive nature, excellent softness and great adhesion to a silicone 

elastomer, cross-linked PDMS-PEG copolymers can be utilised as electrodes for dielectric 

elastomers. However, the network of cross-linked PDMS-PEG copolymers is weak and the 

cross-linked copolymer does not possess enough conductivity to be utilised as an 

electrode. Due to this weak network, a PDMS-PEG oligomer was chain-extended with 

long-chain PDMS through a hydrosilylation reaction, in order to obtain a soft elastomer. 

To increase the conductivity of chain-extended PDMS-PEG copolymers, a conductive 

nano-sized filler, i.e. a multi-walled carbon nanotube (MWCNT), was incorporated into 

the chain-extended PDMS-PEG matrix. In this chapter, details in this regard, as well as the 

dispersion method used for MWCNT prior to blending, are discussed.  

The results presented in this chapter have been published in MRS Advances, 

volume 1, page 3497-3508 (2016), and the article is attached as Appendix IV. The 

procedures for preparing chain-extended PDMS-PEG copolymer/MWCNT 

nanocomposites are presented in Chapter 8.4. 

5.1 Mechanically-compliant electrodes and dielectric elastomers from 
PEG-PDMS copolymers 

5.1.1 Introduction 

Conventional compliant electrodes, such as carbon black in the form of powder and 

carbon grease, can be applied easily on surfaces, but they lack adhesion to the elastomer. 

Other investigated electrode materials for DEs include silver nanowires, ionic hydrogels, 

single-walled carbon nanotubes (SWCNTs) and polymer-carbon conductive composites 

[83]. These materials, however, suffer from poor stretchability, which renders them 

unattractive as flexible electrodes [83]. On the other hand, commercial conductive 

elastomers, such as LR3162 from Wacker Chemie, have high conductivity, but they 

contribute a stiffening effect, due to their high Young’s modulus.  

As an alternative to the abovementioned materials, polydimethylsiloxane-

polyethyleneglycol (PDMS-PEG) copolymers, which are somewhat conductive with 

conductivities around 10-8 S cm-1 [10], adhere very well to silicone surfaces and exhibit 

great flexibility and compliance, due to their partly silicone nature. Furthermore, their 

moderate conductivity can be enhanced easily by incorporating highly conductive nano-

fillers such as multi-walled carbon nanotubes (MWCNTs). The high interaction energies 

of MWCNTs, due to strong van der Waals forces, however, often result in poor 

dispersibility and weak interfacial interactions with the matrix [112]. Well-dispersed 



PHD thesis, DTU | Aliff H. A Razak                                                                                    
 

Compliant dielectric elastomer electrodes   DTU Kemiteknik | 56 

MWCNTs are important when seeking to avoid agglomeration, which would otherwise 

result in uneven conductive and mechanical properties throughout the matrix. 

High levels of dispersion of MWCNTs in polymer matrices can be obtained by using 

probe sonicators and ball milling prior to mixing with the matrix [113,114]. Chemical 

modification of MWCNTs can also lead to a higher degree of dispersion, due to higher 

compatibilities with the matrix. Methods such as oxidation by nitric acid [115] and 

solutions of hydrogen peroxide/ammonium hydroxide [116], however, worsen the 

intrinsic properties of MWCNTs through, for instance, decreases in tube length and 

conductivity. On the other hand, treatment of MWCNT surfaces, using non-ionic 

surfactants such as Triton X-100 and sodium dodecyl sulphate (SDS), does not change the 

intrinsic properties of MWCNTs significantly, since each one is coated with surfactant 

molecules through their hydrophilic head and hydrophobic tails, thus leading to 

surfactant-stabilised MWCNTs [117]. 

In this paper we demonstrate how synthesised PDMS-PEG copolymer matrices with 

different concentrations of surface-modified MWCNT nano-fillers show promising 

properties for high-conductivity, stretchable electrodes. The conductivities and 

mechanical properties of prepared PDMS-PEG copolymer samples with different 

concentrations of MWCNTs were investigated, as well as the dispersion of MWCNT in the 

polymer matrix, by SEM and TEM analysis.  

5.1.2 Results and discussion  

Stretchable and high-conductivity electrode materials for dielectric elastomers were 

prepared by synthesising PDMS-PEG copolymers according to Scheme 8-3. The 

copolymers were prepared by the chain extension of a previously synthesised PDMS-PEG 

co-oligomer [10] with commercially available telechelic hydride-functional PDMS of Mn = 

17,200 g mol-1, resulting in a telechelic hydride-functional CE-(PDMS-PEG) copolymer of 

Mn =  24 kg mol-1. Well-dispersed surface-modified MWCNTs were prepared by ultra-

sonication, using 1 wt% of non-ionic surfactant (Triton X-100) in an organic solvent 

(NMP). The CE-(PDMS-PEG) copolymer was then cross-linked, using a vinyl-functional 

cross-linker containing on average 15 vinyl groups in the presence of a Pt catalyst and 

surface-modified MWCNTs in various concentrations (one, two and three parts per 

hundred rubber (phr)).  

5.1.2.1 Dispersion MWCNTs in CE-(PEG-PDMS) 

It has been shown previously that the conductivity of conductive materials depends 

greatly on how well MWCNTs (or other nano-fillers) are dispersed in the polymer matrix 

[114,117]. Therefore, in order to obtain high-conductivity elastomer electrodes, a high 

level of MWVNT dispersion is required. As mentioned previously, strong van der Waals 

forces exist between single MWCNT strands, which are therefore agglomerated and 

intertwined in their natural and pure state, as shown in Figure 5.1. This behaviour makes 

the direct dispersion of pure MWCNTs in polymer matrices extremely difficult. Pre-
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dispersal in solvent and surface modifications to the MWCNTs, using surfactants, 

however, can result in well-dispersed fillers [7], [10]. 

 

 

Figure 5.1  SEM image of pure MWCNTs, showing their agglomerated and intertwined 
nature. 

 

Based on the studies undertaken by Geng et al. [7] and Rastogi et al. [10], who tested 

the dispersion of MWCNT in organic solvents by using different surfactants, a 

polyoxyethylene octyl phenyl ether-type surfactant (Triton X-100) was chosen as the 

ideal surfactant for well-dispersed MWCNTs. It was also found to have a high degree of 

tolerance to various organic solvents in which the MWCNTs were dispersed. The optimal 

solvent for a high level of dispersion was chosen based on the study carried out by 

Goswami et al. [11], who used N-methyl pyrrolidinone (NMP) as a compatible organic 

solvent to disperse low concentrations of MWCNTs in a PDMS matrix. The system chosen 

in our study was therefore based on a solution containing MWCNTs in 1 wt% Triton X-

100 in NMP solvent, which was ultra-sonicated for several hours before the resulting 

dispersed MWCNTs were mixed into the CE-(PDMS-PEG) matrix. 

In order to investigate the effectiveness of MWCNT-treated dispersion by Triton X-

100, the settling of MWCNTs in the organic solution after sonication was monitored over 

time. The dispersion method used in this work was compared to a reference method, 

using the same surface treatment method of 1 wt% Triton X-100 and NMP, albeit with a 

mechanical shaker instead of ultra-sonication. Theoretically, no MWCNT settlement in 

the Triton X-100 and NMP solution should be observed when the surface of the MWCNT 

is treated well by Triton X-100.  
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In Figure 5.2 (top) the settlement of MWCNTs dispersed by means of the reference 

method (mechanical shaking) is seen. It is evident that over time, the MWCNTs have 

settled on the bottom of the white-capped flask. This indicates that each MWCNT strand 

is not well-covered by surfactant when mechanical shaking has been used as the mixing 

method. The MWCNTs are therefore able to agglomerate and the dispersion will not be 

stable over time.  

On the other hand, the same system of MWCNTs in 1 wt% of Triton X-100 in NMP, 

which were mixed via ultra-sonication for 6 hours at 23°C, creates a stable dispersion of 

MWCNTs over time. This is shown in Figure 5.2 (bottom). No settling/agglomeration of 

MWCNTs was observed over the investigated time frame, which indicates that ultra-

sonication provides MWCNTs that are well-covered in Triton X-100 surfactant. 

 

 

Figure 5.2 Top: Settlement of MWCNTs over time for the reference method 
(MWCNT/NMP/Triton X-100) dispersed by a mechanical shaker at 23°C after standing 
for: a) 0 min; b) 5 min; c) 30 min; d) 60 min. Bottom: MWCNT/NMP/Triton X-100 mixed 
by ultra-sonication at 23°C 

 

After the initial successful dispersion of MWCNTs in NMP solvent, the obtained 

MWCNT mixture was blended with CE-(PDMS-PEG) copolymer, cross-linker and a 

catalyst, following which the NMP solvent was allowed to evaporate slowly during the 

elastomer cross-linking process, thus creating MWCNT/CE-(PDMS-PEG) 

nanocomposites. In order to verify the effectiveness of the dispersion of MWCNTs in the 

CE-(PDMS-PEG) elastomer matrix, microscale and nanoscale images were obtained by 

SEM and TEM, respectively. SEM images revealed details on overall dispersion of 
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MWCNTs in the copolymer matrix, whereas TEM images revealed details on the 

morphology of MWCNTs in the CE-(PDMS-PEG) matrix.   

In Figure 5.3 (top), SEM images are shown, displaying random micro-structures of 

MWCNTs in the CE-(PDMS-PEG) matrix. The attained images are similar to those 

observed in the literature for well-dispersed MWCNTs in polymer matrices [118]. Figure 

5.3 (bottom) shows a single strand of MWCNT, illustrating that the MWCNTs are well-

dispersed as single strands in the matrix. The dimension of the single strand of MWCNT 

observed in TEM matches data specifications provided by the supplier, in that diameter 

and length are 6–9 nm and 1.5 µm, respectively. SEM and TEM thus corroborate that the 

used dispersion method creates nanocomposites with well-dispersed MWCNTs. 

 

 

 

Figure 5.3 Top: An SEM image of CE-(PDMS-PEG) nanocomposites with 3 phr MWCNTs: 
a) 1400 magnification at 100 µm scale b) 3226 magnification at 40 µm scale. Bottom: TEM 
images of CE-(PDMS-PEG) nanocomposites with 3 phr MWCNTs: a) Low magnification at 
scale of 10 nm b) High magnification at scale of 5 nm. 

Top 

Bottom 
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5.1.2.2 Mechanical properties of CE-(PDMS-PEG)/MWCNTs nanocomposites 

Mechanical properties of the obtained CE-(PDMS-PEG)/MWCNTs nanocomposites were 

tested by shear rheology. Rheological properties of the cross-linked CE-(PDMS-PEG) 

copolymers with 0 – 3 phr of MWCNT were compared to a commercial conductive 

elastomer reference material, LR3162, as shown in Figure 5.4, and then furthermore 

compared to a CE-PDMS-PEG elastomer prepared without MWCNTs. The reference 

elastomer (CE-PDMS-PEG copolymer with 0 wt% MWCNTs) is seen to be stiffer than CE-

(PDMS-PEG)/MWCNT nanocomposites with 1 to 3 phr of MWCNT. Compared to LR3162, 

CE-(PDMS-PEG)/MWCNTs nanocomposites are also softer, which implies that 

incorporating MWCNT in a CE-(PDMS-PEG) copolymer matrix results in soft, stretchable 

elastomers which therefore hold great promise as stretchable electrode materials for 

dielectric elastomers. Modulus loss factors (tan (δ)) for CE-(PDMS-PEG)/MWCNT 

nanocomposites with 1 – 3 phr MWCNTs are low (< 0.5) at various frequencies.  
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Figure 5.4 The storage modulus and modulus loss factor for CE-(PDMS-PEG)/MWCNT 
nanocomposites, as well as a CE-(PDMS-PEG) reference elastomer and a commercial 
elastomer LR3162.  

 
Table 5.1 shows the maximum elongation and stress at break of the commercial 

conductive elastomer and CE-(PDMS-PEG) elastomers with different concentrations of 

MWCNTs. The benchmark conductive elastomer, LR3162, has higher elongation at break 

(168) than CE-(PDMS-PEG) elastomer nanocomposites with 1-3 phr MWCNTs. LR3162, 

however, shows strain-hardening behaviour with high stress at break. The strain-

hardening behaviour of LR3162 is coherent with a high Young’s modulus at 5% strain (Y 

= 4.11 MPa). On the other hand, CE-(PDMS-PEG) elastomers, with and without MWCNTs, 

demonstrate increased strain-softening behaviour as the concentration of MWCNT 
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increases, thus demonstrating that CE-(PDMS-PEG) elastomers with MWCNTs become 

softer under strain compared to LR3162. Another significant finding from Table 5.1 is 

that CE-(PDMS-PEG) elastomers with 0 – 3 phr of MWCNT show more than 100% strain, 

meaning that the addition of MWCNT does not destroy the properties of the elastomers 

at the micro-scale. This could also be a further indication of the well-dispersed nature of 

MWCNTs.  

 

Table 5.1 Elongation and stress at break of PDMS-PEG/MWCNTs elastomers and LR3162 

Sample 
Elongation at 

break (%) 

Stress at break 

(MPa) 

Young’s modulus 

(MPa) 

LR3162 168 1.8 4.11 

CE_PDMS-PEG + 0CNT 120 0.67 0.92 

CE_PDMS-PEG + 1CNT 116 0.58 1.28 

CE_PDMS-PEG + 2CNT 112 0.19 0.32 

CE_PDMS-PEG + 3CNT 118 0.19 0.31 

 

5.1.2.3 Conductivity of CE-(PDMS-PEG)/MWCNTs nanocomposites 

The measured conductivities as functions CE-(PDMS-PEG)/MWCNT nanocomposite 

frequency, as well as the CE-(PDMS-PEG) reference elastomer and commercial elastomer 

LR162, are shown in Figure 5.5. The CE-(PDMS-PEG) copolymer shows increased 

conductivities as the concentration of MWCNT in the polymer matrix increases. CE PDMS-

PEG) elastomer without the addition of MWCNT is non-conductive, (~10-13 S cm-1 at low 

frequencies). For CE-(PDMS-PEG) with 1 phr of MWCNT, conductivity increases 

substantially to 10-7. The addition of 2 and 3 phr of MWCNT in the PDMS-PEG copolymer 

causes conductivities of 10-4 and 10-3 S cm-1, respectively, comparable to that of the 

commercial conductive elastomer supplied by Wacker Chemie (LR3162). Another 

interesting finding from the conductivity test is that plateau regions are observed in 

Figure 5.5 for samples with 2 and 3 phr of MWCNT, indicating that the materials are highly 

conductive.  

High observed conductivities, together with their soft and stretchable nature, makes 

the prepared CE-(PDMS-PEG)/MWCNTs nanocomposites ideal candidates for flexible 

dielectric elastomer electrodes. 
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Figure 5.5 Conductivity of PDMS-PEG/MWCNTs elastomers at room temperature 
compared to the conductivity of a commercial benchmark elastomer (LR3162).  

 

5.1.2.4 Interpenetrating network of PDMS-PEG copolymer and ionic network 

In an attempt to increase the conductivities of the prepared CE-(PDMS-PEG)/MWCNTs 

nanocomposite elastomers even further, ionic silicone-based networks were included as 

an extra way of creating interpenetrating networks. The ionic network was prepared by 

mixing stoichiometric amounts (r = 1) of amine-functional PDMS (four amine groups on 

average, AMS-162) and telechelic carboxylic acid-functional PDMS (DMS-B12). Upon 

mixing the two components, a network was formed due to protonation of the functional 

groups. The preparation procedure for the ionic networks was amended from Yu et 

al.[119]. The interpenetrating networks consisted of the CE-(PDMS-PEG) copolymer and 

the silicone-based ionic network. Preliminary studies on the interpenetrating network 

from the ionic network and the CE-(PDMS-PEG) copolymer were carried out to determine 

optimum conditions for the conductivity and morphology of the system, before 

incorporating MWCNTs. Interpenetrating network samples without MWCNT were 

prepared at 10, 20, 30, 40 and 50 wt% of the ionic network. The dielectric and conductive 

properties of the interpenetrating networks with a 10–50 wt% ionic network were 

investigated and are shown in Figure 5.6. Interpenetrating network sample conductivities 

increase gradually in line with increased concentration in the ionic network. 

Interpenetrating networks with a 10–50 wt% ionic network have conductivities in the 

order of 10 to 103 higher than pure CE-(PDMS-PEG) copolymer, as seen in Figure 5.6a. 

Relative permittivities and dielectric losses (tan (δ)) of the interpenetrating networks 

also increase in line with increasing concentration in the ionic network, as illustrated in 

Figure 5.6b. The dynamic dipole orientation of polymer molecules resulting from 
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polarisation are observed for an interpenetrating network with a 30 and 40 wt% ionic 

network, as Debye-relaxation peaks occur at frequencies of 100 to 102 Hz. 
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Figure 5.6 Dielectric properties of the interpenetrating network of PDMS-PEG copolymer 
and an ionic network: a) conductivities and b) relative permittivity and dielectric loss 
factor.  

 
SEM analysis shows the presence of visible spheres in the interpenetrating network 

with a 30–50 wt% ionic network, as seen in Figure 5.7. These spheres are ionic networks 

formed by phase separation in the CE-(PDMS-PEG) copolymer matrix. The size of the 

a 

b 
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spheres increases as the volume of the ionic network increases from 30 to 50 wt%. 

Interpenetrating networks with a 40 and 50 wt% ionic network contain large spheres 

(>50 µm) which may destabilise the elastomers (see Figure 5.7b and c). Therefore, further 

work is required where MWCNT is incorporated into the interpenetrating network using 

a 30 wt% ionic network, due to the resulting smaller spheres (10 – 20 µm), as shown in 

Figure 5.7a. 

 

   

 

Figure 5.7 SEM images of interpenetrating networks of CE-(PDMS-PEG) copolymer and 
ionic network: a) 30 wt% b) 40 wt % c) 50 wt% ionic networks. 

 

Samples from interpenetrating networks with a 30 wt% ionic network had 1–3 phr of 

MWCNTs added. Conductivities of the interpenetrating networks (30 wt% ionic network) 

with MWCNTs were compared with reference elastomers based on a pure ionic network, 

pure CE-(PDMS-PEG) copolymer and LR3162, as shown in Figure 5.8. Conductivities of 

the interpenetrating networks with 1–3 phr of MWCNTs are lower than CE-PDMS-PEG 

copolymer with the same amount of MWCNTs, and the addition of MWCNT to an 

interpenetrating network may destabilise the resulting elastomers, thereby causing less 

conductivity than the CE-(PDMS-PEG) copolymer with MWCNTs. One major advantage of 

a b 

 c 
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elastomers with ionic networks, however, may be that they exhibit self-healing properties 

[119,120]. 
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Figure 5.8 Conductivities of interpenetrating networks of CE-(PDMS-PEG) copolymers 
and ionic networks with MWCNTs compared to LR3162. 

5.1.3 Part conclusion 

A new, stretchable elastomer with high conductivity was successfully created from PDMS-

PEG copolymers and MWCNT. PDMS-PEG copolymer-based elastomers with 3 phr of 

MWCNT are not only soft, but they also have conductivity levels close to those of a 

commercial conducting polymer benchmark, which possesses limited softness. A high 

level of MWCNT dispersion within the PDMS-PEG matrix was obtained by using a 

combination of surfactant and ultra-sonication. Higher loadings of MWCNT (> 3phr) in 

PDMS-PEG copolymer may increase conductivity further, but excessive amounts of 

MWCNT may, on the other hand, weaken the elastomer, thus resulting in poor mechanical 

properties. Furthermore, the elongation strain of the PDMS-PEG/3 phr MWCNT 

nanocomposite elastomer is more than 100%. Interpenetrating networks of PDMS-PEG 

copolymer and a silicone-based ionic network with MWCNTs may have self-healing 

properties, but conductivity is lower than PDMS-PEG copolymer with MWCNTs.  
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6 Main conclusion 

The optimisation of silicone elastomer electro-mechanical properties has been proven by 

means of the phase separation of a block copolymer. In this thesis, two approaches were 

utilised, in order to obtain a phase-separating system in a silicone matrix. First, the phase-

separating system was obtained by copolymerising two immiscible polymers, whereby 

one block was PDMS and the other was a polymer with optimised properties, i.e. a high 

dielectric constant and a voltage-stabilised effect. Second, phase separation was 

facilitated by compounding, whereby the phase-separating region was created by 

blending an immiscible polymer or copolymer in PDMS, and then it was immediately 

cross-linked again, to obtain free-standing elastomeric films. By employing the proper 

blending method and sample preparation, phase separation in the elastomer was 

minimised from the macro- and microscale to the nanoscale, which was very important 

for the homogeneity of the elastomer and for a long lifetime.  

To enhance the relative permittivity of silicone elastomer, its phase-separating system 

was acquired by incorporating a conducting copolymer, namely a PDMS-PEG copolymer, 

which was immiscible in PDMS and created phase separation in the silicone matrix, 

resulting in a PDMS-rich phase (non-conducting region) and a PEG-poor phase 

(conducting region). The PEG-poor phase was caused by low loadings of PDMS-PEG 

copolymer. The PEG domain segregated to form a well-defined discontinuous phase, 

while the PDMS created the continuous region. By phase separating PDMS-PEG 

copolymer in the silicone matrix, the best phase separation was achieved, which resulted 

in an increase in relative permittivity. Furthermore, phase separation in the PDMS-PEG 

elastomer did not deteriorate the network integrity of the elastomer, due to the 

reinforcing effect of the semi-crystalline PEG, thereby maintaining the soft natured 

elastomer while retaining low viscous loss.  

Voltage stabilisation has been proven to improve the electrical breakdown strength of 

insulating polymers such as polyethylene. Utilising voltage stabilisation in silicone 

elastomer is another method of enhancing electrical breakdown strength, and previous 

studies on electrical breakdown have been conducted by utilising reinforcing fillers in the 

silicone matrix, as the effect of an increased Young’s modulus. Herein 

polyphenylmethylsiloxane (PPMS), which contained voltage-stabilised phenyl groups, 

was copolymerised with PDMS as a high Mn PDMS-PPMS copolymer and was further 

cross-linked to obtain the voltage-stabilised PDMS-PPMS elastomer. The cross-linked 

PDMS-PPMS showed phase-separating behaviour due to the immiscibility of PPMS in 

PDMS. Voltage stabilisation was shown to enhance the electrical breakdown strength of 

cross-linked PDMS-PPMS copolymer, due to the charge-trapping effect of π-delocalised 

electrons. To ensure that increased electrical breakdown strength resulted from voltage 
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stabilisation, the influence of the Young’s modulus on electrical breakdown strength was 

investigated. The correlation in this regard was not obvious, indicating that the increased 

electrical breakdown of cross-linked PDMS-PPMS copolymers was not due to an increase 

in the Young’s modulus.  

Thus far, phase separation has been shown to be another strategy for optimising 

silicone elastomer. A soft silicone elastomer with increased relative permittivity and high 

electrical breakdown strength was prepared by means of phase separating two 

copolymers, namely PDMS-PEG and PDMS-PPMS. A binary system of copolymer blends, 

consisting of PDMS-PEG and PDMS-PPMS copolymers, was prepared, and subsequently 

both copolymers were cross-linked, which resulted in an interpenetrating network 

consisting of PDMS-PEG and PDMS-PPMS copolymers. The synergistic effects of a binary 

system of copolymer blend consisting of PDMS-PEG and PDMS-PPMS copolymers showed 

enhanced electro-mechanical properties. The morphology containing the PDMS-rich 

phase and PEG-discontinuous phase was the most favourable, which resulted in increased 

relative permittivity. The phase separation of PDMS-PEG copolymers in the PDMS-PPMS 

matrix seems to occur on the micro- or nanoscopic scale, since the elastomers are 

macroscopically homogenous, as observed from light microscopy. Furthermore, the 

PDMS-rich domains enhance elastomer softness, whilst PPMS domains which act as rigid 

zones reinforce the network. The voltage-stabilised phenyl groups in PPMS trapped 

electrons through delocalised aromatic π-electrons, and the trapped electrons remained 

in the film bulk and hence delayed electrical breakdown, subsequently resulting in 

increased electrical breakdown strength. Moreover, the elastomer did not compromise 

the soft nature of the silicone elastomer and showed remarkable increased ultimate 

strain. These excellent mechanical properties indicated that the network consisted of an 

inherent soft PDMS-rich phase rather than PPMS- and PEG-rich phases, which were 

achieved following the favourable phase separation. In this work, the interpenetrating 

network, consisting of a binary phase-separating system of PDMS-PEG and PDMS-PPMS 

copolymers, was created successfully. 

An excellent soft electrode with high conductivity is often sought for utilisation with 

soft silicone dielectric elastomer. PDMS-based electrodes are highly compatible with 

silicone elastomer, due to their great adhesion properties and inherent softness. By 

means of phase separation, PDMS-PEG copolymer can be prepared in a conductive 

manner, such that the continuous morphology of conducting PEG is formed by increasing 

appropriate loadings of PEG, without destroying the soft nature and the network integrity 

of the elastomer. In this thesis, the conductive PDMS-PPMS copolymer was used as an 

elastomeric conducting network, albeit conductivity was very poor. By incorporating 

conductive nanofillers, i.e. MWCNT in the PDMS-PEG copolymer, the conducting 

composite showed increased conductivity and increased softness.  

In conclusion, this thesis has successfully summarised the work involved in optimising 

silicone electro-mechanical properties and compliant electrodes by means of phase 

separating block copolymers. Further studies utilising block copolymers will hopefully 

result in silicone elastomers with enhanced electro-mechanical properties and hence will 

be the next step in producing reliable elastomers for dielectric elastomer technology 
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needs. Furthermore, the optimisation of electrodes utilised from conductive block 

copolymers could be explored from different perspectives, such as expanding from the 

conducting network from one or two dimensions to three dimensions, and employing 

silica aerogel as a medium for dispersing conductive fillers or conducting networks. 
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7 Future works 

7.1 Optimisation of electro-mechanical properties of DEs 

Further studies looking at enhancing silicone electro-mechanical properties by means of 

block copolymers could be performed by utilising different types of PDMS-based 

copolymers. Previously, utilising PDMS-PEG and PDMS-PPMS copolymers has shown 

increased relative permittivity and increased electrical breakdown strength, respectively. 

However, utilising other block copolymers such as polydimethylsiloxane-

polyetheretherketone (PDMS-PEEK) and polydimethylsiloxane-polyvinylidenefluoride 

(PDMS-PVDF) may result in silicone elastomers with enhanced electro-mechanical 

properties, due to a combination effect of a high dielectric constant and the semi-

crystalline nature of PVDF and PEEK as a reinforcing domain. Enhanced electro-

mechanical properties indicate that the most favourable phase separation may be 

achieved where it occurs on the nanoscale rather than the macro- or microscale. 

Consequently, the optimisation of silicone elastomers by phase separating other block 

copolymers would be the next step towards producing reliable silicone dielectric 

elastomers. 

7.2 Optimisation of conductivity and mechanical properties of electrodes  

Stretchable electrodes have received increasing attention due to their attractive 

applications, mainly in dielectric elastomer technology. Previous studies on stretchable 

electrodes have been conducted by utilising active conductive nanoparticles such as one-

dimensional (1D) multi-walled carbon nanotubes (MWCNTs) [85] and two-dimensional 

(2D) multilayer graphite [121] in the elastomeric matrix. Recently, studies of three-

dimensional (3D) conducting networks consisting of MWCNTs and graphene or graphite 

oxide (GO) have been carried out to enhance the conductivities and mechanical 

properties of stretchable conductive electrodes [122,123].  

Conducting elastomer incorporating a 3D MWCNT/GO conducting network may 

possess high conductivity, but incorporating the conducting network into the elastomeric 

matrix is not possible via the direct blending method, due to strong van der Waals forces 

in MWCNTs and GO sheets, which results in overlapping and aggregating them [122]. As 

an alternative to enhancing the dispersion of the MWCNT/GO 3D network in the matrix, 

a strategy of constructing 3D carbon architectures consisting of GO and MWCNTs can be 

achieved by means of aerogel, which results in a 3D conducting network with high 

porosity. In other words, a well-defined 3D MWCNT/GO conducting aerogel-network 

keeps the structure of the 3D MWCNT/GO network through the aerogel, thereby avoiding 

the possibility of overlapping GO sheets and MWCNTs. Subsequently, the 3D MWCNT/GO 
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conducting aerogel network, which is highly porous, is backfilled with a silicone mixture 

using a vacuum-suction method, resulting in a nanocomposite-containing silicone 

elastomer and a 3D MWCNT/GO conducting aerogel-network.  

Utilising an aerogel, however, results in a silicone elastomer with increased stiffness, 

due to the stiff nature of aerogel, which limits the strain for soft actuation [122]. Hence, 

silica aerogel is the most favourable aerogel, due to its flexibility and increased softness, 

which is introduced by incorporating organic parts into inorganic networks [124]. In 

order to synthesise silica aerogel, a reactive functional group is introduced onto silica 

surfaces by reacting functionalised trialkoxysilanes with conventional silane precursors 

such as tetraethoxysilane (TEOS) [125,126] or methyltriethoxysilane (MTES) [127]. 

For future work, a conducting elastomer could be prepared from a soft conducting 

nanocomposite consisting of a 3D conducting MWCNT/GO silica aerogel network and 

PDMS-PEG copolymer. Prior to cross-linking, the liquid mixture of the PDMS-PEG 

copolymer can be incorporated into the nano-porous 3D conducting MWCNT/GO silica 

aerogel network by using a vacuum-backfilled method. Herein, a modified silica aerogel 

containing PDMS, which is softer than other aerogel, is utilised in order to have a 

conducting elastomer with increased strain. In order to achieve a soft and well-defined 

PDMS-based silica aerogel, during the condensation step PDMS and hydrolysed MTES 

must be well dispersed, which can be achieved by increasing appropriately the mixing 

time and mixing rate. While adding PDMS to the MTES solution, it must be added at an 

appropriately slow rate to avoid flocculation. Besides that, temperature during the 

transformation of alcosols to alcogels is important for obtaining a well-defined aerogel. 



PHD thesis, DTU | Aliff H. A Razak                                                            
 

Experimental methods  DTU Kemiteknik | 71 

 

8 Experimental methods 

In this chapter, experimental methods of Chapter 2, 3, 4 and 5 are described, as well as 

the characterisations of prepared samples.  

8.1 Chapter 2: Enhancement of relative permittivity 

8.1.1 Materials and reagents 

Hydride-terminated polydimethylsiloxanes (H-PDMS) used in the synthesis of the PDMS-

PEG multiblock copolymer were DMS-H21, DMS-H11, DMS-H03 and SIH6117.0, each with 

an average molecular weight (Mn) of 6000, 1050, 550 and 208 g mol-1, respectively. They 

were purchased from Gelest Inc., while polyethyleneglycol divinyl ether (PEG-DE) 

was acquired from Sigma Aldrich. A commercial PDMS elastomer [MJK 4/13] was 

obtained from Wacker Chemie AG, and platinum-divinyl-tetramethyl disiloxane 

complex [SIP6830.3] was purchased from Gelest Inc. and contained 3.25% of 

platinum in xylene. A hydride-terminated methyl-hydrosiloxane-dimethylsiloxane 

copolymer [HMS-501] (Mn of 1050 g mol-1, 9-functional) cross-linker, along with 

tetravinyltetramethyl-cyclotetrasiloxane [SIT-7900] as an inhibitor, was 

purchased from Gelest Inc. Both methanol and toluene were purchased from Sigma 

Aldrich.  

8.1.2 Synthesis of the PDMS-PEG prepolymer 

The procedure used to synthesise PDMS-PEG multiblock copolymer was amended 

from that employed by Klasner et al. [97] and Jukarainen et al. [128]. All apparatus 

was thoroughly cleaned and dried at a temperature of 200°C. The characterisations 

on Mn of DMS-H21, DMS-H11, DMS-H03, SIH6117.0 and PEG-DE were performed 

using 1H-NMR to obtain precise Mn for the stoichiometry calculations. 

The theoretical PDMS-PEG repeating units in the multiblock copolymer were 

calculated from a target molecular weight of 30 kg mol-1, whereby the number of 

blocks for PDMS and PEG were X and (X+1), respectively: 

𝑋 =
30000 − 𝑀𝑛,𝑃𝐸𝐺  

𝑀𝑛,𝑃𝐷𝑀𝑆 + 𝑀𝑛,𝑃𝐸𝐺

                                                 (8.1) 

 

where Mn,PDMS and Mn,PEG are the molecular weight of PDMS and PEG, respectively. 
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The stoichiometric ratio for preparing multiblock copolymers (𝑟1) was 

calculated as:  

𝑟1 =
[𝑣𝑖𝑛𝑦𝑙]

[ℎ𝑦𝑑𝑟𝑖𝑑𝑒]
=

(𝑋 + 1)𝑓𝑃𝐸𝐺−𝐷𝐸

𝑋𝑓𝐻−𝑃𝐷𝑀𝑆

=
𝑋 + 1

𝑋
                                    (8.2) 

 

where fPEG-DE and fH-PDMS are the functionality of PEG-DE and H-PDMS, respectively 

[129]. Both polymers in this case were di-functional (f=2), and the telechelic vinyl 

groups of the resulting copolymer were targeted.  

Dry toluene (prepared by molecular sieving) was added into the flask at 30 wt% 

of the total mass of H-PDMS and PEG-DE. The initial concentration of the platinum 

catalyst was 3120 parts per million (ppm). From this solution, the amount of 

catalyst solution was determined, in order to obtain a final concentration of 30 ppm 

in the reaction mixture, by assuming the density of the mixture was 1 g cm-3. The 

reaction occurred at 60°C with mild stirring and in the presence of nitrogen gas to 

eliminate air inside the flask. The duration of the hydrosilylation reaction 

depended on the chain length of H-PDMS and ranged from 2 to 6 hours. The 

disappearance of a Si-H bond signal at 4.70 ppm was checked by H-NMR, to ensure 

that all hydrides in the PDMS had been fully consumed during the reaction; refer 

to Appendix I - ESI 1, Figs. S1.a, S1.b, S1.c and S1.d for NMR spectra. The final 

solution was viscous and appeared light bronze in colour. Any remaining solvent 

(toluene) was removed with a rotary evaporator for a couple of hours. The product 

was purified by cold methanol precipitation, in order to remove excess PEG-DE, 

and washing was repeated at least five times. Methanol from the precipitation 

process was excluded by using a rotary evaporator for a few hours and then placing 

the mixture in a vacuum for a day.  

8.1.3 Experimental setup for the PDMS-PEG block copolymer 

To distinguish the PDMS-PEG multiblock copolymer samples from different PDMS 

volume fractions, they were named based on four different repeating unit numbers 

in the constituent polymer, as listed in Table 8.1. Asymmetrical morphologies in the 

PDMS-PEG multiblock copolymer were obtained by varying PDMS chain lengths 

(m=3,7,14,81) while sustaining the equivalent PEG chain length (n=4), which in 

turn produced PDMS3-PEG, PDMS7-PEG, PDMS14-PEG and PDMS81-PEG, 

respectively. Hence PDMS81-PEG constituted the highest volume fraction of PDMS 

in the block copolymer (0.94), whereas the lowest volume fraction produced in this 

study was 0.45 (belonging to PDMS3-PEG). 

8.1.4 Binary polymer blends (BPBs) 

PDMS-PEG multiblock copolymers were incorporated into PDMS elastomer (MJK) 

at 5, 10, 15 and 20 wt%. All mixtures were speedmixed at 3500 rpm for 2 minutes. 

After that, the blends were immediately cross-linked. The blends produced 16 

samples in total. 
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Table 8.1 Sample details for PDMS-PEG multiblock copolymers 

PDMS-PEG 

block 

copolymer 

Number average 

molecular 

weight of H-

PDMS 

(Mn,PDMS) 

[g mol-1] 

Number 

of 

repeating 

units in 

PDMS         

(m) 

Theoretical 

number of 

repeating 

units in 

(PDMS-

PEG)X 

(X) 

Stoichio-

metric 

ratio 

(𝑟1) 

Volume 

fraction 

of PDMS 

(fA) 

PDMS81-PEG 6000.00 81 5 1.21 0.94 

PDMS14-PEG 1050.00 14 23 1.04 0.75 

PDMS7-PEG 550.00 7 37 1.03 0.62 

PDMS3-PEG 208.00 3 56 1.02 0.45 

Note: Mn of PEG in PDMS-PEG block copolymer is 250 g mol-1 

8.1.5 Cross-linking 

Four samples of PDMS-PEG multiblock copolymers and 16 samples of BPB were 

prepared. The stoichiometric ratio for the cross-linking (𝑟2) was calculated as: 

𝑟2 =
[ℎ𝑦𝑑𝑟𝑖𝑑𝑒]

[𝑣𝑖𝑛𝑦𝑙]
=

𝑓𝐻𝑀𝑆[𝐻𝑀𝑆]

𝑓𝐵𝐶𝑃[𝐵𝐶𝑃]
                                              (8.3) 

 

where fHMS and fBCP were the numbers of the HMS-501 (9-functional) functional 

group and the PDMS-PEG block copolymer (2-functional), respectively, while […] 

indicates the initial concentration [130,131]. 

The values of 𝑟2 were calculated based on the mass of PDMS-PEG prepolymers 

added into the blends. The inhibitor (SIT7900) and the platinum catalyst were 

added to the blends at 1 wt% and 30 ppm, respectively. Those blends which 

consisted of PDMS-PEG prepolymer, namely MJK4/13, SIT7900 and 30 ppm 

platinum catalyst, were speed-mixed rigorously at 3,000 rpm for 2 minutes. Cross-

linker (HMS-501) was added, and the resulting mixture was additionally speed-

mixed at 1,500 rpm for 2 minutes. The cross-linked films were cured at a 

temperature of 60°C overnight and then subsequently post-cured at 110°C for 2 

hours.  

8.2 Chapter 3: Enhancement of electrical breakdown strength 

8.2.1 Materials 

Telechelic vinyl-terminated polydimethylsiloxanes (V-PDMS) were DMS-V31, DMS-

V25, DMS-V22 and DMS-V21, with a number average molecular weight (Mn) of 28, 17.2, 

9.4 and 6 kg mol-1, respectively. Telechelic hydride-terminated polyphenylmethyl-

siloxanes (H-PPMS) were PMS-H03 (Mn = 0.4 kg mol-1) and PMS-H11 (Mn = 1 kg mol-1). 

The catalyst was a platinum-divinyl-tetramethyl disiloxane complex [SIP6830.3] 

containing 3.25% of platinum in xylene. The vinyl-functional cross-linker was methyl-
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hydrosiloxane-dimethylsiloxane copolymer [VDT-431] (Mn = 28 kg mol-1, 15-functional). 

All polymers, cross-linkers and catalysts were purchased from Gelest Inc. Fumed silica 

(SIS6962.0) was purchased from Fluorochem.  

8.2.2 Synthesis of PDMS-PPMS block copolymers 

The procedure to synthesise PDMS-PPMS block copolymers was taken from A Razak 

et al. [10]. The required amount of hydride-terminated PPMS was added based on a 

targeted molecular weight (Mn,T) of 30 kg mol-1 of the copolymer (refer to Appendix II - 

ESI 1, equation 1). The mixture containing V-PDMS, H-PPMS and 30 ppm of the Pt catalyst 

was speed-mixed at 3000 rpm for 5 min. The stoichiometric ratio was calculated based 

on the number of PDMS-PPMS repeating units, X (see Appendix II - ESI 1, equation 2).  

8.2.3 Cross-linking and sample preparation 

All PDMS-PPMS block copolymer samples were cross-linked with the vinyl-functional 

15-functional cross-linker. The stoichiometric ratio for cross-linking (r2) was 1.5, with an 

excess of cross-linker (see Appendix II - ESI 2, equation 3). Blends containing copolymer, 

cross-linker, 30 ppm of Pt catalyst and 25 parts per hundred rubber (phr) of silica were 

speed-mixed at 2500 rpm for 4 minutes.  

The final mixtures were casted on Teflon plates for easy release. The cross-linked 

copolymer films were prepared in thicknesses of approximately 1 mm (thick film) and 

100 ± 20 µm (thin film). Thick films were used to measure linear viscoelasticity (LVE), the 

stress-strain relationship and dielectric properties. All films were placed in a vacuum 

oven at 23°C for 4 to 8 hours, due to trapped air during fabrication, and were thereafter 

cured at 40°C for 12 hours to ensure proper film formation. The curing process was 

continued at 150°C for 8 to 12 hours. Subsequently, all films were post-cured at 200°C for 

2 hours to remove all volatiles [132,133]. 

The cross-linked PDMS-PPMS copolymer is referred as a PDMS-PPMS elastomer. 

Samples were named based on repeating numbers of PDMS and PPMS as nDMS_mPMS. 

The realised molar concentrations of the phenyl group (𝐶𝐶6𝐻5 ) were calculated from the 

ratio of the mole number of the phenyl group to the total mass of PDMS and PPMS. The 

mole number of the phenyl group was determined based on integration areas and H’s 

numbers of CH3-Si-C5H5 and Si-(CH3)2 in 1H-NMR (refer to Appendix II - ESI 3, equations 

4-7). Details of the PDMS-PPMS copolymers are presented in Table 8.2.  
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Table 8.2 Sample details and realised molar concentrations of the phenyl group of cross-
linked PDMS-PPMS copolymers. 

Vinyl-

functional 

PDMS 

Hydride-

functional 

PPMS 

PDMS-PPMS 

copolymer 

(nDMS_mPMS) 

Realised molar 

concentration of phenyl 

group      

𝐶𝐶6𝐻5
[10-4 mol g-1]

DMS-V31 

PMS-H03 

377DMS_2PMS 5.0 

DMS-V25 231DMS_2PMS 6.9 

DMS-V22 126DMS_2PMS 7.8 

DMS-V21 80DMS_2PMS 8.4 

DMS-V31 

PMS-H11 

377DMS_6PMS 8.7 

DMS-V25 231DMS_6PMS 9.8 

DMS-V22 126DMS_6PMS 15 

DMS-V21 80DMS_6PMS 20 

8.3 Chapter 4: Optimisation of electro-mechanical properties 

8.3.1 Materials 

Telechelic vinyl-terminated polydimethylsiloxanes and telechelic hydride-terminated 

polyphenylmethylsiloxanes, which were used in the synthesis of a PDMS-PPMS 

copolymer, were DMS-V21 and PMS-H03, with an average molecular weight (Mn) of 6000 

and 400 g mol-1, respectively. In the synthesis of the PDMS-PEG copolymer, telechelic 

hydride-terminated polydimethylsiloxanes (H-PDMS) were DMS-H21, DMS-H11, DMS-

H03 and SIH6117.0, with Mn of 6000, 1050, 550 and 208 g mol-1, respectively. All of the 

abovementioned PDMS copolymers were purchased from Gelest Inc. The catalyst was 

platinum-divinyl-tetramethyl disiloxane complex [SIP6830.3], containing 3.25% of 

platinum in xylene, and the cross-linkers were vinyl-functional (4-5% 

vinylmethylsiloxane)-dimethylsiloxane copolymers [VDT-431] (Mn = 28 kg mol-1, 15-

functional) and hydride-functional (45-55% methylhydrosiloxane)-dimethylsiloxane 

copolymers [HMS-501] (Mn = 1050 g/mol, 9-functional). Both the catalyst and the cross-

linkers were purchased from Gelest Inc. Telechelic vinyl-terminated polyethyleneglycol 

(V-PEG) was acquired from Sigma Aldrich. Fumed silica (SIS6962.0) and volatile 

methylsiloxane (VMS) [OS-20] were purchased from Fluorochem and Dow Corning, 

respectively.  

8.3.2 PDMS-PPMS copolymer synthesis 

The procedure used to synthesise the PDMS-PPMS copolymer was taken from A Razak 

and Skov [109]. PDMS-PPMS copolymers were prepared through the hydrosilylation of 

hydride-terminated PPMS and vinyl-terminated PDMS, as illustrated in Scheme 8-1. The 
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synthesised copolymer was telechelic hydride-functional. The theoretical number of 

PDMS-PPMS repeating units in the copolymer (𝑋1) was calculated from the targeted Mn 

of 30 kg/mol. The mixture containing DMS-V21, PMS-H03 and a 30 ppm Pt catalyst was 

speed-mixed at 3000 rpm for 5 min. The stoichiometric ratio for preparing the PDMS-

PPMS copolymer (r1) was calculated from the ratio (𝑋1 +1) to 𝑋1 [109]. 
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Scheme 8-1 The hydrosilylation reaction of a PDMS-PPMS copolymer, where 𝑚1 is the 
number of repeating phenylmethylsiloxane (PMS) units in PPMS (𝑚1= 2), and 𝑛1 is the 
number of repeating dimethylsiloxane (DMS) units in PDMS (𝑛1 = 80). 

8.3.3 Synthesis of PDMS-PEG copolymers 

PDMS-PEG copolymers were synthesised as described by A Razak et al. [10] The 

theoretical number of PDMS-PEG repeating units in the copolymer (𝑋2) was calculated 

from Mn of 30 kg mol-1. The stoichiometric ratio for preparing the PDMS-PEG copolymers 

(r2) was calculated from the ratio (𝑋2+1) to 𝑋2 [10]. The synthesis of the PDMS-PEG 

copolymer was based on the hydrosilylation of hydride-terminated PDMS and vinyl-

terminated PEG, as shown in Scheme 8-2. The synthesised PDMS-PEG copolymers were 

telechelic vinyl-functional. 

Various volume fractions of PDMS in the PDMS-PEG copolymer were obtained by 

varying PDMS chain lengths, i.e. repeating PDMS units (𝑚2) were varied such that 𝑚2 = 

3,7,14,81, while the number of repeating PEG units remained constant (𝑛2 = 4). The 

synthesised copolymers were named PDMS3-PEG, PDMS7-PEG, PDMS14-PEG and 

PDMS81-PEG, respectively.  

8.3.4 Binary copolymer blends and sample preparations 

PDMS-PEG copolymers were incorporated into a PDMS-PPMS copolymer in 

concentrations of 10 and 20 phr before being speed-mixed at 3500 rpm for 2 minutes. 

The loadings of 10 and 20 phr are considered low and high loadings, respectively. One 

possible network is illustrated in Figure 8.1, such that hydride-functional PDMS-PPMS 

copolymers may bond covalently to vinyl-functional PDMS-PEG copolymers to form 

double copolymers, while some of them may cross-link with vinyl-functional cross-

linkers (VDT-431) and vinyl-functional PDMS-PEG copolymers cross-link with hydride-

functional cross-linkers (HMS-501). The stoichiometric ratios between PDMS-PPMS and 
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PDMS-PEG copolymers were 1.5, with an excess of VDT-431 and HMS-501, respectively 

[10,109]. Blends containing copolymers, cross-linkers, 30 ppm of Pt catalyst, 25 phr of 

silica and 25 phr of VMS solvent (OS-20 from Dow Corning) were speed-mixed at 3000 

rpm for 4 minutes.  
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Scheme 8-2 Hydrosilylation reaction when synthesising a PDMS-PEG copolymer, where 

𝑚2 is the number of repeating DMS units in PDMS, 𝑛2 = 4 is the constant number of 

repeating ethyleneglycol (EG) units in PEG. 

Figure 8.1 Illustration of the random network structure of PDMS-PPMS and PDMS-PEG 
copolymers, hydride-functional 9-functional and vinyl-functional 15-functional cross-
linkers (HMS-501 and VDT-431, respectively). The cross-linkers are illustrated with 
fewer cross-linking sites than in the true network. 

The final mixtures were cast on Teflon substrates for easy release, and the films were 

prepared at thicknesses of approximately 1±0.5 mm and 100±35 µm, as thick and thin 

films, respectively. Thin films were used for the measurement of electrical breakdown 

strength and thick films were used for measurements of linear viscoelasticity (LVE), the 

stress-strain relationship and dielectric properties. All films were placed in a vacuum 

oven at 23°C for 2 hours and were subsequently cured at 40°C for 12 hours for proper 
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film formation. The samples were placed in the oven at 150°C for 5-8 hours and 

subsequently post-cured at 200°C for 2 hours.  

The cross-linked PDMS-PPMS copolymer containing 80 repeating DMS units and two 

repeating PMS units, referred to as 80DMS_2PMS. 80DMS_2PMS, was used as the 

reference elastomer and was prepared without incorporating the PDMS-PEG copolymer. 

Due to its proven versatility as a voltage-stabilised silicone elastomer, 80DMS-2PMS was 

utilised in all prepared binary copolymer blends (BCBs). Furthermore, 80DMS-2PMS has 

been proven to possess the most increased electrical breakdown strength compared to 

other PDMS-PPMS elastomers[109]. Details of the cross-linked BCBs containing 

802DMS_2PMS and PDMS-PEG copolymers, and the reference elastomer, are shown in 

Table 8.3.  

Table 8.3 Sample details of cross-linked BCBs containing PDMS-PPMS and PDMS-PEG 
copolymers. 

No. 

PDMS-PEG copolymer 

Samples Concentration 

(phr) 
PDMSxx-PEG 

1 - - 80DMS_2PMS (reference) 

2 10 
PDMS81-PEG 

10 phr PDMS81-PEG BCB 

3 20 20 phr PDMS81-PEG BCB 

4 10 
PDMS14-PEG 

10 phr PDMS14-PEG BCB 

5 20 20 phr PDMS14-PEG BCB 

6 10 
PDMS7-PEG 

10 phr PDMS7-PEG BCB 

7 20 20 phr PDMS7-PEG BCB 

8 10 
PDMS3-PEG 

10 phr PDMS3-PEG BCB 

9 20 20 phr PDMS3-PEG BCB 

       Note: xx is the PDMS chain length. 

8.4 Chapter 5: Compliant DE electrodes 

8.4.1 Materials 

Vinyl-terminated polydimethylsiloxane-polyethyleneglycol block co-oligomers (PDMS-

PEG) were synthesised according to a previously published procedure [10]. The number 

average molecular weight (Mn) of the resulting PDMS-PEG copolymer was Mn = 3900 g 

mol-1. Vinyl-functional PDMS cross-linker (15-functional, VDT-431), telechelic hydride-

functional PDMS (DMS-H25, Mn = 17.2 kg mol-1) and platinum-divinyltetramethyl 

disiloxane complex with 3.25% of platinum in xylene (SIP6830.3) were purchased from 

Gelest Inc. Pristine, multi-walled carbon nanotubes (MWCNTs) (NANOCYL™ NC7000) 
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with an average diameter, length and surface area of 9.5 nm, 1.5 μm and 250-300 m2/g, 

respectively, were obtained from Nanocyl S.A., Belgium. N-methyl pyrrolidinone (NMP) 

and polyoxyethylene octyl phenyl ether (Triton X-100) were obtained from Sigma-

Aldrich. 

8.4.2 Synthesis of PDMS-PEG copolymers 

The previously synthesised PDMS-PEG co-oligomer (Mn = 3900 g mol-1) was chain-

extended by hydrosilylation with telechelic hydride-functional PDMS, PDMS232 (Mn = 

17,200 g mol-1) in the presence of a Pt catalyst according to Scheme 8-3. PDMS-PEG co-

oligomer, PDMS232 and the Pt catalyst were speed-mixed at 3000 rpm for 4 min. The 

transparent reaction mixture turned a milky yellow. The resulting CE-(PDMS-PEG) 

copolymer was characterised and verified by size-exclusive chromatography (SEC) to 

observe the shift in molecular weight from the low molecular weight of the PDMS-PEG 

copolymer to the high molecular weight of the CE-(PDMS-PEG) copolymer (Mn = 24 kg 

mol-1 / Mw = 52 kg mol-1). 1H-NMR spectroscopy was used to confirm the completion of 

the reaction through the absence of vinyl protons from the PDMS-PEG co-oligomer 

between δH = 5.8 and 6.2 ppm. 

+
CH3

Si O

CH3

Si

CH3

O
CH3

Si

CH3

CH3

H H

m n
nCH3

CH3

CH2
O

OSi O
CH3
Si
CH3

O
CH3
Si

CH3

CH3

O
O

X

m
n

X
n

H

CH3

Si O

CH3

Si

CH3

O

CH3

Si

CH3

CH3

O
O

CH3
Si O

CH3
Si
CH3

O
CH3
Si

CH3

CH3

O
O

CH3

Si O

CH3

Si

CH3

O

CH3

Si

CH3

CH3

CH3

Y

PDMS - PEG co - oligomer (vinyl -terminated) PDMS232 (hydride terminated)

m

p

p

CE PDMS - PEG copolymer (hydride functionalized)

23 oC Pt

Scheme 8-3 The hydrosilylation reaction utilised for chain-extended CE-(PDMS-PEG) 
copolymer in the presence of a 30 ppm Pt catalyst at 23°C, where m = 3 and p = 232, 
respectively, are the numbers of repeating dimethylsiloxane units in the two PDMS parts. 
n = 4 is the constant number of repeating ethyleneglycol units, and X and Y are the 
number of repeating PDMS-PEG units and the number of CE-(PDMS-PEG) blocks, 
respectively. 

8.4.3 Dispersion of MWCNTs 

Dispersion of MWCNTs in 96 wt% NMP and 1 wt% Triton X-100 was achieved by 

ultrasonication in a water bath (1510E-DTH, BRANSONIC–Ultrasound Cleaner, USA, 

Input: 155 W & 50-60 kHz, Output: 70 W & 42 kHz). 
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8.4.4 Preparation of CE-(PDMS-PEG) elastomers with surface-modified 

MWCNT 

CE-(PDMS-PEG) copolymer was cross-linked using a 15-functional vinyl cross-linker 

(VDT-431) with the addition of surface-treated MWCNTs in NMP and Triton X-100 (1, 2 

and 3 phr MWCNT) by speed-mixing using SpeedMixer™ (DAC 150 FVZ, Flack Tek. Inc.) 

at 3000 rpm for 3 - 6 min. The final mixtures were cast on hollow metal plates placed on 

Teflon substrates. Films ~ 1 mm in thickness were cured initially at a temperature of 

70°C, which was gradually increased to 150°C over a period of 7 days to ensure the 

gradual removal of NMP solvent and proper film formation.  

8.5 Characterisations 

8.5.1 Degree of conversion of vinyl or hydride groups in synthesis of 

copolymer 

The synthesised copolymers were a telechelic vinyl functional PDMS-PEG copolymer and 

a telechelic hydride functional PDMS-PPMS copolymer, respectively. The degree of 

conversion of vinyl or hydride group of PDMS from the hydrosilylation reaction was 

determined from proton nuclear magnetic resonance spectroscopy (1H-NMR) by 

observing the disappearance of vinyl peaks in the NMR spectra. The NMR equipment 

utilised for 1H was a Bruker 300 MHz NMR. The number of scannings per sample was 128. 

The samples were prepared with a concentration of 100 mg mL-1 in deuterated 

chloroform (CDCl3).  

8.5.2 Number average molecular weight 

The number average molecular weights (Mn) of the copolymers were determined from 

size-exclusive chromatography (SEC). SEC was performed on a Viscotek GPCmax VE-

2001 instrument equipped with a Viscotek TriSEC Model 302 triple detector using two 

PLgel mixed-D columns from Polymer Laboratories. The copolymer concentrations were 

between 2 – 3 mg mL-1 in toluene, and solutions were run at 35°C at an elution rate of 1 

mL min-1. Molecular weight distributions were calculated using WinGPC Unity 7.4.0 

software and linear PDMS standards acquired from Polymer Standards Service GmbH. 

8.5.3 Linear viscoelasticity (LVE) properties 

Prepared films were characterised at 23°C using an advanced rotational rheometer from 

TA Instruments (ARES-G2). The utilised parallel plates have diameter of 25 mm. The axial 

force ranged from 5 to 12 N depending on samples to ensure a sufficient contact between 

the plate and the sample (diameter of 25 mm). The strain and frequency in the linear 

regime were 2% and 10-2 – 102 Hz, respectively.  
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8.5.4 Stress–strain relationship 

In Chapter 2, the Young’s moduli were determined as Y = 2(1 + ν)G = 3G, since Poisson’s 

ratio (ν) was close to 0.5, due to the incompressibility of silicones.  

In Chapter 3 and 4, tensile strengths and elongations at break as well as Young’s moduli 

at 5 % strain were measured in extensional rheological tests. The rheological test was 

performed on ARES-G2 rheometer from TA Instruments by means of a SER2 universal 

testing platform. The SER2 universal testing platform consists of two rotating drums with 

diameter of 10.3 mm and the lateral offset of the centre axis of the two drums is 12.7 mm. 

The sample, which was a rectangular strip of 6 mm (width), 30 mm (length) and 1 mm 

(thickness), elongated within a confined length (L = 12.7 mm) by winding up the strip 

with two rotary drums. The ends of the strip were secured by means of a strong glue to 

the surfaces of drums. For incompressible samples, the ends of the strip move at a speed 

[vend = (L/2)dεH/dt]. Integrating the mentioned speed from initial length (Lo) to the final 

length (Lf), lead to an exponential increase of the sample length over time L(t) = 

Loexp[(dεH/dt)t] and final Hencky strain (εH) thus can be expressed as follows: εH = 

ln[Lf/Lo]. Here engineering stress and strain were used for stress-strain relationship. The 

engineering strain was calculated from the measured Hencky strains and the engineering 

stress was calculated from the measured torque over cross-sectional area of sample. 

From stress-strain curves, tensile strengths and elongations at breaking of the samples 

can be determined, as well as the Young’s moduli. Stress-strain curves are measured in 

extensional rheological tests, performed using an advanced rheometer with a geometry 

consisting two rotating drums. For each sample, the strip was stretched from s = 0 % until 

it ruptures.  

Stress and strain at breakthrough points are determined from engineering stress and 

strain. The engineering stress (𝜎𝐸) can be calculated from the force (F) and the cross-

sectional area of the strip (A):  

𝜎𝐸 =
𝐹

𝐴
=

𝐹

𝑡 ∙ 𝑤
=

𝜏 ∙ 𝑑

𝑡 ∙ 𝑤
 (8.4) 

where 𝑡 and 𝑤 are a sample thickness and a constant width equal to 6 mm, respectively. 

The force is calculated from the torque (𝜏) and constant drum diameter (d = 10.3 mm).  

The engineering strain (𝜖𝐸) was calculated as a ratio of the strain difference before and 

after stretching (L – L0) to an initial strain (L0) as:  

𝜖𝐸 =
𝐿 − 𝐿0

𝐿0

 (8.5) 

where the final strain after stretching (L) can be determined from Hencky strain (𝜖𝐻): 

𝜖𝐻 = 𝑙𝑛
𝐿

𝐿0 
 (8.6) 

𝐿 = 𝐿0𝑒𝜖𝐻 = 𝐿0𝑒𝑟𝐻∙𝑡𝑠  (8.7) 
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where rH and ts are the constant Hencky rate at 0.001 rotation/s and the step time, 

respectively.  

By inserting Eqn. 8.7 in 8.5 the final expression of engineering strain was obtained as: 

𝜖𝐸 = 𝑒𝑟𝐻∙𝑡𝑠 − 1                                                         (8.8)

Young’s moduli were determined from the tangent line of linear regime of stress-strain 

curves at 5 % strain.  

8.5.5 Dielectric properties 

Dielectric properties were measured by dielectric spectroscopy. The dielectric 

spectroscopy was performed on a Novocontrol Alpha-A high-performance 

frequency analyser (Novo-control Technologies GmbH & Co. KG, Germany) 

operating in the frequency range 10−1 – 106 Hz at 23°C. The electrode diameter was 

20 mm. The sample was sandwiched between two gold-coated plates prior to the 

measurement. 

8.5.6 Electrical breakdown strength 

The measurement of electrical breakdown strength was performed on an in-house-

built device based on international standards (IEC 60243-1 (1998) and IEC 60243-

2 (2001)). Samples were prepared with thickness of less than 110 µm. The film was 

slid between the two spherical metal electrodes (diameter of 20 mm). The 

electrical breakdown measurement was measured at the point of contact with a 

stepwise increasing voltage applied (50 – 100 V per step) at a rate of 0.5 – 1 steps 

s-1. The electrical breakdown measurement was repeated 12 times for each sample, 

and the average of these values was then stated as the electrical breakdown 

strength. 

8.5.7 Scanning electron microscope (SEM) image 

8.5.7.1 SEM image (Chapters 2, 3, and 5) 

The morphologies of the cross-linked copolymers and the reference elastomer were 

examined by scanning electron microscopy (SEM) (FEI Inspect S, USA). The samples were 

cross-sectional films and were firstly immersed into liquid nitrogen for a few minutes, 

then broken and deposited on a sample holder. All samples were coated with gold under 

vacuum before test. Energy dispersive x-ray (EDX) spectroscopy (Oxford INCAWave 500, 

UK) was applied to detect the element distribution profile on the surface of the samples. 
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8.5.7.2 SEM image (Chapter 4) 

The morphologies of prepared elastomers and the reference elastomer were inspected 

via scanning electron microscopy (SEM) images which were performed on FEI Quanta 

200 ESEM FEG. Cross-sectional SEM samples were coated with 2 nm thickness of gold by 

means of sputter coater (Cressington, model 208HR) under vacuum conditions and the 

current of 10 mA. Field emission gun with accelerating voltage between 500 V- 30 kV was 

applied to detect the element distribution profile on the surface of the samples. 

8.5.8 Transmission electron microscopy (TEM) image 

The TEM model, FEI Tecnai T20 G2 was used to characterize micro and nano-scale images 

using transmitted electrons from the electron source of Thermionic LaB6/CeB6. TEM 

samples were prepared using grinding tool and were placed on a grid coated by Copper 

Naphthenate (Coppernate). 

8.5.9 Static contact angle 

Static contact angles, created by using the “sessile drop-needle in” method, were taken 

at a room temperature of 23°C using Dataphysics OCA20. The contact angle was 

measured by dropping 6 µL of deionised water onto the PDMS-PEG multiblock copolymer 

and BPB films. Measurements for each contact angle were taken for 65 seconds, and the 

contact angles were analysed every 5 seconds, in order to obtain contact angle versus 

time profiles.  

8.5.10 UV/Vis absorbance 

The presence of phenyl groups in the cross-linked copolymers was detected from 

the absorbance energy of ultraviolet (UV) or visible light (Vis). The energy 

absorbance from UV/Vis light was measured by an UV/Vis spectrometer from BMG 

Labtech (SPECTROstar Omega). The wavelength range of UV/Vis spectrometer was 

in a range of 220 to 1000 nm. The range of optical density (OD) was between 0 to 

4 OD with the accuracy of < 1% at 2 OD. The energy absorbance was measured 

within wavelengths of 220 to 350 nm. The measurements were performed on 8 

wells of a module plate of Nunc 96-Well LockWellTM PolySorp from Thermo 

Scientific for thin films with approximate thickness of 100 µm. 
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Enhancement of dielectric permittivity by
incorporating PDMS-PEGmultiblock copolymers in
silicone elastomers†

Aliff Hisyam A. Razak,ab Peter Szaboa and Anne Ladegaard Skov*a

A silicone elastomer from PDMS-PEG multiblock copolymer has been prepared by use of silylation

reactions for both copolymer preparation and crosslinking. The dielectric and mechanical properties of

the silicone elastomers were carefully investigated, as well as the morphology of the elastomers was

investigated by SEM. The developed silicone elastomers were too conductive to be utilized as dielectric

elastomers but it was shown that when the above silicone elastomers were mixed with a commercial

silicone elastomer, the resulting elastomer had very favourable properties for dielectric elastomers due

to a significantly increased dielectric permittivity. The conductivity also remained low due to the resulting

discontinuity in PEG within the silicone matrix.

Introduction

Dielectric elastomers (DEs) have been studied extensively with
respect to nding both new and better elastomer candidates
and novel applications.1–4 DEs are elastomers which exhibit a
change in size or shape when stimulated by an external electric
eld. They are also known as “compliant capacitors”, with
actuation occurring when electrostatic stress exceeds elastic
stress.5 Such properties have enabled DEs to play a signicant
role in applications as actuators, sensors and generators.

Dielectric elastomers with high relative permittivity possess
high electrical energy in the form of charge separation, due to
polarisation. In an unactuated state, the elastomer can with-
stand a given electrical eld, the so-called electrical “break-
down strength”,6 but above this electrical eld the DE will
short-circuit. Another common failure associated with DEs is
electromechanical instability (EMI), which arises during actu-
ation when attractive forces between the two electrodes become
dominant and locally exceed a certain threshold value that
cannot be balanced by the material's resistance to compres-
sion.7,8 This phenomenon, which is also known as

“electromechanical breakdown”, can usually be eliminated
by prestretching the elastomer, since prestretching has a
combined effect of hardening the silicone elastomer,
decreasing lm thickness and increasing electrical breakdown
strength.9,10

Polydimethylsiloxanes (PDMS), as one promising type of
dielectric elastomer, exhibit large ultimate extension.11–14

Despite its signicant deformation, the drawback of PDMS is
that it has low permittivity, in relation to the net dipole moment
(m), of 0.6–0.9 D.15 On the positive side, PDMS is known to have
very low conductivity.16 In contrast, polyethyleneglycols (PEG)
show high permittivity as a result of a dipole moment of
3.91 D,17 yet they are incapable of actuating, as they are highly
conductive.18 Combining PDMS and PEG as a block copolymer
presents the possibility of substantially improving properties
such as high permittivity and non-conductivity, whereby PEG
enhances permittivity and PDMS facilitates actuation through
its non-conductive nature and inherent soness. The synthesis
of the PDMS-PEG multiblock copolymer utilised herein is based
on hydrosilylation, as shown in Fig. 1.

An astonishing feature of block copolymers is the variety of
morphologies due to self-assembly in bulk or in solution.19,20 In
principle, a diblock copolymer, which is the simplest block
copolymer, assembles into different morphologies, such as
sphere (S), cylinder (C), gyroid (G) and lamellar (L).19,21 These
morphologies can be achieved when two immiscible, covalently-
bonded polymers microphase separately.22 These morphologies
can be changed by varying the volume fraction of one constit-
uent in the diblock copolymer. For triblock copolymers, the
morphologies are more complex, mainly due to the sequence
order of three distinct polymers, e.g. ABC, ACB, BAC and BCA,
which introduces further degrees of freedom and thus allows
for the assembly of nearly 30 different morphologies.19 The
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similarity shared by the block copolymers is that they have four
common equilibrium morphologies (S, C, G and L).21

Here, elastomers are prepared by means of phase separating
PDMS-PEG multiblock copolymers, whereby the copolymers'
blocks are expected to segregate to form well-dened structures,
depending on the chain lengths of the two constituents.
Subsequently the phase-separated copolymers are cross-linked
via silylation into elastomers.

Experimental
Materials and reagents

Hydride-terminated polydimethylsiloxanes (H-PDMS) used in
the synthesis of the PDMS-PEG multiblock copolymer were
DMS-H21, DMS-H11, DMS-H03 and SIH6117.0, each with an
average molecular weight (Mn) of 6000, 1050, 550 and 208
g mol�1, respectively. They were purchased from Gelest Inc.,
while polyethyleneglycol divinyl ether (PEG-DE) was acquired
from Sigma Aldrich. A commercial PDMS elastomer [MJK 4/13]
was obtained from Wacker Chemie AG, and platinum-divinyl-
tetramethyl disiloxane complex [SIP6830.3] was purchased
from Gelest Inc. and contained 3.25% of platinum in xylene. A
hydride-terminated methyl-hydrosiloxane-dimethylsiloxane
copolymer [HMS-501] (Mn of 1050 g mol�1, 9-functional)
cross-linker, along with tetravinyltetramethyl-cyclotetrasiloxane
[SIT-7900] as an inhibitor, was purchased from Gelest Inc. Both
methanol and toluene were purchased from Sigma Aldrich.

Synthesis of the PDMS-PEG prepolymer

The procedure used to synthesise PDMS-PEG multiblock
copolymer was amended from that employed by Klasner et al.23

and Jukarainen et al.24 All glassware was thoroughly cleaned and
dried at a temperature of 200 �C. The characterisations onMn of
DMS-H21, DMS-H11, DMS-H03, SIH6117.0 and PEG-DE were
performed using 1H-NMR to obtain precise Mn for the stoichi-
ometry calculations.

The theoretical PDMS-PEG repeating units in the multiblock
copolymer were calculated from a target molecular weight of
30 kg mol�1, whereby the number of blocks for PDMS and PEG
were X and (X + 1), respectively:

X ¼ 30 000�Mn;PEG

Mn;PDMS þMn;PEG

(1)

where Mn,PDMS and Mn,PEG are the molecular weight of PDMS
and PEG, respectively.

The stoichiometric ratio for preparing multiblock copoly-
mers (r1) was calculated as:

r1 ¼ ½vinyl�
½hydride� ¼

ðX þ 1ÞfPEG-DE

XfH-PDMS

¼ X þ 1

X
(2)

where fPEG-DE and fH-PDMS are the functionality of PEG-DE and
H-PDMS, respectively.25 Both polymers in this case were di-
functional (f ¼ 2), and the telechelic vinyl groups of the result-
ing copolymer were targeted.

Dry toluene (prepared by molecular sieving) was added into
the ask at 30 wt% of the total mass of H-PDMS and PEG-DE.
The initial concentration of the platinum catalyst was 3120
parts per million (ppm). From this solution, the amount of
catalyst solution was determined, in order to obtain a nal
concentration of 30 ppm in the reaction mixture, by assuming
the density of the mixture was 1 g cm�3. The reaction occurred
at 60 �C with mild stirring and in the presence of nitrogen gas to
eliminate air inside the ask. The duration of the hydro-
silylation reaction depended on the chain length of H-PDMS
and ranged from 2 to 6 hours. The disappearance of a Si–H
bond signal at 4.70 ppm was checked by H-NMR, to ensure that
all hydrides in the PDMS had been fully consumed during the
reaction; refer to ESI for NMR spectra in Fig. S1a–d.† The nal
solution was viscous and appeared light bronze in colour. Any
remaining solvent (toluene) was removed with a rotary evapo-
rator for a couple of hours. The product was puried by cold
methanol precipitation, in order to remove excess PEG-DE, and
washing was repeated at least ve times. Methanol from the
precipitation process was excluded by using a rotary evaporator
for a few hours and then placing the mixture in a vacuum for a
day.

Experimental setup for the PDMS-PEG block copolymer

To distinguish the PDMS-PEG multiblock copolymer samples
from different PDMS volume fractions, they were named based
on four different repeating unit numbers in the constituent

Fig. 1 The hydrosilylation reaction utilized when preparing a PDMS-PEG multiblock copolymer, where m is the number of repeating dime-
thylsiloxane units in PDMS, and n ¼ 4 is the constant number of repeating ethyleneglycol units in PEG. X is the number of repeating PDMS-PEG
units in multiblock copolymers.
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polymer, as listed in Table 1. Asymmetrical morphologies in the
PDMS-PEG multiblock copolymer were obtained by varying
PDMS chain lengths (m ¼ 3, 7, 14, 81) while sustaining the
equivalent PEG chain length (n ¼ 4), which in turn produced
PDMS3-PEG, PDMS7-PEG, PDMS14-PEG and PDMS81-PEG,
respectively. Hence PDMS81-PEG constituted the highest
volume fraction of PDMS in the block copolymer (0.94), whereas
the lowest volume fraction produced in this study was 0.45
(belonging to PDMS3-PEG).

Binary polymer blends (BPBs)

PDMS-PEG multiblock copolymers were incorporated into
PDMS elastomer (MJK) at 5, 10, 15 and 20 wt%. All mixtures
were speedmixed at 3500 rpm for 2 minutes. Aer that, the
blends were immediately cross-linked. The blends produced 16
samples in total.

Cross-linking

Four samples of PDMS-PEG multiblock copolymers and 16
samples of BPB were prepared. The stoichiometric ratio for the
cross-linking (r2) was calculated as:

r2 ¼ ½hydride�
½vinyl� ¼ fHMS½HMS�

fBCP½BCP� (3)

where fHMS and fBCP were the numbers of the HMS-501
(9-functional) functional group and the PDMS-PEG block
copolymer (2-functional), respectively, while [.] indicates the
initial concentration.26,27

The values of r2 were calculated based on the mass of PDMS-
PEG prepolymers added into the blends. The inhibitor
(SIT7900) and the platinum catalyst were added to the blends at
1 wt% and 30 ppm, respectively. Those blends which consisted
of PDMS-PEG prepolymer, namely MJK4/13, SIT7900 and
30 ppm platinum catalyst, were speed-mixed rigorously at
3000 rpm for 2minutes. Cross-linker (HMS-501) was added, and
the resulting mixture was additionally speed-mixed at 1500 rpm
for 2 minutes. The cross-linked lms were cured at a tempera-
ture of 60 �C overnight and then subsequently post-cured at
110 �C for 2 hours.

Characterisations

The NMR equipment utilised in this instance was the Bruker
300 MHz NMR. The number of scannings per sample was 128.

The sample was prepared by diluting 50 mg of the sample in
0.5 mL of deuterated chloroform (CDCl3).

Static contact angles, created by using the “sessile drop-
needle in” method, were taken at a room temperature of
23 �C using Dataphysics OCA20. The contact angle was
measured by dropping 6 mL of deionised water onto the
PDMS-PEG multiblock copolymer and BPB lms. Measure-
ments for each contact angle were taken for 65 seconds, and the
contact angles were analysed every 5 seconds, in order to obtain
contact angle versus time proles.

Linear viscoelasticity (LVE) properties, i.e. storage and loss
moduli, were characterised at room temperature using TA
Instruments' ARES-G2. The geometry of the parallel plate was
25 mm. The axial force, strain and frequency ranges were 5 N,
2% and 100–0.01 Hz, respectively. The Young's modulus can be
determined as Y ¼ 2(1 + n)G ¼ 3G, since Poisson's ratio (n) is
close to 0.5, due to the incompressibility of silicones.

Dielectric permittivity, loss permittivity and conductivity
were measured at a frequency of 106 to 10�1 using a broadband
dielectric spectrometer from Novocontrol Technologies GmbH
& Co. KG, Germany. The electrode diameter was 20 mm.

The breakdown tests were carried out on an in-house-built
device based on international standards (IEC 60243-1 (1998)
and IEC 60243-2 (2001)).28 Samples with a lm thickness less
than 100 mm were used, as breakdown strength depends
greatly on sample thickness.10 The lm was slid between the
two spherical electrodes (radius of 20 mm), and breakdown
was measured at the point of contact, with a stepwise
increasing voltage applied (50 to 100 V per step) at a rate of
0.5–1 steps per s.29 Each sample was measured up to 12 times,
and the average of these values was then taken as the break-
down strength.

The SEM model, FEI Inspect S, used to characterise nano-
scale images, performed energy-dispersive X-ray and wave-
length dispersive measurements. The accelerating voltage and
resolution were 200 V to 30 kV and 50 nm at 30 kV, respectively,
while the imaging modes used high and low vacuums.

The number average molecular weight (Mn) determinations
for PDMS-PEG multiblock copolymers were performed on an
SEC instrument consisting of a Viscotek GPCmax VE-2001
instrument equipped with a Viscotek TriSEC Model 302 triple
detector using two PLgel mixed-D columns from Polymer
Laboratories. Samples were run in tetrahydrofuran (THF) at
30 �C and at a rate of 1 mL min�1. Molar mass characteristics
were calculated using polydimethylsiloxane standards.

Table 1 Sample details for PDMS-PEG multiblock copolymersa

PDMS-PEG
block
copolymer

Number average molecular
weight of H-PDMS
(Mn,PDMS) [g mol�1]

Number of repeating
units in PDMS (m)

Theoretical number of
repeating units in
(PDMS-PEG)X (X)

Stoichiometric
ratio (r1)

Volume fraction
of PDMS (fA)

PDMS81-PEG 6000.00 81 5 1.21 0.94
PDMS14-PEG 1050.00 14 23 1.04 0.75
PDMS7-PEG 550.00 7 37 1.03 0.62
PDMS3-PEG 208.00 3 56 1.02 0.45

a Note: Mn of PEG in PDMS-PEG block copolymer is 250 g mol�1.
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Results and discussion
PDMS-PEG multiblock copolymer

The PDMS-PEG block copolymer samples with different
PDMS chain-lengths were characterised by means of size-
exclusion chromatography (SEC), while the cross-linked
samples were analysed by means of dielectric spectroscopy
and rheology. Results for the average number of molecular
weights obtained from SEC, shown in Table 2, indicate that
synthesised PDMS-PEG multiblock copolymers possess lower
Mn than targeted.

The relative permittivity of the multiblock copolymers is
shown in Fig. 2. Relative permittivity for the copolymer with the
least PEG (PDMS81-PEG) is constant at all frequencies, with a
slight increase at low frequencies. This behaviour is similar to
that of the reference elastomer (MJK), but the PDMS81-PEG
multiblock copolymer has three-fold higher relative permit-
tivity. For samples with higher PEG content, signicant relaxa-
tion takes place at low frequencies, leading to increased
permittivity (as seen in Fig. 3), while dielectric loss also
increases very abruptly when decreasing the frequency. This
behaviour indicates conductive nature of the elastomers. In
Fig. 4 the conductivity of the copolymers is shown. It is obvious
that they are all conductive, due to the display of a plateau in
conductivity at low frequencies. The block copolymers have
conductivities of the order of 102 to 105 higher than those of the
reference elastomer (MJK).

The rheological properties of the cross-linked copolymers
are shown in Fig. 5. The PDMS14-PEG and PDMS81-PEG
samples show the behaviour of very so networks with low
storage moduli compared to silicone elastomers, and they also
demonstrate signicant relaxation at low frequencies, which
further indicates the inherent soness. In contrast, the
PDMS3-PEG and PDMS7-PEG samples possess PEG-like prop-
erties with high storage moduli and low losses. Furthermore,
their shear modulus is higher than that of the reinforced
commercial silicone elastomer. Therefore, it is clear that an
increase of PEG constituents in a PDMS-PEG multiblock
copolymer reinforces the network comparable with the effect
of silica llers. It is noteworthy that PDMS81-PEG and
PDMS14-PEG closely resemble each other despite PDMS81-PEG
being signicantly shorter than PDMS14-PEG (see Table 2), and
thus PDMS81-PEG should provide signicantly higher cross-
link density and thus higher G. However, this effect cannot be
seen simply because the increased content of PEG in
PDMS14-PEG has an identical cross-linking effect.

Table 2 Average number of multiblock copolymers molecular
weights

PDMS-PEG block
copolymer

Experimental Mn,T

(103 g mol�1)

PDMS81-PEG 13
PDMS14-PEG 2.5
PDMS7-PEG 3.6
PDMS3-PEG 1.2

Fig. 2 Relative permittivity of cross-linked PDMS-PEG multiblock
copolymers at 23 �C.

Fig. 3 Dielectric loss factor for cross-linked PDMS-PEG multiblock
copolymers at 23 �C.

Fig. 4 Conductivity of PDMS-PEG multiblock copolymers at 23 �C.
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Binary polymer block copolymer and silicone elastomer
blends

Due to the conductivity of PDMS-PEG multiblock copolymers,
they were further blended and cross-linked into a commercial
PDMS elastomer (MJK). Incorporating the block copolymers into
a silicone network as a binary polymer blend (BPB) can facilitate
the creation of PEG spheres, as illustrated in Fig. 6. The blends
consist of PDMS-PEGmultiblock copolymers at loadings of 5, 10,
15 and 20 wt% and are denoted as MJK/PDMSi, where i¼ 81, 14,
7, 3. When increasing PEG fractions, unfavourable and discon-
tinuous morphologies may be formed.

Dielectric properties of the binary polymer blends

The relative dielectric permittivity and loss permittivity of the
polymer blends are shown in Fig. 7 and 8. Relative permittivities
are signicantly improved compared to the reference elastomer
(MJK), and loss permittivities are substantially lower than those
of the pure copolymers – as hypothesised. Refer to ESI
Fig. S2–4† for data for all samples.

In general, the storage permittivity of MJK/PDMS7 increases
as the wt% of the PDMS7-PEG multiblock copolymer increases

in line with loadings from 5 to 20 wt%. Incorporating 20 wt% of
PDMS7-PEG in a PDMS network yields the highest relative
permittivity (5.2), which is an increase of 60% compared to the
relative permittivity of MJK (3.5). The small increase in relative
permittivity at low frequencies for MJK/PDMS7, with 5 and
10 wt%, is due to electrode polarisation effects occurring during
the measurement process. However, this can be corrected by
applying silicone grease between the sample and the elec-
trode.30 The dynamic dipole orientation of polymer molecules
resulting from polarisation are observed for MJK/PDMS7 at
15 and 20 wt%, as Debye-relaxation peaks occur at frequencies
of 100 to 103 Hz.

One essential nding from the dielectric characterisation is
that none of the polymer blends is conductive. To further
analyse the optimum polymer blend, selection based on the
sample which gives the lowest dielectric loss factor is carried
out. Polymer blends of MJK/PDMS3, MJK/PDMS14 and

Fig. 5 Comparison between the storage and lossmodulus PDMS-PEG
multiblock copolymers at 23 �C.

Fig. 6 Illustration of morphologies for BPB of PDMS-PEG block
copolymer and silicone elastomer: (a) continuous phase in PDMS (b).
Co-continuous phase in PDMS (c). Discontinuous phase in PDMS.

Fig. 7 The relative permittivity of MJK/PDMS7 (5–20 wt% of
PDMS7-PEG) at 23 �C.

Fig. 8 The dielectric loss factor of MJK/PDMS7 (5–20 wt% of
PDMS7-PEG) at 23 �C.
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MJK/PDMS81 possess electrical loss factors in the ranges of
0.5–0.9, 0.25–0.75 and 0.06–1.25, respectively, in the investi-
gated frequency regime. MJK/PDMS7 is the most promising
blend, due to a low dielectric loss factor of 0.05–0.125 (Fig. 8).

The behaviour of MJK/PDMS7 non-conductivity with
different copolymer loadings is very promising, since no plateau
regions are observed at low frequencies (Fig. 9). This implies
that a blending method applied properly causes the successful
formation of a discontinuous phase for PEG that creates non-
conductive behaviour of the developed polymer in the PDMS
elastomer and PDMS7-PEG blends at loadings of 5, 10, 15 and
20 wt%. The conductivity of MJK/PDMS7 is consistent with
respect to the MJK elastomer, which is non-conductive, as
shown in Fig. 9.

The low dielectric loss factor and non-conductivity of
MJK/PDMS7 for all investigated copolymer loadings indicates
that the composites consist of PEG in discontinuous phases.

Rheological properties of BPB

To evaluate the effect of blending on mechanical properties,
elastomers from MJK/PDMS7 with a 5–20 wt% copolymer
were rheologically characterised, as shown in Fig. 10. The
storage modulus of MJK/PDMS7 with 20 wt% is relatively
close to the storage modulus of silicone elastomer (MJK). In
contrast, MJK/PDMS7 with 5 and 10 wt% is soer than the
PDMS elastomer, with storage moduli being one-fold and
three-fold lower than the storage modulus of MJK (7 � 105

Pa). The blend of MJK/PDMS7 with 15 wt% is the stiffest, with
G0 ¼ 8 � 105 Pa. Another important feature observed from
Fig. 10 is the appearance of small relaxation peaks in the loss
moduli for 15 and 20 wt%. This is due to the transient nature
of the PEG semi-crystalline phases acting as reinforcing
domains.

All elastomers, however, do show to be well cross-linked and
appear very elastic, and therefore they are suitable as so
dielectric elastomers.

Dielectric breakdown (EBD) strength

Electrical breakdown and the inuence of different PDMS7-PEG
block copolymer loadings in MJK/PDMS7 on the Weibull
parameters were investigated. The Weibull ts can be seen in
Fig. 11. The Weibull b-parameter (slope of the dashed line in
Fig. 11) decreases in line with an increasing MJK/PDMS7 wt%,
and it even increases at 20 wt%. The y-axis (Fig. 11) was deter-
mined from the formula below:

ln[�ln(1 � F)] ¼ b ln(EBD) � b ln(h) (4)

where F and EBD were the Weibull cumulative distribution
function and electrical breakdown, respectively. The value
of the Weibull location parameter h was determined from
ln[�ln(1 � F)] ¼ 63.2.

Averaged and tted electrical breakdown data for all the
samples are presented in Table 3. MJK/PDMS7 with 5 wt% bears

Fig. 9 The conductivity of MJK/PDMS7 (5–20 wt% of PDMS7-PEG) at
23 �C.

Fig. 10 The storage and loss moduli of MJK/PDMS7 (5–20 wt% of
PDMS7-PEG) at 23 �C.

Fig. 11 Cumulative probability of failure of the PDMS elastomer (MJK)
and MJK/PDMS7 with 5–20 wt% of the PDMS7-PEG multiblock
copolymer (T ¼ 23 �C). The dashed lines represent the linear fit line to
the data.
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the highest dielectric breakdown strength (103 V mm�1) with a
standard deviation of �4 V mm�1 when averaging over the 12
samples. All samples have an almost identical Weibull h

parameter and respective breakdown strengths.
Adding conductive particles usually destabilises the elastomer

in respect to electrical breakdown,31 but in the composites inves-
tigated herein the conductive PEG clearly stabilises the elasto-
mers, as the b parameters for the composites are signicantly
larger – and thus the materials will be more electrically stable.
This may be due to the charge-trapping effects of PEG.10 The
trapping effect probably decreases in line with increased loadings,
and thus there is an optimum in the composition at which the
electrical stabilisation is highest. The soest sample (5 wt%) is
furthermore very steep, and therefore the effect cannot be attrib-
uted to increased Young's moduli, as shown in Vudayagiri et al.28

Figure of merit (FOM)

One method which can be used to evaluate the actuation
performance of the elastomer is bymeans of a gure of merit for
dielectric elastomer actuators, FOM(DEA), derived by Sommer-
Larsen and Larsen:32

FOMðDEAÞ ¼ 33r30EBD
2

Y
(5)

where EBD is electrical breakdown, 30 is vacuum permittivity
(8.85 � 10�12 F m�1), 3r is relative permittivity and Y is the
Young's modulus.

The FOM(DEA) for the MJK/PDMS7 samples was determined
relative to the absolute value of the FOM(DEA) of Elastosil RT625
(1.86 � 10�24%), as reported by Vudayagiri et al.28 The nor-
malised FOM(DEA) was calculated as:

FOMðDEAÞNorm: ¼
FOMðDEAÞElastomer

FOMðDEAÞRT625

(6)

The calculated gures of merit are shown in Table 4. The
composite with 5 wt% has the highest normalised FOM(DEA)
value at 17, i.e. 17 times greater actuation than the reference
elastomer. This composition is the best-performing elastomer
amongst those investigated, due to the combination of high
electrical breakdown strength, a low Young's modulus and
relatively high dielectric permittivity.

Contact angles of BPB

The wettability of MJK/PDMS7 polymer blends was evaluated by
static contact angle measurements. The nature of the

PDMS-PEG multiblock copolymer is known as one of the
amphiphilic dynamic polymer chains. Similar to MJK/PDMS7,
which consists of PDMS7-PEG block copolymers in the PDMS
matrix, the trend on wettability leans toward amphiphilic
behaviour. In Fig. 12, the contact angles of MJK/PDMS7 for
different wt% (5, 10, 15 and 20) decline steeply for the rst 20 s
and are followed by a slight decrease until they are almost stable
at the end of the time period. This indicates that the block
copolymer in the polymer blends orients its polymer chains in
order to achieve the lowest possible surface energy, since the
copolymer comprises blocks of both hydrophobic PDMS and
hydrophilic PEG. When the developed elastomer is exposed to
air, the surface is controlled by the hydrophobic PDMS from the
block copolymer and the matrix, but upon contact with water
the chains re-orient and the PDMS blocks migrate back into the

Table 3 Dielectric breakdown strength, Weibull parameters h and b, and R2 of linear fit for the pure silicone elastomer (MJK) and MJK/PDMS7
with 5–20 wt% of the PDMS7-PEG multiblock copolymer

MJK/PDMS7 Dielectric breakdown EBD (V mm�1) Weibull h-parameter Weibull b-parameter R2 of linear t

MJK 93 � 7 98 17 0.92
5 wt% 103 � 4 105 31 0.84
10 wt% 92 � 3 94 31 0.93
15 wt% 93 � 8 96 13 0.99
20 wt% 101 � 5 103 25 0.95

Table 4 Normalised FOM(DEA) and Young's modulus (Y) for
MJK/PDMS7 with 5–20 wt% of PDMS7-PEG multiblock copolymer

MJK/PDMS7 Young's modulus, Ya (kPa) Normalised FOM(DEA)

0 wt% (MJK) 205 6.1
5 wt% 123 17.2
10 wt% 169 9.6
15 wt% 238 8.0
20 wt% 203 11.2

a Young's modulus calculated from Y ¼ 3G0.

Fig. 12 MJK/PDMS7 contact angles (5–20 wt% of PDMS7-PEG) at
23 �C.
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bulk material and are replaced by the more hydrophilic PEG
blocks at the surface.23 This behaviour is conrmed by the
contact angle measurement, where the rearrangement of the
polymer chains accounts for the change in contact angle over
time when a droplet of deionised water is dropped onto the top
surface of the sample. Thus, classing the wettability of
MJK/PDMS7 as amphiphilic is the result of incorporating the
PDMS7-PEG multiblock copolymer in the network, since PEGs
are well-known for their hydrophilic properties.

SEM analysis

In order to verify the hypothesised structure of the composites,
the prepared lms were investigated by SEM; the microscope
pictures are shown in Fig. 13. For MJK/PDMS7 with 5 wt%
copolymer loading, a rough surface is obtained. There are no
visible PEG domains observed, and the composite appears
homogeneous on the microscale. When the loading of the block
copolymer increases from 10 to 20 wt%, the microspherical
domains become visible and the number of microspheres
increases in line with an increased concentration of PEG. The
domains were analysed using Image Processing and Analysis
soware (ImageJ). The domain sizes of visible spherical
domains for MJK/PDMS7 at 10, 15 and 20 wt% are 1.3 � 0.2 mm,

1.3 � 0.2 mm and 1.6 � 0.2 mm, respectively. The observation of
spherical domains is coherent with the samples from Liu
et al.,33 who observed pores on composite samples of PDMS and
PEG etched with ethanol.33 The obtained morphologies indicate
that the methodology of blending polymers creates the good
dispersion of multiblock copolymers in a silicone network
where the spherical domain size seems independent on
concentration, as the chain length of the PEG was not a variable
in this study. Since the composite with the lowest concentration
of PEG possesses different morphology, and at the same time
possesses the best overall properties for actuation and lifetime,
it may be argued that the introduction of additional surfaces
into the system is unfavourable, especially as these surfacesmay
increase permittivity but they also destabilise the elastomer.

Conclusion

A new composite elastomer, which has high relative and low
permittivity, was successfully created from a binary system of
polymer blends consisting of conducting PDMS7-PEG multi-
block copolymer and non-conducting PDMS elastomer (MJK).
The desired morphology (discontinuous phase of the block
copolymer and continuous phase of PDMS) was successfully

Fig. 13 SEM images of MJK/PDMS7 at: (a) 5 wt% (b). 10 wt% (c). 15 wt% (d). 20 wt%.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 53054–53062 | 53061
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created in the blends, thereby indicating the development of
non-conductive behaviour in the elastomer. Low copolymer
loading is favourable, since it creates a homogeneous elastomer
on the micro-scale which in turn facilitates a more electrically
stable elastomer. Even though the PDMS7-PEG multiblock
copolymer is conductive and has high loss permittivity, a good
composite elastomer can be developed by incorporating the
block copolymer into a silicone network at different wt% and by
employing a proper mixing technique. The dielectric break-
down strengths for cross-linked MJK/PDMS7 polymer blends
were relatively high, with values in the order of 100 V mm�1.
Finally, by integrating all the characterised parameters,
i.e. Young's modulus, breakdown strength and relative permit-
tivity, gures of merit for the dielectric elastomer actuation of
the various MJK/PDMS7s were determined, and it was
concluded that by incorporating low concentrations of PEG,
actuation could be improved 17-fold along with the extension to
the lifetime of the dielectric elastomer.
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Results 
 
1. NMR spectra of multiblock copolymers 

 
The NMR spectra for PDMS-PEG multiblock copolymers with different chain-length of PDMS are shown in figures (S1.a), (S1.b), 
(S1.c) and (S1.d). 
 
a. PDMS81-PEG multiblock copolymer 

 
1H-NMR (CDCl3, 300 MHz): ẟ 0.05 - ẟ 0.09 (m, 6 H’s, -Si(CH3)2O-), ẟ 3.50 - ẟ 3.70 (m, 4 H’s, -C2H4O-), ẟ 0.98 - ẟ 1.03 (t, 2 H’s, -
SiCH2-), ẟ 3.53 - ẟ 3.57 (m, 2 H’s, -CCH2O-). 
 

 
 
Fig. S1.a The NMR for PDMS81-PEG multiblock copolymer. 
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b. PDMS14-PEG multiblock copolymer 

 
1H-NMR (CDCl3, 300 MHz): ẟ 0.05 - ẟ 0.09 (m, 6 H’s, -Si(CH3)2O-), ẟ 3.50 - ẟ 3.70 (m, 4 H’s, -C2H4O-), ẟ 0.98 - ẟ 1.03 (t, 2 H’s, -
SiCH2-), ẟ 3.53 - ẟ 3.57 (m, 2 H’s, -CCH2O-) 
 

 
 
Fig. S1.b The NMR for PDMS14-PEG multiblock copolymer. 
 
c. PDMS7-PEG multiblock copolymer 

 
1H-NMR (CDCl3, 300 MHz): ẟ 0.05 - ẟ 0.09 (m, 6 H’s, -Si(CH3)2O-), ẟ 3.50 - ẟ 3.70 (m, 4 H’s, -C2H4O-), ẟ 0.98 - ẟ 1.03 (t, 2 H’s, -
SiCH2-), ẟ 3.53 - ẟ 3.57 (m, 2 H’s, -CCH2O-). 
 

 
 
Fig. S1.c The NMR for PDMS7-PEG multiblock copolymer. 
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d. PDMS3-PEG multiblock copolymer 
 

1H-NMR (CDCl3, 300 MHz): ẟ 0.05 - ẟ 0.09 (m, 6 H’s, -Si(CH3)2O-), ẟ 3.50 - ẟ 3.70 (m, 4 H’s, -C2H4O-), ẟ 0.98 - ẟ 1.03 (t, 2 H’s, -
SiCH2-), ẟ 3.53 - ẟ 3.57 (m, 2 H’s, -CCH2O-) 
 

 
 

Fig. S1.d The NMR for PDMS3-PEG multiblock copolymer. 
 

2. Data for binary blends (MJK/PDMS81) 
 
The results of dielectric and mechanical properties are presented in figures (S2.a), (S2.b) & (S2.c) and (S2.d), respectively, for blends 
of MJK/PDMS81: 

 
a. Dielectric permittivity of MJK/PDMS81 
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Fig. S2.a The relative storage and loss permittivity for MJK/PDMS81 (5 – 20 wt% of PDMS81-PEG) at 23 °C. 
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b. Conductivity of MJK/PDMS81 

10-1 100 101 102 103 104 105 106 107

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

C
on

du
ct

iv
ity

 (S
/c

m
)

Frequency (Hz)

 PDMS elastomer (MJK)
 5 wt% MJK/PDMS81 
 10 wt% MJK/PDMS81 
 15 wt% MJK/PDMS81 
 20 wt% MJK/PDMS81 
 PDMS81-PEG 

 
Fig. S2.b The conductivity of samples from MJK/PDMS81 (5 – 20 wt% of PDMS81-PEG) at 23 °C. 
 
c. Dielectric loss factor of MJK/PDMS81 
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Fig. S2.c The dielectric loss factor for MJK/PDMS81 (5 – 20 wt% of PDMS81-PEG) at 23 °C. 
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d. Linear viscoelastic data of MJK/PDMS81 

 
Fig. S2.d The storage and loss modulus for MJK/PDMS81 (5 – 20 wt% of PDMS81-PEG) at 23 °C. 

 
3. Binary blends - MJK/PDMS14 
 
The results of dielectric and mechanical properties are presented in figures (S3.a), (S3.b) & (S3.c) and (S3.d), respectively, for blends 
of MJK/PDMS14: 
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Fig. S3.a The relative storage and loss permittivity for MJK/PDMS14 (5 – 20 wt% of PDMS14-PEG) at 23 °C. 
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b. Conductivity of MJK/PDMS14 
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Fig. S3.b The conductivity for MJK/PDMS14 (5 – 20 wt% of PDMS14-PEG) at 23 °C. 

 
c. Dielectric loss factor of MJK/PDMS14 
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Fig. S3.c The dielectric loss factor for MJK/PDMS14 (5 – 20 wt% of PDMS14-PEG) at 23 °C. 
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d. Linear viscoelastic data of MJK/PDMS14 

 
Fig. S3.d The storage and loss modulus for MJK/PDMS14 (5 – 20 wt% of PDMS14-PEG) at 23 °C. 

 
 

4. Binary polymer blends - MJK/PDMS3 
 
The dielectric and mechanical properties are presented in figures (S4.a), (S4.b) & (S4.c) and (S4.d), respectively, for blends of 
MJK/PDMS3: 
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Fig. S4.a The relative storage and loss permittivity for MJK/PDMS3 (5 – 20 wt% of PDMS3-PEG) at 23 °C. 
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b. Conductivity of MJK/PDMS3 
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Fig. S4.b The conductivity for MJK/PDMS3 (5 – 20 wt% of PDMS3-PEG) at 23 °C. 

 
 

c. Dielectric loss factor of MJK/PDMS3 
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Fig. S4.c The dielectric loss factor for MJK/PDMS3 (5 – 20 wt% of PDMS3-PEG) at 23 °C. 

 
 

Appendix I

116



d. Linear viscoelastic data of MJK/PDMS3 

 
Fig. S4.d The storage and loss modulus for MJK/PDMS3 (5 – 20 wt% of PDMS3-PEG) at 23 °C. 

 
 
5. Contact angles of PDMS-PEG multiblock copolymers 

 
The coherence of hydrophobic behaviour between PDMS-PEG multi block copolymers and PDMS elastomer (MJK) with previously 
published data was investigated from the contact angle measurements. The block copolymer which comprises blocks of both 
hydrophobic PDMS and hydrophilic PEG, orients its polymer chains in such a fashion as to obtain the lowest possible surface 
energy.1 The contact angle of MJK is coherent with the contact angle of e.g. another commercial PDMS (Sylgard 184)1,2 and hence 
MJK act hydrophobically with a consistent contact angle of 105° throughout the period of measurement. On the other hand, the 
synthesized PDMS-PEG multiblock copolymers behave amphiphilic since the rearrangement of the polymer chains accounts for the 
change in contact angle over time. There is an obvious trend of decrement of contact angles from ~ 105° to below 95° with time for 
all the block copolymers and they behave similarly to previously published data1,3. The affinity towards hydrophobicity depends on 
the numbers of PEG in the PDMS-PEG block copolymer where greater numbers of PEG increase the tendency towards hydrophilic 
nature as expected. For instance, PDMS81-PEG is the most hydrophobic with a contact angle of 92° compared to the other block 
copolymers. The other multiblock copolymers have lower contact angle than PDMS81-PEG due to more PEGs in the block 
copolymers. PDMS3-PEG with 228 number of PEG chains possesses the lowest wettability (contact angle of nearly 65°).  
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Fig. S5 The contact angles of PDMS-PEG multiblock copolymers and silicone elastomer (MJK 4/13) at 23 °C. 
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Silicone elastomers with covalently incorporated
aromatic voltage stabilisers†

A. H. A. Razakab and A. L. Skov*a

When optimising dielectric elastomers (DEs) a conflict exists, namely that for large achievable actuation

strains softness is required, but with increased softness electrical breakdown strength decreases. Herein,

soft dielectric silicone elastomers with increased electrical breakdown strength, due to the incorporation

of an aromatic voltage stabiliser, were prepared by cross-linking synthesised polydimethylsiloxane–

polyphenylmethylsiloxane (PDMS–PPMS) copolymers. PPMS possesses voltage stabilisation capabilities

but is immiscible in PDMS, and thus the copolymerisation of the two components was necessary for

homogeneity. Concentrations of the voltage stabiliser were varied by changing the molecular weights of

the PPMS in the copolymer. The developed elastomers were inherently soft with enhanced electrical

breakdown strengths, due to delocalised p-electrons of the aromatic constituent. An optimum

concentration was found for the voltage stabilisation effect. The relative permittivities of the

PDMS–PPMS elastomers varied from 3.4 to 3.9 and therefore were also improved from pure PDMS

elastomers. The elastomers were furthermore non-conductive and possessed low dielectric losses.

These properties are evaluated as favourable for soft actuation.

Introduction

Numerous studies on formulating elastomers, with the ultimate
goal of achieving better dielectric elastomer (DE) actuation
performance, have been performed, mainly by utilising silicone
elastomers1 or other elastomers such as acrylics, polyurethanes
and natural rubber.2 The actuation performance of a DE at
a given voltage (V) can be improved by enhancing the relative
permittivity (3r) or by reducing the Young's modulus (Y). These
handles are obvious from the actuation equation derived by
Pelrine et al.,3 which relates the actuation strain (s) to the
mentioned parameters via:

s ¼ �3r30
Y

 
V

d

!2

(1)

where 30 ¼ 8.85 � 10�12 F m�1 is the permittivity of free space.
The largest achievable electrical eld over the dielectric elas-
tomer before electrical failure (EBD) is denoted the electrical

breakdown strength. In this electrical eld the maximum
theoretical actuation strain is achieved under the assumption
that the elastomer is highly extensible and does not break down
mechanically prior to electrical breakdown:

smax ¼ �3r30
Y

EBD
2 (2)

However, this strain is not always possible to achieve, since
the elastomer may undergo electro-mechanical instability (EMI)
which results in premature breakdown.4–7 The EMI effect is most
common for elastomers with strain-soening behaviour. In the
following this effect is ignored, since all investigated elastomers
have strain-hardening behaviour. Thus, the maximum achiev-
able strain will be described by eqn (2). Furthermore, it also
requires that the electrodes do not contribute to the elastic
modulus, whilst they should also be stretchable to the same
extent as the elastomer.8

As solutions to enhanced relative permittivity, several
works have been performed on elastomers by adding titaniu-
m(IV) oxide (TiO2),9,10 barium titanate (BaTiO3)11 and calcium
copper titanate (CaCu3Ti4O12).12 Silicone elastomer composites
are usually relatively stiff and lead to signicant losses,1 and as
alternatives to elastomers with improved permittivity, chemical
functionalisation, via the covalent graing of dipoles such as
triuoropropyl,13 p-nitroaniline14 or azide groups15,16 to the
silicone backbone, has been investigated. Recently, a novel
method for introducing high-permittivity liquids into silicone
elastomers was developed, and these elastomers were shown to
possess high dielectric permittivity.17,18
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As mentioned previously, another approach to improving
actuation performance is reducing the Young's modulus. This
can be achieved by either pre-straining externally, using a stiff
supporting structure, or pre-straining internally, via an inter-
penetrating polymer network (IPN)19,20 or by creating bimodal
networks with reduced cross-linking density in the elastomer
matrix.21,22 The mentioned elastomers with high relative
permittivity and a low Young's modulus improve actuation
performance at a given voltage, but these optimised elastomers
oen possess relatively low electrical breakdown strength. For
a given elastomer system (i.e. elastomer matrix and ller) the
electrical breakdown strength decreases when the Young's
modulus is decreased.9

Increasing the electrical breakdown strength of DEs allows
for greater actuation, due to the possibility of utilising larger
electrical elds without failure.3,23 For DEs, several mechanisms
lead to electrical breakdown, namely partial discharge24 and
electromechanical25 and electrothermal breakdown.26,27 Multiple
studies on pre-strained DE electrical breakdown have been
conducted, with the main emphasis on reliability and the effect
of electrical breakdown strength on external properties such as
effective electrode congurations,28,29 elastomer processing
techniques30 and pre-stretching methods.3,23,29 As an alternative
approach to enhancing electrical breakdown strength, blending
in additives with a voltage-stabilising effect or via polymer
structure modications remains unexplored for dielectric
elastomers.

Electron-trapping effects have been investigated previously by
including aromatic voltage stabilisers in minute concentrations

in polymers, mainly polyethylene (PE), with the purpose of
reducing power loss for high-voltage insulation cables.31–33

Aromatic voltage stabilisers, which have delocalised p-electrons,
trap energetic electrons and create radicals, as they interrupt the
distribution of the p-electron cloud.34 For high-voltage insu-
lation cables, Yamano et al.31 increased the electrical breakdown
strength in PE by using aromatic azo-compounds which had six
different side groups with electron-acceptors (NO2c, CNc) or
electron-donors (NH2c, CH3c, OHc). The PE composite contain-
ing the azo-compound with (OH)2 and NO2 side groups with
a remarkably low concentration of 1 � 10�5 mol g�1 had the
highest electrical breakdown strength, improving by 48%
compared to the PE without an additive. This indicates that both
electron donating (OHc) and accepting (NO2c) groups efficiently
increase electrical breakdown strength, due to the increased
polarity in the aromatic group and thus lower excitation ener-
gies. Yamano32 enhanced further electrical breakdown strength
in PE with acene compounds (naphthalene, anthracene, tetra-
cene and pentacene) as aromatic voltage stabilisers.

However, utilising aromatic voltage stabilisers of any kind as
a silicone additive will unavoidably cause phase separation of
the resulting mixture. Preventing this on both the macro and
the micro scale during preparation, as well as during actuation,
is a key requirement for long DE lifetimes.33 The effect of
electron-trapping by phenyl groups, so-called ‘homo-aromatics’,
in a silicone elastomer is illustrated in Fig. 1. Electrons in the
presence of an electrical eld accumulate initially at the inter-
facial boundary between the lm and the electrode, as shown in
Fig. 1(b). The electrons then migrate and are trapped in the

Fig. 1 The enhancement of electrical breakdown strength due to electron-trapping: (a) a silicone elastomer with an aromatic group grafted to
the silicone backbone and a coating of compliant electrodes on the top and bottom surfaces. (b) The existence of electrons at the interfaces
between the elastomer and the compliant electrode in the presence of an electrical field. (c) The electron-trapping effect as a consequence of
a collision between electrons and the phenyl group. (d) The formation of anion radicals resulting from the disturbance of the cloud of p-
electrons of the phenyl group.
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phenyl group, as seen in Fig. 1(c). When electrons migrate and
collide with the homo-aromatic group, they disturb the cloud of
pi-electrons in the aromatic group, and this results in the
formation of electron-accepting radicals, as shown in Fig. 1(d).
The depth of the electron trap is highly inuenced by the type of
radical,34 where the depth for the aromatic group with the
radical of an electron-accepting type is larger than that of the
aromatic group without a radical.32,34 The trapped electrons act
as negative space charges in the elastomer, causing a decrease
in electrical eld strength on the cathode.32 This decreased
electrical eld strength then reduces electron migration from
the cathode. The trapped electrons remain in the lm bulk and
therefore delay electrical breakdown; thus, increased electrical
breakdown strength is achieved.

In this work, the voltage stabilisation effect of PPMS in
cross-linked PDMS–PPMS copolymers is investigated, while
cross-linked materials are characterised mechanically and
dielectrically.

Experimental
Materials

Telechelic vinyl-terminated polydimethylsiloxanes (V-PDMS)
were DMS-V31, DMS-V25, DMS-V22 and DMS-V21, with
a number average molecular weight (Mn) of 28, 17.2, 9.4 and
6 kg mol�1, respectively. Telechelic hydride-terminated poly-
phenylmethylsiloxanes (H-PPMS) were PMS-H03 (Mn ¼ 0.4 kg
mol�1) and PMS-H11 (Mn ¼ 1 kg mol�1). The catalyst was
a platinum-divinyl-tetramethyl disiloxane complex [SIP6830.3]
containing 3.25% of platinum in xylene. The vinyl-functional
cross-linker was methyl-hydrosiloxane-dimethylsiloxane copol-
ymer [VDT-431] (Mn¼ 28 kgmol�1, 15-functional). All polymers,
cross-linkers and catalysts were purchased from Gelest Inc.
Fumed silica (SIS6962.0) was purchased from Fluorochem.

Synthesis of PDMS–PPMS block copolymers

PDMS–PPMS block copolymers were prepared from the hydro-
silylation of hydride-terminated PPMS and vinyl-terminated
PDMS at room temperature in the presence of a platinum (Pt)

catalyst, as shown in Scheme 1. The synthesised block copol-
ymer has X + 1 blocks of phenylmethylsiloxane and X blocks of
dimethylsiloxane.

The procedure to synthesise PDMS–PPMS block copolymers
was taken from A. Razak et al.35 The required amount of
hydride-terminated PPMS was added based on a targeted
molecular weight (Mn,T) of 30 kg mol�1 of the copolymer (refer
to ESI 1, eqn (1)†). The mixture containing V-PDMS, H-PPMS
and 30 ppm of the Pt catalyst was speed-mixed at 3000 rpm
for 5 min. The stoichiometric ratio was calculated based on the
number of PDMS–PPMS repeating units, X (see ESI 1, eqn (2)†).

Cross-linking and sample preparation

All PDMS–PPMS block copolymer samples were cross-linked
with the vinyl-functional 15-functional cross-linker. The stoi-
chiometric ratio for cross-linking (r2) was 1.5, with an excess of
cross-linker (see ESI 2, eqn (3)†). Blends containing copolymer,
cross-linker, 30 ppm of Pt catalyst and 25 parts per hundred
rubber (phr) of silica were speed-mixed at 2500 rpm for 4
minutes.

The nal mixtures were casted on Teon plates for easy
release. The cross-linked copolymer lms were prepared in
thicknesses of approximately 1 mm (thick lm) and 100 � 20
mm (thin lm). Thick lms were used to measure linear visco-
elasticity (LVE), the stress–strain relationship and dielectric
properties. All lms were placed in a vacuum oven at 23 �C for 4
to 8 hours, due to trapped air during fabrication, and were
thereaer cured at 40 �C for 12 hours to ensure proper lm
formation. The curing process was continued at 150 �C for 8 to
12 hours. Subsequently, all lms were post-cured at 200 �C for 2
hours to remove all volatiles.36,37

The cross-linked PDMS–PPMS copolymer is referred as
a PDMS–PPMS elastomer. Samples were named based on
repeating numbers of PDMS and PPMS as nDMS_mPMS. The
realised molar concentrations of the phenyl group (CC6H5

) were
calculated from the ratio of the mole number of the phenyl
group to the total mass of PDMS and PPMS. The mole number
of the phenyl group was determined based on integration areas
and H's numbers of CH3–Si–C5H5 and Si–(CH3)2 in 1H-NMR

Scheme 1 The hydrosilylation reaction utilised when preparing the PDMS–PPMS block copolymer with a stoichiometric ratio of r ¼ (X + 1)/X,
wherem is the number of repeating phenylmethylsiloxane units in PPMS (m¼ 2 and 6) and n is the number of repeating dimethylsiloxane units in
PDMS (n ¼ 377, 231, 126 and 80).
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(refer to ESI 3, eqn (4–7)†). Details of the PDMS–PPMS copoly-
mers are presented in Table 1.

Instrumentation

Degree of conversion of vinyl groups in the synthesis of
PDMS–PPMS copolymer. The synthesised copolymer was a tel-
echelic hydride-functional PDMS–PPMS copolymer. The degree
of conversion of the PDMS vinyl group from the hydrosilylation
of hydride-terminated PPMS and vinyl-terminated PDMS was
determined via proton nuclear magnetic resonance spectros-
copy (1H-NMR) by observing the disappearance of vinyl peaks in
the NMR spectra. The NMR equipment utilised for 1H was
a Bruker 300 MHz NMR. The number of scannings per sample
was 128. The samples were prepared at a concentration of
100 mg mL�1 in deuterated chloroform (CDCl3).

Number average molecular weight. The number average
molecular weights (Mn) of the copolymers were determined
from size-exclusive chromatography (SEC). SEC was performed
on a Viscotek GPCmax VE-2001 instrument equipped with
a Viscotek TriSEC Model 302 triple detector using two PLgel
mixed-D columns from Polymer Laboratories. The copolymer
concentrations were between 2 and 3 mg mL�1 in toluene, and
solutions were run at 35 �C at an elution rate of 1 mL min�1.
Molecular weight distributions were calculated using WinGPC
Unity 7.4.0 soware and linear PDMS standards acquired from
Polymer Standards Service GmbH.

Electrical breakdown strength. The measurement of elec-
trical breakdown strength was performed on an in-house-built
device based on international standards (IEC 60243-1 (1998)
and IEC 60243-2 (2001)). Samples were prepared with a thick-
ness of less than 110 mm. The lm was slid between two
spherical metal electrodes (diameter of 20 mm). The electrical
breakdown measurement was taken at the point of contact
with a stepwise increasing voltage applied (50–100 V per step)
at a rate of 0.5–1 steps per s. The electrical breakdown
measurement was repeated 12 times for each sample, and the
average of these values was then stated as electrical breakdown
strength.

Dielectric properties. Dielectric properties were measured
by dielectric spectroscopy performed on a Novocontrol Alpha-A
high-performance frequency analyser (Novo-control Technologies

GmbH & Co. KG, Germany) operating in the frequency range
10�1 to 106 Hz at 23 �C. The electrode diameter was 20 mm. The
sample was sandwiched between two gold-coated plates prior to
the measurement.

Linear viscoelastic (LVE) properties. Prepared lms were
characterised at 23 �C using an advanced rotational rheometer
from TA Instruments (ARES-G2). The utilised parallel plates had
a diameter of 25 mm. The axial force ranged from 5 to 12 N,
depending on the samples, to ensure sufficient contact between
the plate and the sample (diameter of 25 mm). The strain and
frequency in the linear regime were 2% and 10�2 to 102 Hz,
respectively.

Stress–strain relationship. Tensile strengths and elongations
at breaking, as well as the Young's moduli at a 5% strain, were
measured in extensional rheological tests. The rheological test
was performed on an ARES-G2 rheometer from TA Instruments
by means of an SER2 universal testing platform consisting of
two rotating drums with a diameter of 10.3 mm, with the lateral
offset of the centre axis of these two drums at 12.7 mm. The
sample, which was a rectangular strip of 6 mm (width), 30 mm
(length) and 1 mm (thickness), elongated within a conned
length (L¼ 12.7 mm) by winding up the strip with the two rotary
drums. The ends of the strip were secured by means of strong
glue to the surfaces of the drums. For incompressible samples,
the ends of the strip moved at speed [vend ¼ (L/2)d3H/dt]. Inte-
grating this speed from an initial length (Lo) to the nal length
(Lf) led to an exponential increase in sample length over time
L(t) ¼ Lo exp[(d3H/dt)t], and so the nal Hencky strain (3H) can
thus be expressed as follows: 3H ¼ ln[Lf/Lo]. Here, engineering
stress and strain were used for the stress–strain relationship.
Engineering strain was calculated from the measured Hencky
strains, and engineering stress was calculated from the
measured torque over a cross-sectional area of the sample (refer
to eqn (8–12)† in ESI 4 for engineering stress and strain,
respectively).

Scanning electron microscopy (SEM) images. The morphol-
ogies of the cross-linked copolymers and the reference elas-
tomer were examined via scanning electron microscopy (SEM)
(FEI Inspect S, USA). The samples were cross-sectional lms and
were rstly immersed in liquid nitrogen for a few minutes, then
broken and deposited on a sample holder. All samples were
coated with gold under vacuum conditions before testing.
Energy-dispersive X-ray (EDX) spectroscopy (Oxford INCAWave
500, UK) was applied to detect the element distribution prole
on the surface of the samples.

UV/Vis absorbance. The presence of phenyl groups in the
cross-linked copolymers was detected from the absorbance
energy of ultraviolet (UV) or visible light (Vis). Energy absor-
bance from UV/Vis light was measured by an UV/Vis spec-
trometer from BMG Labtech (SPECTROstar Omega). The
wavelength range of the UV/Vis spectrometer was from 220 to
1000 nm, while optical density (OD) range was between 0 and 4
OD with an accuracy of <1% at 2 OD. Energy absorbance was
measured within wavelengths of 220 to 350 nm. These
measurements were performed on eight wells of a Nunc 96-Well
LockWell™ PolySorp module plate from Thermo Scientic for
thin lms with an approximate thickness of 100 mm.

Table 1 Sample details and realised molar concentrations of the
phenyl group of cross-linked PDMS–PPMS copolymers

Vinyl-
functional
PDMS

Hydride-
functional
PPMS

PDMS–PPMS
copolymer
(nDMS_mPMS)

Realised concentration
of phenyl groups
[10�4 mol g�1]

DMS-V31 PMS-H03 377DMS_2PMS 5.0
DMS-V25 231DMS_2PMS 6.9
DMS-V22 126DMS_2PMS 7.8
DMS-V21 80DMS_2PMS 8.4
DMS-V31 PMS-H11 377DMS_6PMS 8.7
DMS-V25 231DMS_6PMS 9.8
DMS-V22 126DMS_6PMS 15
DMS-V21 80DMS_6PMS 20
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Results and discussion

The targeted elastomers with covalently graed voltage stabil-
isers are shown in Fig. 2. In order to realise these elastomers,
copolymers were rst synthesised and characterised before
being cross-linked into elastomers.

Synthesised PDMS–PPMS copolymers

Determined molecular weights of synthesised PDMS–PPMS
copolymers are shown in Table 2. All copolymers have low
polydispersity indexes (PDI# 2.1). The disappearance of the Si–
CH2]CH2 bond signal at 5.8–6.2 ppm was conrmed by 1H-
NMR, to ensure that all vinyl groups in the PDMS had been
consumed fully during the hydrosilylation of vinyl-terminated
PDMS and hydride-terminated PPMS; refer to ESI 5 for NMR
spectra in Fig. S2–9.† 1H-NMR spectra conrmed that the syn-
thesised PDMS–PPMS copolymers were hydride functional, and
all vinyl groups in the PDMS were fully reacted.

Linear viscoelasticity

To evaluate the effect of the increased concentration of the
phenyl group on viscoelastic properties, the prepared elasto-
mers were characterised rheologically, as shown in Fig. 3. This
is an important investigation to perform for these systems,
since aromatics are well-known to inhibit utilised silylation

chemistry. The PDMS–PPMS elastomers show to be well cross-
linked and behave elastically, i.e. the inhibiting nature of the
phenyl groups did not affect the nal properties of the elasto-
mers. The resulting storage moduli (G0) for all elastomers and
the reference are between 104 and 105 Pa, and they all behave in
a similar manner with close-to-identical relaxations. From these
results it is obvious that the elastomers maintain network
integrity. Relative losses [tan(d)] are comparable to these of
commercial silicone elastomers such as Elastosil RT625 from
Wacker Chemie.38

Stress–strain relationship

Stress–strain curves and Young's moduli of the cross-linked
copolymers are shown in Fig. 4 and 5, respectively. All cross-
linked copolymers show increased strain at breaking,
compared to the reference (DMS-H31), due to an evident ‘plas-
ticising’ effect (see Fig. 4). All elastomers are still strain-
hardening despite being plasticised. The resulting Young's
moduli at 5% strains of the cross-linked copolymers are shown
in Fig. 5, and the so nature of all the elastomers is obvious.
Common Young's moduli of silicone elastomers are around

Table 2 Average number of molecular weights and actual concen-
trations of the phenyl group of synthesised PDMS–PPMS copolymers

Cross-linked PDMS–PPMS
copolymer

Actual Mn,T

(kg mol�1)
Polydispersity index,
PDI (Mw/Mn)

377DMS_2PMS 32 2.1
231DMS_2PMS 36 1.9
126DMS_2PMS 73 1.5
80DMS_2PMS 39 1.8
377DMS_6PMS 42 1.7
231DMS_6PMS 37 1.8
126DMS_6PMS 82 1.6
80DMS_6PMS 32 2.0 Fig. 3 The storage and tan(d) of cross-linked PDMS–PPMS copoly-

mers at 23 �C; C is in 10�4 mol g�1.

Fig. 2 Illustration of a cross-linked PDMS–PPMS copolymer with (a) short chain and (b) long chain.

472 | RSC Adv., 2017, 7, 468–477 This journal is © The Royal Society of Chemistry 2017

RSC Advances PaperAppendix II

124



1 MPa.38 Another nding is that the cross-linked copolymer
80DMS_2PMS is slightly stronger than the reference elastomer
(DMS-H31), not only with respect to the initial Young's
modulus, but also with respect to ultimate strength.

With respect to actuation, elastomers C ¼ 7.8 and 15 �
10�4 mol g�1 show the most soness. On the other hand, both
elastomers do not possess any signicant strain-hardening
behaviour. The slightly stronger elastomers C ¼ 8.4 and 8.7 �
10�4 mol g�1 show ideal properties for actuation with good,
ultimately strain-hardening, behaviour.

Obviously, from the mechanical data, there is no clear trend
in mechanical behaviours except that a concentration of around
8.5 � 10�4 mol g�1 seems to be the most favourable. This is
most likely due to local phase separation, which serves both to
stabilise and to plasticise the elastomer, i.e. some regions will
be rich in PPMS (rigid zones) and other regions poor (plasticised
zones). This can be seen to some extent from SEM imaging
of the resulting lms with two examples shown in Fig. 6. As
investigated by Luo et al.,39 PDMS shows a distinct triangular
pattern whereas PMMS shows a pattern with bent rectangles.

This is illustrated below by the elastomers 377DMS_2PMS and
80DMS_2PMS, wherein sample 377DMS_2PMS shows a distinct
PDMS structure while elastomer 80DMS_2PMS has areas with
both signatures. SEM pictures of all elastomers can be seen in
ESI 6, Fig. S10.†

Dielectric properties

The conductivity and dielectric properties of the cross-linked
PDMS–PPMS copolymers and the reference elastomer are
shown in Fig. 7 and 8, respectively. The resulting conductivities
indicate that none of the cross-linked copolymers is conductive,
as illustrated in Fig. 7. Low conductivity is a key element in the
actuation performance of the DE. The relative permittivity of
prepared elastomers with short-chain PPMS initially increases
and reaches a maximum phenyl group concentration of 6.9 �
10�4 mol g�1, albeit it decreases thereaer. On the other hand,
the relative permittivity of cross-linked copolymers with long-
chain PPMS decreases in line with an increase in phenyl
concentration. The at curves furthermore indicate that phase
separation is not macroscopic but rather limited to the lower
microscale or nanoscale. These observations again indicate that
micro- or nanoscale phase separation takes place and that the
morphology of the elastomers depends strongly on the

Fig. 6 SEM pictures of two representative samples, namely (a)
377DMS_2PMS and (b) 80DMS_2PMS.

Fig. 4 Stress–strain curves for PDMS–PPMS elastomers with different
phenyl group concentrations at 23 �C (typical standard deviations in
tensile measurements were of the order �5%).

Fig. 5 Young's moduli for the PDMS–PPMS and reference elastomers.
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concentration of phenyl groups. Dielectric losses, which are
represented by tan(d), are relatively low for all cross-linked
copolymers, as shown in Fig. 8. The reference elastomer
(DMS-H31) shows low tan(d) as well.

Electrical breakdown and Weibull analysis

The inuence of the concentration of the phenyl group in
cross-linked PDMS–PPMS copolymer on electrical breakdown
strength was investigated. The resulting electrical breakdown
strength of the cross-linked copolymers with different phenyl
group concentrations is shown in Fig. 9, namely an optimum
electrical breakdown strength (72 � 3 V mm�1) occurring at
a phenyl concentration of 8.4 � 10�4 mol g�1. In other words,
electrical breakdown strength has increased 36% compared to the
reference elastomer. The optimum is most likely due to
the combination of favourable phase separation and a relatively
high concentration of phenyl groups. Stiffness may also affect
electrical breakdown strength strongly,9 i.e. the electrical break-
down strength of the reference elastomer is low due to
the inherently so nature of silicone elastomers cross-linked from

high molecular weight PDMS polymers,40 and there is a broad
amount of variation in the Young's moduli of the prepared elas-
tomers. To evaluate whether the voltage stabilisation effect is

Fig. 8 The dielectric properties of PDMS–PPMS elastomers with
different phenyl concentrations at 23 �C: (a) short-chain and (b) long-
chain PPMS; C is in 10�4 mol g�1.

Fig. 9 Electrical breakdown strength of PDMS elastomer and PDMS–
PPMS copolymers with different phenyl group concentrations.

Fig. 7 The conductivity of PDMS–PPMS elastomers with different
phenyl concentrations of at 23 �C: (a) short-chain and (b) long-chain
PPMS; C is in 10�4 mol g�1.
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rather an effect of increased stiffness, the inuence of Y on
electrical breakdown strength was investigated. There is no
correlation, as seen from ESI 7 in Fig. S11,† whichmeans that the
effect is due to the voltage stabilisation effect.

Weibull analysis was used to obtain a further understanding
of the electrical reliability of the prepared elastomers. The
Weibull probability distribution of failure for all lms is shown
in Fig. 10. The h-parameter, which is the Weibull scale param-
eter, was determined from the Weibull plot as the value at
which failure probability, ln[�ln(1 � F)], was 63.2%.35 The
b-parameter is the Weibull shape parameter, representing the

broadness of distribution. The h-parameter is closely correlated
to the mean breakdown voltage.41 A small value of the Weibull
shape parameter indicates that electrical breakdown occur-
rences are broadly dispersed.41

Due to different prepared PDMS–PPMS elastomer lm
thicknesses, the determined electrical breakdown strengths
were normalised based on a reference thickness for better
comparison. Normalised dielectric breakdown strength can be
determined by:28

En ¼ n
�1
bE0 (3)

where E0 is the electrical breakdown strength of a 100 mm lm,
b is the Weibull shape parameter and n is relative sample
thickness compared to the chosen reference thickness of (t0 ¼
100 mm).

The results for the normalised electrical breakdown strength
(En), Weibull h- and b-parameters and R2 of the linear ts for
cross-linked copolymers, including the reference, are summar-
ised in Table 3. Cross-linked PDMS–PPMS copolymers with
long-chain PPMS possess lower electrical breakdown strength
standard deviation than the copolymers with short-chain PPMS,
as illustrated in Table 3. The coefficient of determination (R2) of
all investigated elastomers is above 0.85, indicating that the
measured electrical breakdown strengths correlate well with the
tted regression lines.

The Weibull plots for all samples are shown in Fig. 10. The
plotted data in the Weibull probability distribution of failure of
elastomers with short-chain PPMS clearly show two domains
(refer to Fig. 10(a)). This is an indication of the inhomogeneity of
the phenyl group in the PDMS–PPMS matrix containing short-
chain PPMS. On the other hand, the Weibull distribution data
for the elastomers with long-chain PPMS show one domain with
only a small discrepancy at high voltages, thereby indicating better
homogeneity of the phenyl group in the PDMS–PPMS matrix.

Weibull parameters h and b at different phenyl group
concentrations are compared and summarised in Fig. 11. One
important nding from the values of the Weibull b-parameter is
that the PDMS–PPMS elastomers with long-chain PPMS have
larger b-parameter values compared to the elastomers with
short-chain PPMS except at very high phenyl group loadings,
where b drops. For both types of cross-linked copolymers an
optimum h parameter value of around 8 � 10�4 is found.

Table 3 Electrical breakdown strength at 23 �C, Weibull parameters h and b and R2 of the linear fit for all prepared cross-linked copolymers and
the reference

Cross-linked PDMS–PPMS
copolymer

Thickness
(mm)

Electrical breakdown
strength (V mm�1) Weibull b-parameter Weibull h-parameter R2

Normalised electrical
breakdown (V mm�1)

DMS-H31 (ref.) 105 53 � 4 17 55 0.85 52.9 � 3.6
377DMS_2PMS 81 53 � 4 17 55 0.85 53.7 � 3.7
231DMS_2PMS 91 60 � 4 20 61 0.91 60.1 � 3.4
126DMS_2PMS 80 65 � 2 32 66 0.94 65.5 � 2.5
80DMS_2PMS 90 72 � 3 26 73 0.92 71.9 � 3.1
377DMS_6PMS 81 64 � 2 47 65 0.89 64.1 � 1.6
231DMS_6PMS 95 54 � 1 60 54 0.94 54.0 � 1.6
126DMS_6PMS 95 54 � 2 39 55 0.88 54.0 � 1.8
80DMS_6PMS 95 56 � 2 28 57 0.94 56.1 � 2.2

Fig. 10 Weibull plots of PDMS elastomer and PDMS–PPMS copoly-
mers with different phenyl group concentrations: copolymers from (a)
short-chain and (b) long-chain PPMS. The dashed lines serve solely as
guidelines for the eyes to differentiate between data slopes; C is in
units of 10�4 mol g�1.
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Furthermore no links between the Weibull parameters and the
Young's moduli of the elastomers could be identied, as shown
in ESI 8, Fig. S12.†

Conclusion

Inherently so elastomers based on cross-linked PDMS–PPMS
copolymers were synthesised successfully and proven to possess
increased electrical breakdown strength, due to voltage stabili-
sation arising from aromatic groups of PPMS. Cross-linked
copolymers with varying concentrations of aromatic groups
were prepared from copolymers synthesised by varying the chain
length of PDMS while maintaining the chain length of PPMS.
The cross-linked copolymers possessed higher electrical break-
down strength than the pure PDMS-based reference elastomer,
due to p-electrons of the aromatic group being capable of trap-
ping charges. Aside from having high electrical breakdown
strength, the cross-linked copolymers showed an increased
storage modulus and low viscous loss, hence maintaining the
network integrity of the dielectric elastomer. All cross-linked
copolymers demonstrated strain-hardening behaviours. From
the electrical breakdown strength, optimal phenyl group
concentration was determined at approximately 8.4 � 10�4 mol
g�1. As a result of these properties, voltage-stabilised elastomers
were synthesised. Further studies will hopefully uncover better
voltage stabilisers, which would subsequently be a giant step
toward producing reliable dielectric elastomer-based products.
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1) Number of PDMS-PPMS repeating units and stoichiometric ratio of cross-linked PDMS-

PPMS copolymers 

 

The targeted number of PDMS-PPMS repeating units in the copolymer (X) was calculated such 

that the targeted Mn,T results in a telechelic hydride terminated PDMS-PPMS copolymer as 

shown below: 

� =
��,� − ��,��	


��,��	
 + ��,��	


     

Equation 1 

where ��,��	
 and ��,��	
 are the molecular weight of PDMS and PPMS, respectively. 

The stoichiometric ratio for preparing telechelic hydride-functional PDMS-PPMS 

copolymers (r1) was calculated as: 

�� =
[ℎ������]

[�����]
=

(� + 1)���	


����	


=
� + 1

 �
  

Equation 2 

where ���	
 and ���	
 are the functionality of PDMS (���	
 = 2) and PPMS (���	
 = 2), 

respectively. 

 

2) Stoichiometric ratio of crosslinking 

 

The stoichiometric ratio for the cross-linking (r2) was 1.5 and was calculated below: 

�� =
[�����]

[ℎ������]
=

� !["#]$

� �["%]$

=
� !

� �

∙
' ! � !⁄

' � � �⁄
  

Equation 3 
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where � ! and � � are average numbers of functional group on the crosslinker (15-functional) 

and the PDMS-PPMS copolymer (2-functional), respectively, while […]0, mx, and Mx are the 

initial concentration, the mass and the molecular weight, respectively, (x = CL, CP). 

 

3) Calculation of molar concentration of phenyl groups in PDMS-PPMS elastomers from 
1H-NMR 

 

                         

 

 

 

 

 

 

 

                  

Figure S1 The illustration of NMR spectrum with peaks of phenyl and methyl of PDMS-PPMS 

elastomer. 

 

a) Relative number of moles of phenylmethylsiloxane (X1): 

Note: The proton signal at δ = 7.2 – 7.6 ppm representing the phenyl (C6H5) protons 

(5H’s). 

�� =
)�

*�

	 

Equation 4 

where A1 and H1 are the area of integration and the number of protons for phenyl 

group, respectively. 

 

b) Relative number of moles of dimethylsiloxane (X2): 

Note: The proton signal at δ = 0.02 – 0.4 ppm representing the dimethyl [(CH3)2] 

protons (6H’s). 

�� �
)� �������� � ���%�+�

*�
�	

)� � 12�� � 3' . ��

*�
			 

Equation 5 

where A2 and H2 are the area of integration and the number of protons for methyl, 

respectively, while ������� and ���%�+� are methyl groups for telechelic hydride end-

groups and phenylmethylsiloxane unit (m), respectively. 

  

c) Actual mole percentage of phenyl groups of PDMS-PPMS elastomer (� /0/	 in mol): 

A1 = Area of Ph-H 

A2 = Area of Si-CH3 

ẟ = 7.2 – 7.6 ppm ẟ = 0.02 – 0.4 ppm 

5 H’s 6 H’s 
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� /0/ =
��

�� + ��

  

Equation 6 

d) True molar concentration of phenyl groups of PDMS-PPMS elastomer (" /0/  in 

mol/g): 

" /0/ =
� /0/ 

'��	
 + '��	


 

Equation 7 

where '��	
 and '��	
 are masses of PPMS and PDMS, respectively. 

 

4) Calculation of engineering stress and strain 

 

The engineering stress (12) was calculated from the force (F) and the cross-sectional area of 

the strip (A):  

12 =
�

)
=

�

3 × 5
=

6 ∙ �

3 ∙ 5
   

Equation 8 

where A = film thickness (3) ∙ constant width (5 = 6 mm) and F = torque (6) ∙ drum diameter 

(d = 10.3 mm).  

The engineering strain (72) was calculated as a ratio of a stretched strain (L – L0) to an 

initial strain (L0) as:  

72 =
# − #$

#$

  

Equation 9 

where a final strain after stretching (L) was determined from Hencky strain (70) as follows: 

70 = ��
#

#$

  

Equation 10 

# = #$�89 = #$�(:9);< 
Equation 11 

where 70 is a product of Hencky rate (rH
 = 1×10-3 rotation/s) and step time (ts).  

By putting equation (11) in (9), the final expression of engineering strain (72) was 

obtained as below:  

72 = �89 − 1 
Equation 12 

Young’s moduli were determined from slopes in the linear regime of stress-strain plots 

at 5 % strain.   
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5) NMR spectra of PDMS-PPMS copolymers  

The NMR spectra for PDMS-PPMS copolymers with different true molar concentrations of 

phenyl groups (" /0/ ) are shown in Figures S2– S9. 

 

a) PDMS-PPMS copolymer (377DMS_2PMS, " /0/ = 5.0 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S2 The NMR for 377DMS_2PMS. 

 

b) PDMS-PPMS copolymer (231DMS_2PMS, " /0/ = 6.9 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S3 The NMR for 231DMS_2PMS. 
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c) PDMS-PPMS copolymer (126DMS_2PMS, " /0/ = 7.8 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S4 The NMR for 126DMS_2PMS. 

 

d) PDMS-PPMS copolymer (80DMS_2PMS, " /0/ = 8.4 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S5 The NMR for 80DMS_2PMS. 
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e) PDMS-PPMS copolymer (377DMS_6PMS, " /0/ = 8.7 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

– = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S6 The NMR for 377DMS_6PMS. 

 

f) PDMS-PPMS copolymer (231DMS_6PMS, " /0/ = 9.8 × 10-4 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S7 The NMR for 231DMS_6PMS. 
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g) PDMS-PPMS copolymer (126DMS_6PMS, " /0/ = 1.5 × 10-3 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S8 The NMR for 126DMS_6PMS. 

 

h) PDMS-PPMS copolymer (80DMS_6PMS, " /0/ = 2.0 × 10-3 mol g-1) 

1H-NMR (CDCl3, 300 MHz): = -0.02 - = 0.6 (m, 6 H’s, -SiO(CH3)2-), = 4.70 (m, 1 H, -SiH-), = 7.10 

- = 7.60 (m, 5 H’s, -SiC6H5-). 

 

Figure S9 The NMR for 80DMS_6PMS.  
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6) Scanning electron microscopy (SEM) images for the cross-linked copolymers and the 

reference 

 

   

   

   

a b 

c d 

e f 

Appendix II

137



9 
 

    

             

     

Figure S10 SEM images of: a) DMS-H31 (C=0), b) 377DMS_2PMS (C=5.0), c) 231DMS_2PMS 

(C=6.9), d) 126DMS_2PMS (C=7.8), e) 80DMS_2PMS (C=8.4), f) 377DMS_6PMS (C=8.7), g) 

231DMS_6PMS (C=9.8), h) 126DMS_6PMS (C=15), and i) 80DMS_6PMS (C=20), C is in 10-4 

g/mol. 

  

g 

i 

h 
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7) Electrical breakdown strengths as function of Young’s moduli for the cross-linked 

PDMS-PPMS copolymers and the reference elastomer  
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Figure S11 A plot of electrical breakdown strengths versus Young’s moduli. 
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8) Weibull parameters η and β as function of Young’s moduli for the cross-linked PDMS-

PPMS copolymers and the reference elastomer 

 

The curves of Weibull parameters η and β versus determined Young’s moduli for the cross-

linked copolymers and the reference are shown in Figure S12. Figure S12 (a) shows an 

optimum of β-parameter (60) occurring at Young’s modulus of 0.33 MPa. For η-parameter, 

the optimum occurs at the highest Young’s modulus of 0.43 MPa (see Figure S12 (b)).  
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Figure S12 Weibull parameters versus Young’s moduli: a) β-parameter, b) η-parameter. 
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9) Theoretical molar concentration of phenyl group 

 

The numbers of phenyl groups in PPMS with ��,��	
 of 400 and 1000 g mol-1, respectively, 

are given by: 

'∗ �
��,��	
 � 2�?�@

��	


   

Equation 13 

where ��	
 and �?�@ are molecular weights of phenylmethylsiloxane unit (��	
 = 136 g 

mol-1) and telechelic hydride groups, Si(CH3)2-H, (�?�@ = 56 g mol-1), respectively. Thus a 

cross-linked PDMS-PPMS copolymer containing short- and long-chain PPMS are defined as 

m* = 2 and 6, respectively. 

The theoretical molar concentration of phenyl groups in cross-linked PDMS-PPMS 

copolymers ";, /0/ in mol g-1 was determined as: 

";, /0/ =
'∗ ∙ ���	


'��	
 + '��	


=
'∗ ∙ ���	


���	
 ∙ ��,��	
 + ���	
 ∙ ��,��	


    

Equation 14 

where '��	
 and '��	
 are masses of PPMS and PDMS, respectively, while ���	
 and 

���	
 are molar amounts.  

The molar amount of PPMS is expressed as ���	
 = (� + 1)���	
 and Equation 14 

can be simplified as follows: 

";, /0/ =
'∗ ∙ (� + 1)

(� + 1)��,��	
 + ��,��	


     

Equation 15 

The simplified theoretical molar concentrations of phenyl group in PDMS-PPMS can be 

calculated below: 

";, /0/ =
'∗

��,��	
 + (� + 1)A���,��	


   

Equation 16 

Samples with different theoretical molar concentrations of phenyl groups in PDMS-

PPMS copolymer are listed in Table S1: 
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Table S1 Theoretical phenyl concentrations of cross-linked PDMS-PPMS copolymers. 

PDMS-PPMS copolymer 

(nDMS_mPMS) 

Theoretical molar concentration of phenyl groups 

";, /0/  

[10-4 mol g-1] 

377DMS_2PMS 1.3 

231DMS_2PMS 1.6 

126DMS_2PMS 2.3 

80DMS_2PMS 3.5 

377DMS_6PMS 3.7 

231DMS_6PMS 5.6 

126DMS_6PMS 7.3 

80DMS_6PMS 11 
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10) UV/Vis spectra of the cross-linked copolymers and the reference elastomer 

 

The absorption spectra of energy from UV/Vis light absorbed by different concentrations of 

phenyl group are shown in Figure S13.  The phenyl group of the cross-linked copolymers 

absorbs UV/Vis light in the energy band of 4.5 – 5.5 eV as seen from the absorbance peaks.  
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Figure S13 Spectra of UV/Vis absorption of PDMS elastomer and cross-linked PDMS-PPMS 
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Voltage-stabilised elastomers with increased
relative permittivity and high electrical breakdown
strength by means of phase separating binary
copolymer blends of silicone elastomers†

Aliff Hisyam A Razak,ab Liyun Yua and Anne Ladegaard Skov*a

Increased electrical breakdown strength and increased dielectric permittivity of silicone-based dielectric

elastomers are achieved by means of the addition of so-called voltage-stabilisers prepared from PDMS–

PPMS copolymers as well as PDMS–PEG copolymers in order to compensate for the negative effect of

softness on electrical stability of silicone elastomers. The voltage-stabilised elastomer, incorporating

a high-permittivity PDMS–PEG copolymer, possesses increased relative permittivity, high electrical

breakdown strength, excellent network integrity and low dielectric loss and paves the way towards

specialised silicone elastomers for dielectric elastomer transducer products with inherent softness and

electrical stability, and thus increased actuation at a given voltage.

1 Introduction

Silicone-based dielectric elastomers (DEs) possess a low Young's
modulus, i.e. they are inherently so and excellent for utilisation
as dielectric actuators.1,2 In order to achieve larger actuation
strains at any given voltage, silicone DEs must possess increased
relative permittivity combined with increased soness. However,
the combination of soness and increased permittivity is not
always simple.3 For instance, a silicone elastomer incorporating
metal oxide llers has increased dielectric permittivity, but this
results in a stiff elastomer due to strong particle–particle inter-
actions.4 Thus the electro-mechanical response is not improved.
Furthermore the electrical breakdown strength depends on the
Young's modulus, such that increased soness will decrease the
electrical breakdown strength as well as the electromechanical
stability being negatively inuenced.1,5

Increased relative permittivity is oen sought as the primary
source for improved actuation, with approaches including inte-
grating highly polarisable llers,4,6–9 covalent graing of dipoles
to the silicone backbone10–13 and phase-separating systems
containing high-permittivity liquids or copolymers.14–16 Besides
enhancing relative permittivity, the optimisation of silicone DEs
with respect to largest achievable actuation strains can be done by
enhancing electrical breakdown strength. For an improvement

in this regard, approaches include elastomers incorporating
either metal oxide llers17 or additives with a voltage-stabilising
effect.18–20 Furthermore, silicone elastomers containing phenyl
groups have been shown to possess increased electrical break-
down strength via voltage stabilisation due to an electron trap-
ping effect.21 The voltage-stabilised silicone elastomer is prepared
from a polydimethylsiloxane–polyphenylmethylsiloxane (PDMS–
PPMS) copolymer, which is subsequently cross-linked. The cross-
linked PDMS–PPMS copolymer phase separates microscopically,
due to immiscibility between PPMS and PDMS. This microscopic
phase separation in cross-linked PDMS–PPMS copolymers has
been proven favourable with respect to electrical properties.21

Phase separation is commonly known to occur in polymer
blends and block copolymers. Polymer blends phase separate
due to the immiscibility of the polymers as a result of mini-
mising free energy when the polymers separate.22,23 Thermo-
plastic polymer blends possess different types of well-dened
structures, such as bi-continuous structures,23–25 islands23 and
holes,23 and these phase-separated structures depend strongly
on the volume fraction of the constituents in the polymer
blends. A silicone elastomer prepared from a binary polymer
blend consisting of a conducting PDMS–PEG copolymer and
non-conducting PDMS was shown to result in the creation of
a continuous phase of PDMS and a discontinuous phase of
PEG.16 Favourable phase morphologies in cross-linked blends
can be achieved via proper blending and preparation methods.

Previous work on incorporating PDMS–PEG copolymers in
commercial silicone elastomer16 has resulted in elastomers with
increased dielectric relative permittivity without compromising
the inherent soness of the silicone elastomer. However, the
electrical breakdown strength of such elastomers is comparable
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to that of the commercial elastomer or slightly less. Voltage
stabilization resulting in increased breakdown strength has
been achieved by formulation of silicone elastomers with
PDMS–PPMS and thus paves the way towards specially designed
elastomers with high electrical stability.21 Hence incorporating
a relative permittivity enhancer such as PDMS–PEG copolymer
in a voltage-stabilised silicone elastomer may show the favour-
able combination of high dielectric permittivity and high elec-
trical breakdown strength.

In this work, phase separation as a means of optimising
silicone elastomers is explored further by combining two
recently synthesised copolymers (PDMS–PEG and PDMS–PPMS
copolymers), which have been shown to enhance relative
permittivity and electrical breakdown strength, respectively.

2 Experimental
2.1 Materials and methods

Telechelic vinyl-terminated polydimethylsiloxanes and telechelic
hydride-terminated polyphenylmethylsiloxanes (used in the
synthesis of a PDMS–PPMS copolymer) were DMS-V21 and PMS-
H03, with an average molecular weight (Mn) of 6000 and 400 g
mol�1, respectively. In the synthesis of the PDMS–PEG copol-
ymer, telechelic hydride-terminated polydimethylsiloxanes (H-
PDMS) were DMS-H21, DMS-H11, DMS-H03 and SIH6117.0,
with Mn of 6000, 1050, 550 and 208 g mol�1, respectively. All of
the abovementioned PDMS copolymers were purchased from
Gelest Inc. The catalyst was platinum-divinyl-tetramethyl dis-
iloxane complex [SIP6830.3], containing 3.25% of platinum
in xylene, and the cross-linkers were vinyl-functional (4–5%
vinylmethylsiloxane)-dimethylsiloxane copolymers [VDT-431] (Mn

¼ 28 kg mol�1, 15-functional) and hydride-functional (45–55%
methylhydrosiloxane)-dimethylsiloxane copolymers [HMS-501]
(Mn ¼ 1050 g mol�1, 9-functional). Both the catalyst and the
cross-linkers were purchased from Gelest Inc. Telechelic vinyl-
terminated polyethyleneglycol (V-PEG) was acquired from
Sigma Aldrich. Fumed silica (SIS6962.0) and volatile methyl-
siloxane (VMS) [OS-20] were purchased from Fluorochem and
Dow Corning, respectively.

The synthesised copolymers were synthesized from tele-
chelic hydride-functional PDMS–PPMS copolymers and tele-
chelic vinyl-functional PDMS–PEG copolymers. The degrees of
conversion for the vinyl and hydride PDMS groups from the
hydrosilylation reactions of the hydride-terminated PPMS and
vinyl-terminated PDMS, and the hydride-terminated PDMS and
vinyl-terminated PEG, respectively, were determined through
proton nuclear magnetic resonance spectroscopy (1H-NMR),
which was performed on a Bruker 300 MHz NMR. The full
conversion of hydride and vinyl groups during hydrosilylation
reactions was monitored by observing the disappearance of
hydride and vinyl peaks. The number of scannings per sample
was 128, and sample concentration was 100 mg mL�1 in
deuterated chloroform (CDCl3).

The numbers of average molecular weights (Mn) of the
copolymers were determined via size-exclusive chromatography
(SEC), which was performed on a Viscotek GPCmax VE-2001
instrument equipped with a Viscotek TriSEC Model 302 triple

detector, using two PLgel mixed-D columns from Polymer
Laboratories. Solutions for SEC containing copolymers dis-
solved in toluene were prepared in a concentration of 2–3 mg
mL�1 and were run at 35 �C at an elution rate of 1 mL min�1.
The soware for molecular weight distributions was WinGPC
Unity 7.4.0 and linear PDMS standards acquired from Polymer
Standards Service GmbH.

Measurement of the electrical breakdown strength of thin
lms with a thickness of less than 135 mmwas performed on an
in-house-built device based on international standards (IEC
60243-1 (1998) and IEC 60243-2 (2001)). The lm was placed on
a plastic frame containing 12 holes and subsequently was slid
between twometal electrodes which were hemi-spherical and 20
mm in diameter. For each sample, the electrical breakdown
strength was measured and repeated 12 times, with a stepwise
increasing voltage of 50–100 V per step applied at a rate of 0.5–1
steps s�1. The average electrical breakdown strength from 12
measurements was then quantied as the electrical breakdown
strength.

Dielectric properties were measured by dielectric spectros-
copy, which was performed on a Novocontrol Alpha-A high-
performance frequency analyser (Novo-control Technologies
GmbH & Co. KG, Germany). Prior to dielectric measurement,
the sample, approximately 1 mm thick, was sandwiched
between two gold-coated plates. Dielectric measurement was
operated in the frequency range 10�1 to 106 Hz at 23 �C, using
an electrode diameter of 20 mm.

For linear viscoelasticity (LVE) properties, prepared lms
with a 25 mm in diameter were characterised at 23 �C, using an
advanced rotational rheometer from TA Instruments (ARES-G2)
by means of a parallel plate with a diameter of 25 mm. The axial
force ranged from 5 to 12 N for sufficient contact between the
plate and the sample. LVE properties were measured in the
linear regime at a strain and a frequency of 2% and 10�2 to
102 Hz, respectively.

For stress–strain relationships, ultimate strengths and ulti-
mate strains, as well as the Young's moduli at 5% strain, were
measured in extensional rheological tests performed on an
ARES-G2 rheometer using a SER2 universal testing platform
consisting of two rotating drums 10.3 mm in diameter. The
lateral offset of the centre axis of the two rotating drums was
12.7 mm. The sample was prepared in the following dimen-
sions: 6 mm (width), 30 mm (length) and 1 mm (thickness). The
ends of the sample were secured by means of strong glue to the
surfaces of the rotating drums and then elongated within
a conned length by winding up the sample with two rotary
drums. Engineering strain and stress were used in the stress–
strain relationship and were calculated from the measured
Hencky strains and from the measured torque over the cross-
sectional area of the sample, respectively (refer to ESI 1, eqn
(1)–(5)† for details on engineering stress and strain).

The morphologies of prepared elastomers and the reference
elastomer were inspected via scanning electron microscopy
(SEM) images, which were performed on an FEI Quanta 200
ESEM FEG. Cross-sectional SEM samples were coated in 2 nm-
thick gold by means of a sputter coater (Cressington, model
208HR) under vacuum conditions and a current of 10 mA. A
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eld emission gun with an accelerating voltage between 500 V
and 30 kV was applied to detect the element distribution prole
on the surface of the samples.

2.2 PDMS–PPMS copolymer synthesis

The procedure used to synthesise the PDMS–PPMS copolymer
was taken from A Razak and Skov.21 PDMS–PPMS copolymers
were prepared through the hydrosilylation of hydride-
terminated PPMS and vinyl-terminated PDMS, as illustrated
in Scheme 1. The synthesised copolymer was telechelic hydride-
functional. The theoretical number of PDMS–PPMS repeating
units in the copolymer (X1) was calculated from the targetedMn

of 30 kg mol�1. The mixture containing DMS-V21, PMS-H03 and
a 30 ppm Pt catalyst was speed-mixed at 3000 rpm for 5 min.
The stoichiometric ratio for preparing the PDMS–PPMS copol-
ymer (r1) was calculated from the ratio (X1 + 1) to X1.21

2.3 Synthesis of PDMS–PEG copolymers

PDMS–PEG copolymers were synthesised as described by A Razak
et al.16 The theoretical number of PDMS–PEG repeating units in
the copolymer (X2) was calculated from Mn of 30 kg mol�1. The
stoichiometric ratio for preparing the PDMS–PEG copolymers (r2)
was calculated from the ratio (X2 + 1) to X2.16 The synthesis of the
PDMS–PEG copolymer was based on the hydrosilylation of
hydride-terminated PDMS and vinyl-terminated PEG, as shown
in Scheme 2. The synthesised PDMS–PEG copolymers were tele-
chelic vinyl-functional.

Various volume fractions of PDMS in the PDMS–PEG
copolymer were obtained by varying PDMS chain lengths, i.e.
repeating PDMS units (m2) were varied such that m2 ¼ 3, 7, 14,
81, while the number of repeating PEG units remained constant
(n2 ¼ 4). The synthesised copolymers were named PDMS3–PEG,
PDMS7–PEG, PDMS14–PEG and PDMS81–PEG, respectively.

2.4 Binary copolymer blends and sample preparations

PDMS–PEG copolymers were incorporated into a PDMS–
PPMS copolymer in concentrations of 10 and 20 phr before
being speed-mixed at 3500 rpm for 2 minutes. The loadings of
10 and 20 phr are considered low and high loadings, respec-
tively. One possible network is illustrated in Fig. 1, such that
hydride-functional PDMS–PPMS copolymers may bond cova-
lently to vinyl-functional PDMS–PEG copolymers to form
double copolymers, while some of them may cross-link with
vinyl-functional cross-linkers (VDT-431) and vinyl-functional
PDMS–PEG copolymers cross-link with hydride-functional
cross-linkers (HMS-501). The stoichiometric ratio for both
cross-linking reactions between PDMS–PPMS and VDT-431,
and between PDMS–PEG and HMS-501 were 1.5.16,21 Blends
containing copolymers, cross-linkers, 30 ppm of Pt catalyst,
25 parts per hundred rubber (phr) of silica and 25 phr of
VMS solvent (OS-20 from Dow Corning) were speed-mixed at
3000 rpm for 4 minutes.

The nal mixtures were cast on Teon substrates for
easy release, and the lms were prepared at thicknesses of

Scheme 1 The hydrosilylation reaction of a PDMS–PPMS copolymer, wherem1 is the number of repeating phenylmethylsiloxane (PMS) units in
PPMS (m1 ¼ 2), and n1 is the number of repeating dimethylsiloxane (DMS) units in PDMS (n1 ¼ 80).

Scheme 2 Hydrosilylation reaction when synthesising a PDMS–PEG copolymer, wherem2 is the number of repeating DMS units in PDMS, n2¼ 4
is the constant number of repeating ethyleneglycol (EG) units in PEG.
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approximately 1 � 0.5 mm and 100 � 35 mm, as thick and thin
lms, respectively. Thin lms were used for the measurement of
electrical breakdown strength and thick lms were used
for measurements of linear viscoelasticity (LVE), the stress–strain
relationship and dielectric properties. All lms were placed in
a vacuum oven at 23 �C for 2 hours and were subsequently cured
at 40 �C for 12 hours for proper lm formation. The samples were
placed in the oven at 150 �C for 5–8 hours and subsequently post-
cured at 200 �C for 2 hours.

The cross-linked PDMS–PPMS copolymer containing 80
repeating DMS units and two repeating PMS units, referred to
as 80DMS_2PMS. 80DMS_2PMS, was used as the reference
elastomer and was prepared without incorporating the PDMS–
PEG copolymer. Due to its proven versatility as a voltage-
stabilised silicone elastomer, 80DMS_2PMS was utilised in
all prepared binary copolymer blends (BCBs). Furthermore,
80DMS_2PMS has been proven to possess the most increased
electrical breakdown strength compared to other PDMS–PPMS
elastomers.21 Details of the cross-linked BCBs containing
80DMS_2PMS and PDMS–PEG copolymers, and the reference
elastomer, are shown in Table 1.

3 Results and discussion

A cross-linked binary copolymer blend consisting of PDMS–
PPMS and PDMS–PEG copolymers can potentially assemble
into several distinct morphologies or combinations thereof. The
targeted morphology of the binary system of copolymer blends
containing PDMS–PEG and PDMS–PPMS copolymers is a well-
dened structure forming a continuous PDMS-rich phase and
discontinuous phases of PEG and PPMS, as illustrated in Fig. 2.
Alternatively no microscopic phase separation is desirable.
However, with silicone polymers (and thus elastomers) this is
very difficult – if not unrealistic – to achieve a completely
homogeneous blend which is crosslinked into a likewise
homogeneous network.

3.1 Synthesised PDMS–PPMS copolymer (80DMS_2PMS)

It has been shown previously that PDMS–PPMS copolymers
possess excellent mechanical properties when they are cross-
linked with a vinyl-functional cross-linker.21 All vinyl groups of
PDMS were consumed during the hydrosilylation of vinyl-
terminated PDMS and hydride-terminated PPMS, which was
conrmed by the disappearance of the Si–CH2]CH2 bond
signal at 5.8–6.2 ppm in the 1H-NMR spectra (refer to ESI 2 for
NMR spectra in Fig. S1†). The synthesised PDMS–PPMS copol-
ymer was telechelic hydride-functional. The determined
molecular weight of 80DMS_2PMS was 32 kg mol�1, while the
molar concentration of phenyl groups of 80DMS_2PMS was 8.8
� 10�4 g mol�1, determined from NMR integration areas.21 A
PDMS–PPMS copolymer containing a PDMS chain length of m1

¼ 80 and a PPMS chain length of n1 ¼ 2 (80DMS_2PMS) was
used in all cross-linked binary copolymer blends (BCBs), due to
the highest electrical breakdown strength (EBD ¼ 72 V mm�1) of
the tested elastomers.

3.2 Synthesised PDMS–PEG copolymers

The disappearance of the Si–H bond signal at 4.70 ppm was
checked by 1H-NMR for a complete conversion of hydride PDMS
groups in the hydrosilylation of hydride-terminated PDMS and
vinyl-terminated PEG; refer to ESI 2 for NMR spectra in Fig. S2–
S5.†Determined molecular weights from the SEC of PDMS–PEG
copolymers PDMS81–PEG, PDMS14–PEG, PDMS7–PEG and
PDMS3–PEG were 49, 29, 3 and 5 kg mol�1, respectively.

Fig. 1 Simplified illustration of the random network structure of
PDMS–PPMS and PDMS–PEG copolymers, hydride-functional 9-
functional and vinyl-functional 15-functional cross-linkers (HMS-501
and VDT-431, respectively). The cross-linkers are illustrated with fewer
cross-linking sites than in the true network.

Table 1 Sample details of cross-linked BCBs containing PDMS–PPMS
and PDMS–PEG copolymers

No.

PDMS–PEG copolymer

Samples
Concentration
(phr) PDMSxx–PEGa

1 — — 80DMS_2PMS (reference)
2 10 PDMS81–PEG 10 phr PDMS81–PEG BCB
3 20 20 phr PDMS81–PEG BCB
4 10 PDMS14–PEG 10 phr PDMS14–PEG BCB
5 20 20 phr PDMS14–PEG BCB
6 10 PDMS7–PEG 10 phr PDMS7–PEG BCB
7 20 20 phr PDMS7–PEG BCB
8 10 PDMS3–PEG 10 phr PDMS3–PEG BCB
9 20 20 phr PDMS3–PEG BCB

a xx is the PDMS chain length.

Fig. 2 Illustration of silicone copolymers prepared by phase-separa-
tion of PDMS–PEG copolymer in a PDMS–PPMS matrix by means of
a binary system of copolymer blends.
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3.3 Linear viscoelasticity

To evaluate the effect of loading different types of PDMS–PEG
copolymers on viscoelastic properties, the prepared elastomers
were characterised rheologically, as shown in Fig. 3. They are
well cross-linked and behave elastically, i.e. the incorporation of
PDMS–PEG copolymer into the BCB does not destabilise the
PDMS–PPMS elastomers. The resulting storage moduli (G0) for
all prepared cross-linked BCBs and the reference are between
104 and 106 Pa. The cross-linked BCBs with 10 and 20 phr of
PDMS81–PEG are the most rigid elastomers compared to other
prepared elastomers and the reference elastomer, revealing that
the elastomers have PEG-like properties, due to the semi-
crystalline PEG acting as a reinforcing domain in the matrix.
All prepared cross-linked BCBs and reference elastomer possess
close-to-identical viscoelastic relaxations. Relative losses [tan(d)]
for all elastomers are low and are comparable to that of Elastosil
RT625 (a commercial silicone elastomer from Wacker Chemie)1

as well as that of the reference elastomer. It is obvious from
Fig. 3 that all of the prepared elastomers maintain their network
integrity in the small deformation regime.

3.4 Stress–strain relationship

Stress–strain curves and the Young's moduli of prepared
samples are shown in Fig. 4 and Table 2, respectively. It is
evident from Fig. 4 that all prepared samples and the reference
elastomer have reduced their strain-hardening behaviour
compared to the reference. The cross-linked BCBs with 10 and
20 phr of PDMS81–PEG show themost increased ultimate strain
together with a stress-soening behaviour, indicating the irre-
versibility of the stress-behaviour of the thermoplastic part of
the elastomer arising from the crystallinity of the PEG-rich
domains (refer to Fig. 4). Furthermore, most elastomers
mentioned herein possess higher or comparable ultimate
strains than that of the VHB 4910 elastomer from 3 M, where
VHB 4910 possesses an ultimate strain of 800%, as reported by

Tugui et al.26 On the other hand, the cross-linked BCB with 20
phr of PDMS14–PEG shows very low ultimate strain, indicating
that the high loading of the PDMS14–PEG copolymer deterio-
rates network integrity, due to the macroscopic phase separa-
tion of PEG domains in the copolymer blend matrix.

All cross-linked BCBs show decreased ultimate strength
compared to the reference elastomer. Cross-linking with 10 phr
of PDMS14–PEG results in the most increased ultimate stress
compared to other cross-linked BCBs, due to semi-crystalline
PEGs acting as reinforcing domains.

Obviously, the resulting Young's moduli of all cross-linked
BCBs are low, as well as that of the reference elastomer, as
shown in Table 2. In comparison to the commercial silicone
elastomer (RT625 from Wacker Chemie, Y ¼ 1 MPa), all cross-
linked BCBs and the reference elastomer are soer.

3.5 Dielectric properties

The conductivity and dielectric properties of the prepared
elastomers are shown in Fig. 5 and 6, respectively. The resulting

Fig. 3 The storage modulus and tan(d) of prepared voltage-stabilised
elastomers with different types and concentrations of PDMS–PEG
copolymers at 23 �C.

Fig. 4 Stress–strain curves for prepared cross-linked BCBs and the
reference elastomer at 23 �C (standard deviations of ultimate strains
and ultimate strengths were of order �1–19% and �3–16%,
respectively).

Table 2 Young's moduli for cross-linked BCBs and reference
elastomer

Sample
Young's modulus,
Y (MPa)

0 phr PDMS–PEG (reference) 0.41 � 0.05
10 phr PDMS81–PEG BCB 0.45 � 0.08
20 phr PDMS81–PEG BCB 0.25 � 0.05
10 phr PDMS14–PEG BCB 0.43 � 0.05
20 phr PDMS14–PEG BCB 0.58 � 0.13
10 phr PDMS7–PEG BCB 0.30 � 0.10
20 phr PDMS7–PEG BCB 0.21 � 0.03
10 phr PDMS3–PEG BCB 0.34 � 0.06
20 phr PDMS3–PEG BCB 0.36 � 0.05
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conductivities indicate that none of elastomers is conductive.
The resulting conductivity of the cross-linked BCB with 20 phr
of PDMS3–PEG indicates increased relaxation occurring at the
frequencies 100 to 102 Hz, compared to other cross-linked BCBs
and the reference elastomer, which may indicate a local phase
separation of PEG-rich domains.

The resulting relative permittivity for the prepared elastomers
with a low loading (10 phr) of PDMS–PEG copolymers is lower
than the reference elastomer, except the cross-linked BCBs with
10 phr of PDMS7–PEG, which shows increased relative permit-
tivity, improving by 27%. For the prepared elastomers with
a high loading (20 phr) of PDMS–PEG copolymers, the relative

permittivities are almost higher than the reference elastomer,
whereby the cross-linked copolymer with 20 phr of PDMS7–PEG
has the highest relative permittivity. Fig. 6 clearly shows that the
cross-linked copolymers with low and high loadings of PDMS7–
PEG possess increased relative permittivity, compared to the other
elastomers and the reference. The phase separation of PDMS–PEG
copolymers in the PDMS–PPMS matrix seems to occur on the
micro- or nanoscopic scale, since the elastomers are macroscop-
ically homogenous, as observed from light microscopy.

Dielectric losses, here represented by tan(d), are relatively
low for all cross-linked copolymers as well as the reference
elastomer (see Fig. 6). Similar to the relaxation in Fig. 5, the
cross-linked BCB with 20 phr of PDMS3–PEG shows increased
relaxation occurring at the same frequency.

SEM imaging shows obviously different morphologies for
prepared elastomers, as illustrated in Fig. 7. The SEM image of
the cross-linked BCB with 20 phr of PDMS7–PEG shows clearly
distinct PEG rich domains (white circles), which are well-
distributed in the PDMS matrix, thereby indicating that
a homogeneous elastomer on the macroscopic scale has been
obtained (see Fig. 7b). On the other hand, SEM imaging of the
reference elastomer shows the presence of PDMS and PPMS rich
domains in the matrix (see Fig. 7a). Furthermore, the reference
elastomer has a triangular pattern (PDMS rich domain) and that
of a bent rectangle (PPMS rich domain), which is agrees with the
SEM image of the cross-linked PDMS–PPMS copolymer21 (see
Fig. 7a). Other SEM images of prepared elastomers, which show
different morphologies, can be seen in ESI 3, Fig. S6.†

For the reference elastomer, the PDMS-rich domains enhance
elastomer soness, whilst PPMS domains which act as rigid
zones reinforce the network, thus resulting in an elastomer with
increased ultimate stress and increased ultimate strain, as shown
in Table 3.

Fig. 5 The conductivity of 80DMS_2PMS elastomers with different
concentrations of PDMS–PEG copolymers at 23 �C.

Fig. 6 The dielectric properties of 80DMS_2PMS elastomers with different concentrations of PDMS–PEG copolymers at 23 �C.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 17848–17856 | 17853
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3.6 Electrical breakdown and Weibull analysis

The inuence of the different PDMS–PEG copolymer and their
concentrations in cross-linked BCBs on electrical breakdown
strength was investigated. The thicknesses of the prepared
samples were in the range of 81 to 135 mm. The resulting elec-
trical breakdown strengths of prepared elastomers incorpo-
rating PDMS–PEG copolymers are shown in Table 4. The cross-
linked BCBs with 10 and 20 phr of PDMS14–PEG possess the
highest electrical breakdown strength, namely 80 � 5 and 81 �
18 V mm�1, respectively, improving by approximately 10%
compared to the reference elastomer. Increased electrical
breakdown is most likely due to the synergistic effect of the
favourable phase separation of PEG and voltage stabilisation.
Moreover, the cross-linked BCBs with PDMS7–PEG and PDMS3–
PEG with a loading of 20 phr possess increased electrical
breakdown strength compared to the reference elastomer.
Clearly, the incorporation of PDMS81–PEG in the BCB decreases
electrical breakdown strength (see Table 4), which indicates
that PDMS81–PEG may destabilise voltage stabilisation and
hence deteriorate the charge trapping effect caused by the p-
electrons of phenyl groups.

The electrical reliability of the prepared elastomers was
investigated via Weibull analysis. The b-parameter, the Weibull
shape parameter, was determined from the slope of the Weibull
plot of failure probability versus electrical breakdown strength.
The h-parameter, the Weibull scale parameter, was determined
at the point at which failure probability, ln[�ln(1 � F)], was
63.2%.16 Due to different lm thicknesses, the determined

electrical breakdown strengths were normalised, based on
a reference thickness for better comparison. Normalised
dielectric breakdown strengths were calculated using the
equation of normalised electrical breakdown strength veried
by Zakaria et al.27 The reference thickness for normalisation was
100 mm. The results for the Weibull h- and b-parameters, R2 of
the linear ts for cross-linked copolymers and normalised
electrical breakdown strength are presented in Table 4. The
values of the coefficient of determination (R2) for all investi-
gated elastomers are above 0.80, excluding elastomers with 10
phr of PDMS7–PEG and 20 phr of PDMS3–PEG. A coefficient of
determination above 0.85 indicates that the measured electrical
breakdown strength correlates well with the tted regression
lines.21 Cross-linked BCBs with 20 phr of PDMS81–PEG, 10 and
20 phr of PDMS7–PEG, 20 phr of PDMS3–PEG and the reference
elastomer possess a high b-parameter, thereby indicating that
electrical breakdown occurrences are narrowly dispersed and
hence homogenous elastomers are obtained. The b-parameters
of elastomers with the most increased electrical breakdown
strength (10 and 20 phr of PDMS14–PEG BCBs) are lower than
the b-parameter of the reference elastomer.

Thus far, combining the results for relative permittivity,
electrical breakdown strength and Young's modulus, the cross-
linked BCB with 20 phr of PDMS7–PEG possesses the most
enhanced electrical properties (3r ¼ 4.66, EBD ¼ 76 � 3 V mm�1)
as well as inherent soness (Y ¼ 0.21 � 0.03 MPa). This elas-
tomer is also the only investigated elastomer formulation which
shows overall excellent properties and it gives a very clear
indication of the complicated interplay of nano-scopic phase
separation and electro-mechanical properties.

Increased electrical breakdown strength may have been
established as the result of either an increased Young's
modulus17 or voltage stabilisation.21 Further investigation into
electrical breakdown was performed to evaluate whether
increased electrical breakdown strength is the effect of changes
in other properties, e.g. increased stiffness, increased relative
permittivity or increased stretchability. The inuences of the
Young's modulus and relative permittivity on electrical break-
down strength are shown in Fig. 8, and 9. No obvious trend can
been seen in Fig. 8 for increased electrical breakdown strength
as a function of elastic modulus, indicating strongly that the
increased electrical breakdown strength of all prepared elasto-
mers is due to the synergistic effect of voltage stabilisation and/

Table 3 Relative permittivity and mechanical properties of prepared cross-linked BCBs and the reference elastomer

Sample
Young's
modulus (MPa)

Relative
permittivity

Ultimate
stress (MPa)

Ultimate
strain (%)

80DMS_2PMS (reference) 0.41 � 0.05 3.71 1.86 � 0.31 967 � 33
10 phr PDMS81–PEG BCB 0.45 � 0.08 3.14 1.10 � 0.10 1748 � 40
20 phr PDMS81–PEG BCB 0.25 � 0.05 3.78 0.74 � 0.02 1164 � 17
10 phr PDMS14–PEG BCB 0.43 � 0.05 3.64 1.57 � 0.12 635 � 52
20 phr PDMS14–PEG BCB 0.58 � 0.13 3.67 0.25 � 0.03 104 � 1
10 phr PDMS7–PEG BCB 0.30 � 0.10 4.71 0.40 � 0.03 431 � 19
20 phr PDMS7–PEG BCB 0.21 � 0.03 4.66 0.42 � 0.04 552 � 103
10 phr PDMS3–PEG BCB 0.34 � 0.06 3.41 1.14 � 0.10 724 � 40
20 phr PDMS3–PEG BCB 0.36 � 0.05 4.15 0.56 � 0.03 491 � 43

Fig. 7 SEM pictures of two representative samples, namely (a)
80DMS_2PMS (reference elastomer) and (b) binary copolymer blends
with 20 phr of PDMS7–PEG.

17854 | RSC Adv., 2017, 7, 17848–17856 This journal is © The Royal Society of Chemistry 2017
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or the favourable phase separation of PEGs rather than due to
increased stiffness and thus resistance towards actuation. No
clear trend can be observed for electrical breakdown strength
versus relative permittivity, indicating that the increased elec-
trical breakdown strength is not due to increased relative
permittivity (see Fig. 9). Likewise the effect of lm thickness on
electrical breakdown strength was investigated in order to
eliminate all possible experimental artefacts. Again, there is
no obvious correlation as observed from Fig. 10 which again
conrms that the voltage stabilization is an electrical effect.

The theoretical actuation strains were calculated from the
actuation equation,30 by assuming the maximum applicable
electrical eld, i.e. electrical breakdown strength can be realized
and the elastomer does not break down mechanically or electro-
mechanically before electrically.21 Theoretical actuation strains
and measured ultimate strains are shown in Table 5. The elas-
tomer with 10 phr of PDMS81–PEG, which is highly extensible,
shows the lowest theoretical actuation strain compared to the
other elastomers. No correlation can be made from Table 5 about
the dependence of theoretical actuation strain on ultimate strain.
Previous theory predicts that the maximum actuation strain may

Table 4 Electrical breakdown strength at 23 �C, Weibull parameters h and b and R2 of the linear fit for all prepared cross-linked copolymers and
the reference

Cross-linked PDMS–PPMS
copolymer (80DMS_2PMS)

Electrical breakdown
strength (V mm�1)

Weibull
b-parameter

Weibull
h-parameter R2

Normalised electrical
breakdown strength

0 phr PDMS–PEG (reference) 72 � 3 26 73 0.93 71.9 � 3.1
10 phr PDMS81–PEG 61 � 8 9 64 0.89 61.1 � 7.8
20 phr PDMS81–PEG 54 � 2 36 55 0.96 54.3 � 1.7
10 phr PDMS14–PEG 80 � 5 19 82 0.84 80.5 � 5.2
20 phr PDMS14–PEG 81 � 18 5 88 0.93 82.9 � 18.8
10 phr PDMS7–PEG 64 � 2 38 65 0.70 64.3 � 2.3
20 phr PDMS7–PEG 76 � 3 34 77 0.89 76.4 � 2.6
10 phr PDMS3–PEG 63 � 9 7 67 0.94 60.6 � 8.7
20 phr PDMS3–PEG 74 � 3 30 75 0.76 73.7 � 3.0

Fig. 8 Electrical breakdown strength versus Young's modulus.
Existing theories predict a linear4 or even an exponential increase28

of the electrical breakdown strength with the Young's modulus.
This is obviously not valid for the investigated phase-separating
system.

Fig. 9 Electrical breakdown strength versus relative permittivity.
Existing theories predict that the electrical breakdown strength scales
with the square root of dielectric permittivity.29

Fig. 10 Electrical breakdown strength as function of film thickness.
Usually a strong increase in the electrical breakdown strength is
observed with decreased thickness of elastomer film due to the
reduction of volume and thus number of defects.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 17848–17856 | 17855
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be achieved for the elastomer which is highly extensible.21

However, a large actuation strain is also inuenced by other
parameters such as increased electrical breakdown strength and
increased relative permittivity. Obviously, elastomers with
decreased ultimate strain, such as the example with 20 phr of
PDMS14–PEG, may break down mechanically before they break
down electrically (see Table 5). However, it is obvious that this
type of silicone elastomer is in general more stretchable than the
maximum actuation demands.

4 Conclusions

A so elastomer with high extensibility was prepared from
phase-separating a PDMS–PEG copolymer in a binary copol-
ymer blend consisting of a PDMS–PPMS copolymer as the
primary copolymer. The elastomer possessed simultaneously
increased relative permittivity and electrical breakdown. The
increased electrical breakdown strength is due to voltage sta-
bilisation arising from the phenyl groups of PPMS, while
increased relative permittivity without achieving conductivity is
due to the favourable phase separation of PEG constituents in
the binary copolymer blend matrix. Thereby a facile method
towards so, reliable elastomers with good electrical properties
allowing for large-strain actuation has been shown.
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1) Calculation of engineering stress and strain

The engineering stress ( ) was calculated from the force (F) and the cross-sectional area of 𝜎𝐸

the strip (A): 

Equation 1
𝜎𝐸 =

𝐹
𝐴

=
𝐹

𝑡 × 𝑤
=

𝜏 ∙ 𝑑
𝑡 ∙ 𝑤

  

where A = film thickness ( ) · constant width (  = 6 mm) and F = torque ( ) · drum diameter 𝑡 𝑤 𝜏

(d = 10.3 mm). 
The engineering strain ( ) was calculated as a ratio of a stretched strain (L – L0) to an 𝜖𝐸

initial strain (L0) as: 

Equation 2
𝜖𝐸 =

𝐿 ‒ 𝐿0

𝐿0

 

where a final strain after stretching (L) was determined from Hencky strain ( ) as follows:𝜖𝐻

Equation 3
𝜖𝐻 = 𝑙𝑛

𝐿
𝐿0

 

Equation 4
𝐿 = 𝐿0𝑒

𝜖𝐻 = 𝐿0𝑒
(𝑟𝐻.𝑡𝑠)

where  is a product of Hencky rate (rH
 = 1×10-3 rotation/s) and step time (ts). 𝜖𝐻

By putting equation (4) in (2), the final expression of engineering strain ( ) was 𝜖𝐸

obtained as below: 

Equation 5
𝜖𝐸 = 𝑒

𝜖𝐻 ‒ 1

Young’s moduli were determined from slopes in the linear regime of stress-strain plots 
at 5 % strain. 
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2

2) NMR spectra of synthesised copolymers 

The NMR spectra for synthesised PDMS-PPMS and PDMS-PEG copolymers are shown in 
Figures S1– S5.

a) PDMS-PPMS copolymer (80DMS_2PMS, = 8.4 · 10-4 mol g-1)
𝐶𝐶

6
𝐻

6
 

1H-NMR (CDCl3, 300 MHz):  -0.02 -  0.6 (m, 6 H’s, -SiO(CH3)2-),  4.70 (m, 1 H, -SiH-),  7.10 𝛿 𝛿 𝛿 𝛿

-  7.60 (m, 5 H’s, -SiC6H5-).𝛿
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Figure S1 The NMR for 80DMS_2PMS.

b) PDMS-PEG copolymer (PDMS81-PEG)
1H-NMR (CDCl3, 300 MHz):  0.05 -  0.09 (m, 6 H’s, -Si(CH3)2O-),  3.50 -  3.70 (m, 4 𝛿 𝛿 𝛿  𝛿
H’s, -C2H4O-),  0.98 -  1.03 (t, 2 H’s, -SiCH2-),  3.53 -  3.57 (m, 2 H’s, -CCH2O-).𝛿 𝛿 𝛿 𝛿
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Figure S2 The NMR for PDMS81-PEG.
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c) PDMS-PEG copolymer (PDMS14-PEG)
1H-NMR (CDCl3, 300 MHz):  0.05 -  0.09 (m, 6 H’s, -Si(CH3)2O-),  3.50 -  3.70 (m, 4 𝛿 𝛿 𝛿 𝛿
H’s, -C2H4O-),  0.98 -  1.03 (t, 2 H’s, -SiCH2-),  3.53 -  3.57 (m, 2 H’s, -CCH2O-).𝛿 𝛿 𝛿 𝛿
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Figure S3 The NMR for PDMS14-PEG.

d) PDMS-PEG copolymer (PDMS7-PEG)
1H-NMR (CDCl3, 300 MHz):  0.05 -  0.09 (m, 6 H’s, -Si(CH3)2O-),  3.50 -  3.70 (m, 4 𝛿 𝛿 𝛿 𝛿
H’s, -C2H4O-),  0.98 -  1.03 (t, 2 H’s, -SiCH2-),  3.53 -  3.57 (m, 2 H’s, -CCH2O-).𝛿 𝛿 𝛿 𝛿
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Figure S4 The NMR for PDMS7-PEG.
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4

e) PDMS-PEG copolymer (PDMS3-PEG)
1H-NMR (CDCl3, 300 MHz):  0.05 -  0.09 (m, 6 H’s, -Si(CH3)2O-),  3.50 -  3.70 (m, 4 𝛿 𝛿 𝛿 𝛿
H’s, -C2H4O-),  0.98 -  1.03 (t, 2 H’s, -SiCH2-),  3.53 -  3.57 (m, 2 H’s, -CCH2O-).𝛿 𝛿 𝛿 𝛿
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Figure S5 The NMR for PDMS3-PEG.

3) SEM images
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Figure S6 SEM images cross-linked BCBs with: a) 10 phr PDMS81-PEG, b) 20 phr PDMS81-
PEG, c) 10 phr PDMS14-PEG, d) 20 phr PDMS14-PEG, e) 10 phr PDMS7-PEG, f) 10 phr 
PDMS3-PEG, and g) 20 phr PDMS3-PEG.

c d

e f
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Mechanically Compliant Electrodes and Dielectric Elastomers from PEG-PDMS 
Copolymers 

Aliff Hisyam A Razak1,2, Frederikke Bahrt Madsen1 and Anne Ladegaard Skov1 
1 Danish Polymer Center, Department of Chemical and Biochemical Engineering, Technical 
University of Denmark, Building 227, 2800 Kgs. Lyngby, Denmark. 
2 Faculty of Engineering Technology, University of Tun Hussein Onn Malaysia, 86400 Parit 
Raja, Batu Pahat, Johor, Malaysia. 
 
 
ABSTRACT 
 

Soft conducting elastomers have been prepared from polydimethylsiloxane-
polyethyleneglycol (PDMS-PEG) copolymer and surfactant-stabilized multi-walled carbon 
nanotubes (MWCNTs). The copolymer was chain-extended with PDMS of molecular weight 
17.2 kg mol-1 in order to obtain a crosslinkable PDMS with molecular weight around 20 – 30 kg 
mol-1. MWCNTs were treated with surfactant and sonicated for better dispersion in the polymer 
matrix. The conductivity and mechanical properties of conducting elastomers were thoroughly 
investigated including stress and strain at break. The developed conducting elastomers showed 
high conductivity combined with inherent softness. The high conductivity and softness, PDMS-
PEG copolymers with incorporated MWCNTs hold great promises as compliant and highly 
stretchable electrodes for stretchable devices such as electro-mechanical transducers.  
 
INTRODUCTION 
 

Stretchable, conductive materials have been extensively studied for many applications 
such as biomedical devices [1], electro-mechanical transduction [2] and solar power [3]. For the 
dielectric elastomer (DE) technology, an inherently soft and highly conductive compliant 
electrode material is required for optimum performance in electro-mechanical transduction. 
Conventional compliant electrodes, such as carbon black in the form of powder and carbon 
grease, can be easily applied on surfaces, but they lack adhesion to the elastomer. Other 
investigated electrode materials for DEs include silver nanowires, ionic hydrogels, single-walled 
carbon nanotubes (SWCNTs) and polymer-carbon conductive composites [2]. These materials 
however suffer from poor stretchability which renders them unattractive as flexible electrodes  
[2]. On the other hand, commercial conductive elastomers such as LR3162 from Wacker Chemie 
have high conductivity, but they contribute with a stiffening effect due to their high Young’s 
modulus.  

As an alternative to the above mentioned materials polydimethylsiloxane-
polyethyleneglycol (PDMS-PEG) copolymers, which are somewhat conductive with 
conductivities around 10-8 S cm-1 [4], have great adhesion to silicone surfaces and great 
flexibility and compliance due to their partly silicone nature. Furthermore, their moderate 
conductivities can be easily enhanced by incorporating highly conductive nano-fillers such as 
multi-walled carbon nanotubes (MWCNTs). The high interaction energies of MWCNTs due to 
strong van der Waals forces, however, often result in poor dispersibility and weak interfacial 
interactions with the matrix[5]. Well-dispersed MWCNTs are important in order to avoid 
agglomeration which would give uneven conductive and mechanical properties throughout the 
matrix. 
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High levels of dispersion of MWCNTs in polymer matrices can be obtained using probe 
sonicators and ball milling prior to mixing with the matrix [6], [7]. Chemical modification of 
MWCNTs can also lead to a higher degree of dispersion due to higher compatibilities with the 
matrix. Methods such as oxidation by nitric acid [8] and solutions of hydrogen 
peroxide/ammonium hydroxide [9], however, worsen the intrinsic properties of MWCNTs such 
as a decrease in the tube length and conductivity. On the other hand, treatment of MWCNT 
surfaces using non-ionic surfactants such as Triton X-100 and sodium dodecyl sulfate (SDS), 
does not change the intrinsic properties of MWCNTs significantly since each MWCNT is coated 
with surfactant molecules through their hydrophilic head and hydrophobic tails obtaining 
surfactant-stabilized MWCNTs [10]. 

In this paper we demonstrate how synthesized PDMS-PEG copolymer matrices with 
different concentrations of surface-modified MWCNT nano-fillers show promising properties for 
high conductivity, stretchable electrodes. The conductivities and mechanical properties of 
prepared samples of PDMS-PEG copolymers with different concentration of MWCNTs were 
investigated as well as the dispersion of MWCNT in the polymer matrix by SEM and TEM 
analysis.  

EXPERIMENTAL PROCEDURES 
 
Materials 
 
 Vinyl-terminated polydimethylsiloxane-polyethyleneglycol block co-oligomers (PDMS-
PEG) were synthesized according to a previously published procedure [4]. The number average 
molecular weight (Mn) of the resulting PDMS-PEG copolymer was Mn = 3900 g mol-1. Vinyl-
functional PDMS cross-linker (15-functional, VDT-431), telechelic hydride-functional PDMS 
(DMS-H25, Mn = 17.2 kg mol-1) and platinum-divinyltetramethyl disiloxane complex with 
3.25% of platinum in xylene (SIP6830.3) were purchased from Gelest Inc. Pristine multi-walled 
carbon nanotubes (MWCNTs) (NANOCYL™ NC7000) with average diameter, length and 
surface area of 9.5 nm, 1.5 μm and 250-300 m2/g, respectively, were obtained from Nanocyl 
S.A., Belgium. N-methyl pyrrolidinone (NMP) and polyoxyethylene octyl phenyl ether (Triton 
X-100) were obtained from Sigma-Aldrich. 
 
Synthesis of PDMS-PEG copolymers 
 

The previously synthesized PDMS-PEG co-oligomer (Mn = 3900 g mol-1) was chain-
extended by hydrosilylation with telechelic hydride functional PDMS, PDMS232, (Mn = 17,200 
g mol-1) in the presence of a Pt catalyst according to Scheme 1. PDMS-PEG co-oligomer, 
PDMS232 and Pt catalyst were speedmixed at 3000 rpm for 4 min. The transparent reaction 
mixture turned into milky yellow. The resulting copolymer of CE-(PDMS-PEG) was 
characterized and verified by size-exclusive chromatography (SEC) to observe the shift of 
molecular weight from the low molecular weight of PDMS-PEG copolymer to high molecular 
weight of CE-(PDMS-PEG) copolymer (Mn = 24 kg mol-1 / Mw = 52 kg mol-1). 1H-NMR 
spectroscopy was used to confirm the completion of the reaction by the absence of vinyl-protons 
from PDMS-PEG co-oligomer between δH = 5.8 – 6.2 ppm.   
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Scheme 1 The hydrosilylation reaction utilized for chain-extended CE-(PDMS-PEG) copolymer 
in the presence of 30 ppm Pt catalyst at 23 °C, where m = 3 and p = 232, respectively, are the 
number of repeating dimethylsiloxane units in the two PDMS parts. n = 4 is the constant number 
of repeating ethyleneglycol units, and X and Y are the number of repeating PDMS-PEG units and 
the number of CE-(PDMS-PEG) blocks, respectively. 
 
Dispersion of MWCNTs 
 

Dispersion of MWCNTs in 96 wt% NMP and 1 wt% Triton X-100 was achieved by 
ultrasonication in water bath (1510E-DTH, BRANSONIC–Ultrasound Cleaner, USA, Input: 
155 W & 50-60 kHz, Output: 70 W & 42 kHz). 
 
Preparation of CE-(PDMS-PEG) elastomers with surface-modified MWCNT 
 

CE-(PDMS-PEG) copolymer was cross-linked using 15-functional vinyl cross-linker 
(VDT-431) with addition of surface-treated MWCNTs in NMP and Triton X-100 (1, 2 and 3 phr 
MWCNT) by speedmixing using SpeedMixer™ (DAC 150 FVZ, Flack Tek. Inc.) at 3000 rpm 
for 3 - 6 min. The final mixtures were cast on hollow metal plates placed on Teflon substrates. 
Films with ~ 1 mm thickness were cured initially at a temperature of 70 °C which was gradually 
increased to 150 °C over a period of 7 days to ensure gradual removal of NMP solvent and 
proper film formation.  
 
Methods  
 

Linear viscoelasticity properties (LVE) were measured by a strain-controlled rheometer 
(ARES G2, TA Instruments, USA) at 23 °C using 25 mm parallel plate geometry with axial 
force, strain and frequency ranges of 7 N, 2% and 100–0.01 Hz, respectively. Young’s moduli 
(determined as the slope of the stress-strain curve at 5% strain) and stress-strain behaviour of 
samples with 20 mm length and 6 mm width were determined by the ARES G2 using the SER2 
geometry with extensional rate of 0.001 s-1. The measurements of conductivity, relative 
permittivity and dielectric loss were measured by a Novocontrol Broadband Dielectric 
Spectrometer BDS-40 (Novocontrol Technologies GmbH & Co. KG, Germany) with diameter of 
electrode of 20 cm in the frequency range of 10-1 to 106 Hz at 23 °C. The SEM model, FEI 
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Inspect S, performed energy-dispersive X-ray and wave-length dispersive measurements to 
characterize micro-scale images of dispersion of MWCNTs in the polymer. Accelerating voltage 
and resolution were 200 V to 30 kV and 50 nm at 30 kV, respectively, while the imaging modes 
used high vacuum. SEM images were taken from cross-sections prepared by a sharp razor. The 
TEM model, FEI Tecnai T20 G2 was used to characterize micro and nano-scale images using 
transmitted electrons from the electron source of Thermionic LaB6/CeB6. TEM samples were 
prepared using grinding tool and were placed on a grid coated by Copper Naphthenate 
(Coppernate). Thermal analysis of crystallization was performed by differential scanning 
calorimetry (DSC) from TA Instrument (Discovery series) in a nitrogen atmosphere with a 
heating rate of 10 °C min-1 from -190 °C to 50 °C.  
 
RESULTS AND DISCUSSION  
 

Stretchable and high-conductivity electrode materials for dielectric elastomers were 
prepared by the synthesis of PDMS-PEG copolymers according Scheme 1. The copolymers were 
prepared by the chain extension of a previously synthesized[4] PDMS-PEG co-oligomer with 
commercially available telechelic hydride-functional PDMS of Mn = 17,200 g mol-1 resulting in a 
telechelic hydride-functional CE-(PDMS-PEG) copolymer of Mn =  24 kg mol-1. Well-dispersed 
surface-modified MWCNTs were prepared by ultra-sonication using 1 wt% of non-ionic 
surfactant (Triton X-100) in an organic solvent (NMP). The CE-(PDMS-PEG) copolymer was 
then cross-linked using a vinyl-functional cross-linker containing on average 15 vinyl-groups in 
the presence of a Pt catalyst and surface-modified MWCNTs in various concentrations (1, 2 and 
3 parts per hundred rubber (phr)).  
  
Dispersion MWCNTs in CE-(PEG-PDMS) 
 

It has been previously shown that conductivities of conductive materials depend greatly 
on how well MWCNTs (or other nano-fillers) are dispersed in the polymer matrix [7], [10]. 
Therefore, in order to obtain high-conductivity elastomer electrodes a high level of dispersion of 
MWVNTs is required. As previously mentioned, strong van der Waals forces exist between 
single MWCNT strands which are therefore agglomerated and intertwined in their natural and 
pure state as shown in Figure 1. This behavior makes direct dispersion of pure MWCNTs in 
polymer matrices extremely difficult. Pre-dispersal in solvent and surface-modifications of the 
MWCNTs using surfactants can, however, result in well-dispersed fillers [7], [10]. 
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Figure 1 SEM image of pure MWCNTs showing their agglomerated and intertwined nature. 
 
Based on the studies by Geng et al. [7] and Rastogi et al. [10] who tested the dispersion 

of MWCNT in organic solvents using different surfactants a polyoxyethylene octyl phenyl ether 
type surfactant (Triton X-100) was chosen as the ideal surfactant for well-dispersed MWCNTs. 
This surfactant was also found to have a high tolerance to various organic solvents in which the 
MWCNTs were dispersed in. The optimal solvent for a high level of dispersion was chosen 
based on the study by Goswami et al. [11] who used N-methyl pyrrolidinone (NMP) as a 
compatible organic solvent to disperse low concentrations of MWCNTs in a PDMS matrix. The 
chosen system in our study was therefore based on a solution containing of MWCNTs in 1 wt% 
Triton X-100 in NMP solvent which was ultra-sonicated for several hours before the resulting 
dispersed MWCNTs were mixed into the CE-(PDMS-PEG) matrix. 

In order to investigate the effectiveness of dispersion of MWCNT-treated by Triton X-
100, the settling of MWCNTs in the organic solution after the sonication was monitored over 
time. The dispersion method used in this work was compared to a reference method using the 
same surface treatment method of 1 wt% Triton X-100 and NMP, but with a mechanical shaker 
instead of ultra-sonication. Theoretically, no settlement of MWCNTs in the solution of Triton X-
100 and NMP should be observed when the surface of MWCNT is well treated by Triton X-100.  
In Figure 2 (top) the settlement of MWCNTs dispersed by means of the reference method 
(mechanical shaking) is seen.  It can be seen that over time, the MWCNTs have settled on the 
bottom of the white-capped flask. This indicates that each MWCNT strand is not well covered by 
surfactant when mechanical shaking has been used as the mixing method. The MWCNTs are 
therefore able to agglomerate and the dispersion will not be stable over time.  

On the other hand, the same system of MWCNTs in 1 wt% of Triton X-100 in NMP 
which were mixed with ultra-sonication for 6 hours at 23 °C creates a stable dispersion of 
MWCNTs over time. This is shown in Figure 2 (bottom). No settling/agglomeration of 
MWCNTs was observed over the investigated time frame. This indicates that ultra-sonication 
gives MWCNTs that are well-covered in Triton X-100 surfactant. 
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Figure 2 Top: Settlement of MWCNTs over time for the reference method 
(MWCNT/NMP/Triton X-100) dispersed by a mechanical shaker at 23 °C after standing for: a) 0 
min b) 5 min c) 30 min d) 60 min. Bottom: MWCNT/NMP/Triton X-100 mixed by ultra-
sonication at 23 °C 
   

After the initial successful dispersion of MWCNTs in NMP solvent, the obtained 
MWCNT mixture was blended with CE-(PDMS-PEG) copolymer, cross-linker and catalyst 
where after the NMP solvent was allowed to evaporate slowly during the elastomer cross-linking 
process creating MWCNT/CE-(PDMS-PEG) nanocomposites. In order to verify the 
effectiveness of dispersion of MWCNTs in the CE-(PDMS-PEG) elastomer matrix, microscale 
and nanoscale images were obtained by SEM and TEM, respectively. SEM images revealed 
details on overall dispersion of MWCNTs in the copolymer matrix whereas TEM images 
revealed details on the morphology of MWCNTs in CE-(PDMS-PEG) matrix.   

In Figure 3 (top) the obtained SEM images, displaying random micros-structures of 
MWCNTs in the CE-(PDMS-PEG) matrix, are shown. The attained images are similar to those 
observed in literature for well-dispersed MWCNTs in polymer matrices [11]. Figure 3 (bottom) 
shows a single strand of MWCNT illustrating that the MWCNTs are well-dispersed as single 
strands in the matrix. The dimension of the single strand of MWCNT observed in TEM matches 
data specifications provided by the supplier; diameter and length are 6 – 9 nm and 1.5 µm, 
respectively. SEM and TEM thus corroborates that the used dispersion method creates 
nanocomposites with well-dispersed MWCNTs. 
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Figure 3 Images of CE-(PDMS-PEG) nanocomposites with 3 phr MWCNTs. a) and b) SEM 
images, and c) and d) microscope pictures. 
 
Mechanical properties of CE-(PDMS-PEG)/MWCNTs nanocomposites 
 

Mechanical properties of the obtained CE-(PDMS-PEG)/MWCNTs nanocomposites 
were tested by shear rheology. Rheological properties of the cross-linked CE-(PDMS-PEG) 
copolymers with 0 – 3 phr of MWCNT were compared to a commercial conductive elastomer 
reference material, LR3162, as shown in Figure 4. The rheological properties of the 
nanocomposites were furthermore compared to a CE-PDMS-PEG elastomer prepared without 
MWCNTs. The reference elastomer (CE-PDMS-PEG copolymer with 0 wt% MWCNTs) is seen 
to be stiffer than CE-(PDMS-PEG)/MWCNT nanocomposites with 1 to 3 phr of MWCNT. 
Compared to LR3162, CE-(PDMS-PEG)/MWCNTs nanocomposites are also softer. This implies 
that incorporating MWCNT in a CE-(PDMS-PEG) copolymer matrix results in soft, stretchable 
elastomers which therefore hold great promise as stretchable electrode materials for dielectric 
elastomers. Modulus loss factors (tan (δ)) for CE-(PDMS-PEG)/MWCNT nanocomposites with 
1 – 3 phr MWCNTs are low (< 0.5) at various frequencies.  
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Figure 4 The storage modulus and modulus loss factor for CE-(PDMS-PEG)/MWCNT 
nanocomposites as well as a CE-(PDMS-PEG) reference elastomer and commercial elastomer 
LR3162.  
  
 Table 1 shows the maximum elongation and stress at break of the commercial conductive 
elastomer and CE-(PDMS-PEG) elastomers with different concentrations of MWCNTs. The 
benchmark conductive elastomer, LR3162, has higher elongation at break (168 %) than CE-
(PDMS-PEG) elastomer nanocomposites with 1-3 phr MWCNTs. LR3162 however shows 
strain-hardening behavior with high stress at break. The strain-hardening behavior of LR3162 is 
coherent with high Young’s modulus at 5% strain (Y = 4.11 MPa). On the other hand, CE-
(PDMS-PEG) elastomers with and without MWCNTs demonstrate increased strain-softening 
behavior as the concentration of MWCNT increases. Thus, these behaviors of strain-hardening 
and strain-softening show that CE-(PDMS-PEG) elastomers with MWCNTs become softer with 
strain compared to LR3162. Another significant finding from Table 1 is that CE-(PDMS-PEG) 
elastomers with 0 – 3 phr of MWCNT show more than 100% strain meaning that the addition of 
MWCNT does not destroy the properties of the elastomers at the micro-scale. This can also be a 
further indication of the well-dispersed nature of the MWCNTs.  
 
Table 1 Elongation and stress at break of PDMS-PEG/MWCNTs elastomers and LR3162 
 

Sample Elongation at 
break (%) 

Stress at break 
(MPa) 

Young’s 
modulus (MPa) 

LR3162 168 1.8 4.11 
CE_PDMS-PEG + 0CNT 120 0.67 0.92 
CE_PDMS-PEG + 1CNT 116 0.58 1.28 
CE_PDMS-PEG + 2CNT 112 0.19 0.32 
CE_PDMS-PEG + 3CNT 118 0.19 0.31 

 
Conductivity of CE-(PDMS-PEG)/MWCNTs nanocomposites 
 
 The measured conductivities as functions of frequency of the CE-(PDMS-
PEG)/MWCNTs nanocomposites as well as the CE-(PDMS-PEG) reference elastomer and 
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commercial elastomer LR162 are shown in Figure 5. The CE-(PDMS-PEG copolymer shows 
increased conductivities as the concentration of MWCNT in polymer matrix increases. CE 
PDMS-PEG) elastomer without addition of MWCNT is non-conductive, (~10-13 S cm-1 at low 
frequencies). For CE-(PDMS-PEG) with 1 phr of MWCNT, the conductivity increases 
substantially to 10-7. The addition of 2 and 3 phr of MWCNT in PDMS-PEG copolymer causes 
conductivities of 10-4 and 10-3 S cm-1, respectively, comparable to that of the commercial 
conductive elastomer from Wacker Chemie (LR3162). Another interesting finding from the 
conductivity is that plateau regions are observed in Figure 5 for samples with 2 and 3 phr of 
MWCNT indicating the materials are highly conductive.  
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Figure 5 Conductivity of PDMS-PEG/MWCNTs elastomers at room temperature compared to 
the conductivity of the commercial benchmark elastomer (LR3162).  

 
The high observed conductivities together with the soft and stretchable nature of the 

prepared CE-(PDMS-PEG)/MWCNTs nanocomposites makes them ideal candidates for flexible 
dielectric elastomer electrodes. 
 
Interpenetrating network of PDMS-PEG copolymer and ionic network 
 

In an attempt to increase the conductivities of the prepared CE-(PDMS-PEG)/MWCNTs 
nanocomposite elastomers even further, ionic silicone based networks were included as an extra 
additive creating interpenetrating networks. The ionic network was prepared by mixing 
stoichiometric amounts (r = 1) of amine-functional PDMS (4-amine groups on average, AMS-
162) and telechelic carboxylic acid-functional PDMS (DMS-B12). Upon mixing the two 
components a network is formed due to protonation of the functional groups. The preparation 
procedure of the ionic networks was amended from Yu et al.[12]. The interpenetrating networks 
consist of the CE-(PDMS-PEG) copolymer and the silicone-based ionic network. Preliminary 
studies on interpenetrating network from ionic network and CE-(PDMS-PEG) copolymer was 
investigated to determine the optimum conditions of conductivity and morphology of the system 
before incorporating MWCNTs. Interpenetrating network samples without MWCNT were 
prepared at 10, 20, 30, 40 and 50 wt% of the ionic network. The dielectric and conductive 
properties of the interpenetrating networks with 10 – 50 wt% of ionic network were investigated 
and are shown in Figure 6. Conductivities of interpenetrating network samples gradually increase 
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with increased concentration of ionic network. Interpenetrating networks with 10 – 50 wt% of 
ionic network have conductivities of the order of 10 to 103 higher than pure CE-(PDMS-PEG) 
copolymer as seen in Figure 6a. Relative permittivities and dielectric loss (tan (δ)) of the 
interpenetrating networks also increase with increasing concentration of ionic network, see 
Figure 6b. The dynamic dipole orientation of polymer molecules resulting from polarization are 
observed for interpenetrating network of 30 and 40 wt% of ionic network, as Debye-relaxation 
peaks occur at frequencies of 100 to 102 Hz. 
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Figure 6 Dielectric properties of interpenetrating network of PDMS-PEG copolymer and ionic 
network: a) conductivities b) relative permittivity and dielectric loss factor.  
 

SEM analysis shows the presence of visible spheres in interpenetrating network with 30 – 
50 wt% of ionic network as seen in Figure 7. These spheres are ionic network formed by phase 
separation in CE-(PDMS-PEG) copolymer matrix. The size of the spheres increases as the 
amount of ionic network increases in from 30 to 50 wt%. Interpenetrating networks of 40 and 
50 wt% of ionic network contain large sizes of spheres (>50 µm) which may destabilize the 
elastomers (see Figure 7b and c). Therefore, the further work where MWCNT is incorporated 
into the interpenetrating network used 30 wt% of ionic network due to the resulting smaller 
spheres (10 – 20 µm) as shown in Figure 7a. 
 

   
 
Figure 7 SEM images of interpenetrating networks of CE-(PDMS-PEG) copolymer and ionic 
network: a) 30 wt% b) 40 wt % c) 50 wt% of ionic network. 
 

a b c 

a b 
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Samples from interpenetrating networks with 30 wt% of ionic network were added 1 – 3 
phr of MWCNTs. Conductivities of interpenetrating networks (30 wt% ionic network) with 
MWCNTs were compared with reference elastomers which are based on pure ionic network, 
pure CE-(PDMS-PEG) copolymer and LR3162 as shown in Figure 8. Conductivities of 
interpenetrating networks with 1 – 3 phr of MWCNTs are lower than CE-PDMS-PEG copolymer 
with the same amount of MWCNTs and the addition of MWCNT to interpenetrating network 
may destabilize the resulting elastomers causing less conductivity than CE-(PDMS-PEG) 
copolymer with MWCNTs. One major advantage of elastomers with ionic networks may 
however be that they are able to show self-healing properties [12], [13]. 
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Figure 8 Conductivities of interpenetrating networks of CE-(PDMS-PEG) copolymers and ionic 
networks with MWCNTs compared to LR3162. 

CONCLUSIONS 
 A new stretchable elastomer with high conductivity was successfully created from 
PDMS-PEG copolymers and MWCNT. PDMS-PEG copolymer based elastomers with 3 phr of 
MWCNT is not only soft, but also has conductivity close to a commercial conducting polymer 
benchmark which possesses limited softness. A high level of dispersion of MWCNTs within the 
PDMS-PEG matrix was obtained using a combination of surfactant and ultra-sonication. Higher 
loadings of MWCNT (> 3phr) in PDMS-PEG copolymer may increase the conductivity further, 
but excessive amounts of MWCNT may on the other hand deteriorate the elastomer with 
resulting poor mechanical properties. Furthermore, the elongation strain of PDMS-PEG/3 phr 
MWCNT nanocomposite elastomer is more than 100%. Interpenetrating networks of PDMS-
PEG copolymer and a silicone-based ionic network with MWCNTs may have self-healing 
properties, but the conductivity is lower than PDMS-PEG copolymer with MWCNTs.  
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