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ABSTRACT OF THE DISSERTATION 

 

 

Synthesizing New Dielectric Elastomers for Actuation 

  

 

by 

 

 

Wei Hu 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2015 

Professor Qibing Pei, Chair 

 

Dielectric elastomers can be actuated under electric field responding to electrostatic force. 

Compared with other electrical actuation technologies, the advantages of dielectric elastomer 

actuators include: light weight, good compliancy, large actuation strain, high energy density, quiet 

operation and low cost. As the active part of an actuator device, the dielectric elastomer material 

plays a central role. However, most popular elastomers used for dielectric actuation are 

commercial products designed for other applications. And their confidential formulations also 

make it difficult to understand the mechanism and further improve the actuation performances. 

Therefore, the development of new dielectric elastomers from molecular level is of great 

importance. 

One subject in this dissertation is the synthesis of a group new dielectric elastomers from molecular 

level which demonstrate high actuation strains. These dielectric elastomers are polyacrylate 
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formulations with n-butyl acrylates as the based monomer and formed through ultra-violet 

polymerization. The influences of acrylic acid in the formulation on the mechanical and dielectric 

properties are investigated. The optimal formulation demonstrates an area actuation strain of 

186 %, a dielectric strength of 222 MV/m and an energy density as high as 1.4 MJ/m3. 

As the dielectric constant of a dielectric elastomer plays a significant role in its actuation 

performances, one focus of this dissertation is to improve the dielectric constant by utilizing 

nanocomposites. Aluminum nanoparticles with a self-passivated oxide shell are used as the 

conductive fillers to increase the dielectric constant of a polyacrylate elastomer while retaining a 

high dielectric strength. With the addition of 4 vol% Al nanoparticles, the nanocomposite has a 

dielectric constant as high as 8.4 with a maximum actuation strain of 56 %, a dielectric strength of 

140 MV/m and a maximum actuation pressure of 1.5 MPa.  

Another focus of this dissertation is the innovation of a dielectric elastomer with tunable stiffness. 

This novel elastomer contains furan-maleimide Diels-Alder adduct moieties as the dynamic 

bonding. The moduli of these elastomers can be tuned reversibly and incrementally through 

modulating their crosslinking densities via thermal treatments at moderate temperatures. 

Capacitive sensors and actuators which can work in multiple modes were fabricated using the new 

materials. 
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1. Introduction 

1.1. Background 

1.1.1. Mechanisms of dielectric elastomer 

Dielectric elastomers (DEs) represent a new category of electroactive materials and are being 

investigated for a wide variety of electromechanical transducers such as actuators with various 

form factors and sizes, strain sensors and energy harvesters.[1–3] 

The DE device structure comprises an elastomer film sandwiched between two compliant 

electrodes, which is essentially a soft capacitor. As schematically illustrated in Figure 1-1, in 

actuation mode, when the voltage is on, opposite charges are introduced onto the compliant 

electrodes. The soft capacitor will shrink in thickness while expand in area in response to the 

electrostatic stress.[4] Thus the electrical energy is transferred into mechanical energy. The 

generation mode basically is the reverse of the actuation mode in which mechanical energy is 

transferred into electrical energy. 

 

Figure 1-1. A schematic illustration of a dielectric elastomer actuator. 

The actuation thickness strain (sz) can be calculated using Equation (1): 

           (1) 

where ԑ0, ԑr, E and Y are the vacuum permittivity (8.85×10-12 F/m), dielectric constant or 

permittivity of the dielectric elastomer, applied electric field and apparent modulus of the dielectric 

elastomer.[5] 

𝑠𝑧 = 𝜀0𝜀𝑟𝐸2 𝑌⁄  
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Electroactive systems have been drawing great attention for their great potential application in 

robotics. Widely investigated systems include shape memory polymers, piezoelectric ceramics, 

conducting polymers and ferroelectric polymers in addition to dielectric elastomers. These 

technologies, together with the properties of mammalian skeletal muscles, are compared and listed 

in Table 1-1. 

Table 1-1. Comparisons of various actuation technologies.[3,6] 

Property 

Density 

[g/cm3] 

Modulus 

[MPa] 

Strain 

[%] 

Energy density 

[kJ/m3] 

Mammalian skeletal muscle 1 10 - 60 20 - 40 8 - 40 

Shape memory alloy 6 20 k - 80 k 1 - 8 > 1 k 

Piezoelectric ceramic 8 70 k 0.2 100 

Conducting polymer 1.2 500 2 - 12 70 - 100 

Ferroelectric polymer 2 400 -1200 3 - 10 1 k 

Dielectric elastomer 1 0.1 - 3 ~ 100 1 k 

 

When compared with other electroactive systems and materials, DEs offer several advantages, 

including: (1) large strain and force output, (2) light weight, (3) large actuation strain and high 

energy density, (4) quiet operation, and (5) low cost.  

1.1.2. Study of dielectric elastomer 

The dielectric and mechanical properties of the DE films are the key to the performance of the DE 

devices. Major DEs currently under investigation include crosslinked silicones[7] and 

polyacrylates[8], thermoset or thermoplastic polyurethanes[9], and triblock copolymers comprising 

two rigid end blocks and a soft middle block[10,11]. Schemes of some representative DEs are shown 

in Figure 1-2. 



3 
 

 

Polydimethylsiloxane (PDMS), a silicone 

                                                    

O

O

n

R
 

Polyacrylate, R refers to alkyl group or other functional groups 

soft segment O

O

NH rigid segment NH

O
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n 

Polyurethane 

n

n

n

n

 

Polystyrene-block-(ethylene-co-butylene)-block-polystyrene (SEBS), a triblock copolymer 

O

O

O

O

O

O

n

n

n

 

Polymethylmethacrylate-block-polybutylacrylate-block-polymethylmethacrylate (PMMA-PnBA-

PMMA), a triblock copolymer 

Figure 1-2. Chemical structures of representative DE materials. 

Si O

n
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Silicones are attractive as these elastomers have low glass transition temperatures, low 

viscoelasticity, and fast response to both mechanical and electrical stimuli thanks to the high 

freedom of rotation of the of silicone backbone and low inter polymer chain interaction. Other 

advantageous features of silicones include resistance to moisture and chemicals, and stability over 

a broad temperature range. On the other hand, silicones have low dielectric constant, typically less 

than 3, resulting from the lack of polar moieties. Since most commercial silicones come as viscous 

pre-crosslinked viscous fluids, efforts have been made to increase the dielectric constants of 

silicones by adding various high dielectric fillers or highly polarizable groups before curing. 

Polyurethane elastomers are either thermoplastic or thermoset depending on the functionalities of 

employed hydroxyl ended oligomers and isocyanate compounds. In both thermoset and 

thermoplastic polyurethanes, the rigid urethane blocks function as physical crosslinking sites 

providing the elasticity while the soft blocks allow large deformation. However, without 

chemically crosslinking, the thermoplastic polyurethanes suffer from creep or stress relaxation. 

The thermoplastic polyurethanes are also more sensitive to temperature than thermoset 

polyurethanes due to the melting of the urethane blocks when heated. The high polarity urethane 

group promotes polyurethanes’ dielectric constants up to 10, higher than silicones. Like silicones, 

most commercial polyurethanes are supplied as un-cured oligomers, so it is feasible to alter the 

commercial formulation with additives and fabricate thin films with designed thickness. 

Polyacrylates have been an important DE material ever since the high performance of 3MTM 

VHBTM adhesive film was first discovered.[5] This commercial material comes as cured films, but 

it can still be modified by swelling with known acrylate monomers[12] or plasticizers[13]. Several 

new formulations based on commercial monomers or oligomers have also been developed 

targeting at specific requirements.[14] Comparing with the precursors of silicones and 
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polyurethanes, the acrylate monomer solutions have relatively low viscosity so that no additional 

solvent is required during processing. The solutions can be molded into films through bulk 

polymerization. Polyacrylates have dielectric constants around 5 and usually demonstrate superior 

dielectric strengths and actuation strains. 

As in the triblock copolymers with two rigid polymer end blocks and a soft block in between, the 

end blocks form rigid domains that function as physical crosslinkers. Meanwhile, the soft block 

allows for large deformation similar as in thermoplastic polyurethanes. Polystyrene-block-

(ethylene-co-butylene)-block-polystyrene (SEBS) and polymethymathacrylate-block-

polybutylacrylate-block-polymethymathacrylate (PnBA-PMMA-PnBA) are two major triblock 

copolymers utilized as DEs. Their mechanical and electrical properties can be tuned by changing 

the molecular weight of each block or by applying dielectric solvents to swell the polymer.[10,11]  

Fluoroelastomers[15], polyesters[16], polybutadiene[17], and other elastomers have also been 

investigated as DEs although the overall performance appear to be lower than the polymers above. 

Table 1-2 lists representative DEs reported in recent literatures, including commercial products 

without or with alteration and new polymers developed in research laboratories. Composite DEs 

will be discussed in Section 3. 

Table 1-2. DE materials. 

Material Category 

ԑr at 1 

kHz 

Modulus 

[MPa] 

Elongation 

[%] 

Dielectric 

strength 

[MV/m] 

Maximum 

actuation 

[%] 
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Nusil CF19-

2186[5,18] 

Silicone 2.8 1.0 600 350 64 (area) 

Dow Corning 

HS3[5,19] 

Silicone 2.8 0.1 550 128 117 (linear) 

Dow Corning 

Sylgard 186[4] 

Silicone 2.8 0.7 - 144 

-32 

(thickness) 

Silicone-IPN[7] Silicone - 0.5 400 58 45 (area) 

Dow Corning 

DC 3481[20] 

Silicone 

3.3~3.

7 

0.35~0.56 - 32 10 (area) 

Dow Corning 

730[17,21] 

Fluoro-

silicone 

6.9 0.5 240 80 

28 

(thickness) 

Deerfield 

PT6100S[4] 

Polyurethane 7 17 - 160 

11 

(thickness) 

Estane 

TPU588[9] 

Polyurethane 6 - - 8 

8 

(thickness) 

TPU LPT 4210 

UT50[15] 

Polyurethane 6.0a 3.36 421 218 - 

Bayfol EA102[15] Polyurethane 7.1a 1.44 300 130 - 

3MTM VHBTM[5] Polyacrylate 4.8 3.0 > 1050 412 158 (area) 

VHB-IPN[12] Polyacrylate 3.6 2.5 150 300 233 (area) 
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Formulated 

polyacrylate[14] 

Polyacrylate 4.8 1 170 237 90 (area) 

SEBS 161-oil[10] 

Swollen 

triblock 

copolymer 

- 1.3b - 203 

> 100 

(linear) 

SEBS 217-oil[10] 

Swollen 

triblock 

copolymer 

- 1.1b - 195 

> 100 

(linear) 

MBM-146-45[22] 

Swollen 

triblock 

copolymer 

4.1 0.08 380 28 110 (area) 

PnBA-PMMA-

TL[11] 

Swollen 

triblock 

copolymer 

3.0 7.6 419 4.4 20 (area) 

PnBA-PMMA-

THF[11] 

Swollen 

triblock 

copolymer 

2.9 12.31 294 5 8 (area) 

Polyester-1[16] Polyester 5.6 0.08 1100 16 12 (area) 

Polyester-2[16] Polyester 7.7 1.9 60 34 5.5 (area) 

Aldrich PBD[17] Polybutadiene 4.0 1.7 - 76 12 (area) 
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Solvene 250[15] 

Fluoro-

elastomer 

14a 800 525 250 - 

Lauren L1431-

C[4] 

Fluoro-

elastomer 

12.7 2.5 - 32 

8 

(thickness) 

ACN rubber[23]  14 4  50 

20 

(thickness) 

a This value is measured at 1/8 Hz. 

b This value is compressive modulus in z direction. 

1.1.3. Optimization of dielectric elastomers – Design guidelines for dielectric elastomers 

1.1.3.1. Dielectric properties 

Dielectric properties, including dielectric constant, dielectric loss, leakage current, and dielectric 

strength are all decisive factors for DEs’ actuation properties and application performance. 

A. Dielectric constant and loss 

A dielectric material is polarized when exposed to an external electric field. Polarization (P) is 

defined as the macroscopic density of the permanent and induced electric dipole moments in the 

material. P is calculated as: 

𝑃 = 𝜀0(𝜀r − 1)𝐸          (2) 

As for a capacitor, the capacitance (C) can be calculated as: 

𝐶 =
𝜀0𝜀r𝐴

𝑑⁄            (3) 
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where A and d are the area and the thickness of the capacitor, respectively. This equation is also 

often used to characterize the dielectric constant. 

In a dynamic operation, the dielectric permittivity can be expressed in a complex form: 

𝜀∗(ω) =  𝜀’(ω) − 𝑗𝜀’’(ω)         (4) 

where ω is the operation frequency, and ε’(ω) and ε’’(ω) are the real and imaginary parts of the 

dielectric constant, respectively. The real part ε’(ω) responds to the polarization for the energy 

storage and ε’’(ω), often referred as loss factor, represents that of the dissipative part. The 

dissipative behavior is sometimes characterized by loss tangent (tan (δe)) defined as: 

tan 𝛿e = 𝜀′′
𝜀′

⁄            (5) 

There are several mechanisms in microscopic scale contributing to the macroscopic polarization: 

(1) electronic polarization: a distortion of the electron cloud around the nuclei upon the external 

electric field; (2) distortion polarization: also referred as atomic polarization, the bending and 

stretching motions of the molecules; and (3) orientation polarization: rotation of permanent dipoles 

or displacement of ions. 

All the three polarization mechanisms contribute to the macroscopic polarization at low 

frequencies. However, dielectric constant is a function of frequency and every polarization 

mechanism has a characteristic time. A typical dielectric constant – frequency behavior is 

presented in Figure 1-3.[24] 
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Figure 1-3. Dielectric behavior over frequency. (adopted from [24]) 

Electronic polarization has the fastest, almost instant response to the applied electric field up to 

beyond 1015 Hz, distortion polarization occurs at frequencies no greater than 1014 Hz, while 

orientation polarization only responds to low frequencies (< 109 Hz). When considering composite 

elastomers with high dielectric constant fillers, interfacial polarization between filler and matrix 

plays a role as well but it has an even lower response speed than that of orientation polarization. 

When polarization cannot catch up with the alternating applied electric field, there will be an 

increase in dielectric loss. However, when the applied electric field has a much higher frequency 

such that the polarization ceases to respond, the corresponding dielectric loss would turn to 

decrease. Therefore, every polarization mechanism exhibits a peak loss with frequency. 

The dielectric constants of polymers depend mainly on their chemical structures. Polar groups 

contribute to both distortion and orientation polarizations, and thus increase the dielectric constant. 

For example, silicones usually have dielectric constants below 3 due to absence of polar groups, 

as listed in Table 1-2.  However, εr of Dow Corning 730, a fluoro-silicone, is 6.9 thanks to the 
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high density of C-F groups in this polymer. The introduction of strong dipoles has been a popular 

approach to enhancing dielectric constant. This topic will be discussed in Section 3. 

Permittivity plays a key role in the actuation performances of DE devices. Elastomers with high 

permittivity are ideal DE materials. Unfortunately, most of the known elastomers with high 

permittivity also exhibit low dielectric strength and high dielectric loss, which are detrimental to 

actuation performance. This topic will be further discussed in Section 3. 

B. Dielectric strength and leakage current 

The dielectric strength of a DE refers to the maximum electric field the material can survive 

without failure. As Equation (1) shows, the dielectric strength defines the limiting performance of 

a DE. However, the measured dielectric breakdown is often dependent on experimental conditions 

such as film thickness, apparent modulus, moisture, and electrode material. Several mechanisms 

could initiate dielectric breakdowns:[25,26] 

(1) Thermal breakdown: Thermal breakdown happens when the Joule heat generated by the 

leakage current across the DE film cannot be effectively dissipated. The resulted heat in film would 

raise the conductivity of the film, thus the leakage current, and further increase the leakage current, 

resulting in a positive feedback. Once above a threshold, the elastomer film would be melt locally, 

creating low-breakdown path. 

(2) Electronic process: The breakdown starts from ionization in a local region. At this region, 

electron avalanches. The discharging causes erosion of the dielectric, and thus rapid propagation 

of a conducting channel.  
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(3) Electromechanical instability: As schematically shown in Figure 1-4, an elastomer film 

undergoes a characteristic rapid increase in stress, then a plateau region, followed by a very steep 

rise in the stress until the rupture of the film via the breaking of covalent bonds. The actuation 

stress/strain curve will follow the quadratic curve in the figure. For sufficiently high driving 

voltage, the reduction in film thickness and increase in electric field form a positive feedback loop 

and the film will continue to be driven thinner and thinner until the local electric field exceeds the 

dielectric strength of the film, as indicated by the intersection of the quadratic curve and elastic 

stress curve. This induces eventual dielectric breakdown. However, if the film is pre-stretched, the 

origin of the actuation stress/strain curve will shift to O’. The resulting actuation stress/strain curve 

will be less likely to intersect the elastic stress/strain curve; therefore the actuation will be more 

stable.[3] 

 

Figure 1-4. Characteristic stress of a DE film as a function of mechanical strain or electric field (constant 

voltage condition). The chart with origin at O are for a non-prestrained film at O’ for the prestrained film. 

The cross (×) indicates dielectric breakdown and the bar (-) indicates stable actuation strain. Small o and 

large O represent the apparent breakdown field and actual breakdown strength respectively. (adopted from 

[3]) 

(4) Environmental effect: The breakdown is started by ionization of surrounding medium such as 

air molecules. It usually occurs at the edge of the electrodes. 
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Overall, the dielectric breakdown of a DEA often starts from a local breakdown. The apparent, 

practically useful dielectric strength can often be improved by suppressing the presence of local 

defects or “weak spots” such as non-uniformity of film thickness, residual catalyst, and dust 

particles. Yuan et al. utilized carbon nanotubes as self-clearing electrode with which a local 

breakdown is open-circuited as the ultrathin carbon nanotube electrode is burned away around the 

breakdown spot. A DE actuator can thus be made to survive after numerous breakdown events 

without significant loss of actuation performance. Immersion in dielectric oil could reduce the 

chance of air discharging.[27] 

C. Leakage current 

Leakage current through a DE film is inevitable since DE is not perfectly insulating. It decreases 

the actual voltage on the DE component and consumes electrical energy without exerting 

mechanical work.  

The works by Gisby et al. and Di Lillo show that the 3MTM VHBTM does not show an Ohmic 

behavior.[26,28] The leakage current increases exponentially with the applied electric field due to 

the excitation of more electrons in valence band into the conduction band at higher electric field, 

and thus increase of electrical conductance. 

1.1.3.2. Mechanical properties 

The moduli of the DE polymer at various strains place a key role in the actuation as Equation (1) 

shows. Other mechanical properties are also important factors such elongation and stress at rupture 

and viscoelasticity. In this section, viscoelasticity will be discussed in length since it is influential 

on the reliability of DEs. 
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Viscoelasticity 

Viscoelasticity is a result of molecule movement delay and inter chain friction. Mechanical loss 

factor is often used to characterize the viscoelasticity of a polymer: 

tan 𝛿m = 𝐸′′
𝐸′

⁄            (6) 

where E’’ and E’ are the loss modulus and storage modulus. Viscoelasticity will harm the device 

performances in (1) reducing response speed, (2) lowering reliability due to creep and stress 

relaxation and (3) dissipating electro-mechanical energy into heat.[29] 3MTM VHBTM is an example 

of DEs with high viscoelasticity resulted from strong inter chain interactions. Figure 1-5 shows 

an actuator with 3MTM VHBTM as the active material. The delay in response is seen both when a 

driving voltage is applied on and removed.[15] 

 

Figure 1-5. A 3MTM VHBTM actuator’s performance as a function of time. The actuation voltage is applied 

at 0.05 s and removed at 1.05 s. (adopted from [15]) 

Overall, viscoelasticity is not a desirable property for DE. However, it might not be eliminated 

completely. 
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1.1.3.3. Environmental effects 

A. Temperature 

Temperature may affect a DE’s performance in three aspects: material’s chemical structure, 

dynamic mechanical property and dielectric constant. Sheng et al. conducted quantitatively study 

on 3MTM VHBTM as a representative polyacrylate DE. In a thermal gravity analysis in nitrogen 

atmosphere, 3MTM VHBTM started to lose weight at 260 OC followed by a rapid loss at 385 OC. 

The storage modulus of 3MTM VHBTM was found very sensitive with temperature change around 

room temperature. It is 1.2 GPa below - 30 OC, decreases rapidly above - 20 OC due to glass 

transition, and reaches 0.1 MPa at 100 OC. (See Figure 1-6.) Such a large variation of modulus in 

the ordinary operation temperature range is undesirable. It could be overcome via the addition of 

plasticizers to lower the glass transition temperature.[13] The permittivity of VHB increases with 

temperature from - 40 OC to 0 OC, which coincides with the glass transition and it attributed to the 

change in orientational freedom of dipoles in the polymer as a function of temperature. The authors 

also observed a dielectric constant decrease above 0 OC, and explained it as a result of dipole 

density decrease due to thermal expansion.[30] 

 

(a) 
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Figure 1-6. 3MTM VHBTM’s (a) Storage and loss moduli as a function of temperature at a frequency of 0.1 

Hz; and (b) dielectric constants of different temperatures as a function of frequency. (adopted from [30]) 

Biggs et al. also studied the effect of temperature on the actuation performances of 3M VHB as 

well as a silicone elastomer. As shown in Figure 1-7, the 3MTM VHBTM actuator shows a stroke 

increase from – 40 OC to room temperature due to decrease in modulus. However, the stroke 

decreased as temperature is further raised. In comparison, silicone shows a very stable actuation 

from – 40 OC up to 80 OC because of stable mechanical and dielectric properties.[15] 

 

(b) 
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Figure 1-7. Performance of actuators of 3MTM VHBTM and a silicone as a function of temperature. (adopted 

from [15]) 

B. Humidity 

Moisture absorbed in a polymer network would increase the material’s conductivity so that the 

soft capacitor would suffer a higher leakage current and an early electric breakdown during high 

electric field operation. The absorption of moisture in a DE polymer is determined by free volumes 

in the polymer and interaction between water molecules and constituent bonds on the polymer 

chains. Strong dipole and hydrogen bond-forming bonds tend to absorb more moisture. For the 

same polymer structure, an elastomer with lower crosslink density can be swollen more than a 

more densely crosslinked elastomer.  

Biggs et al. studied how humidity affects the reliability of a 3MTM VHBTM actuator, and found that 

the mean cycles to failure dropped two orders when humidity increased from 20 %RH to 

60 %RH.[15] This high moisture sensitivity is likely caused by the presence of polar and hydrogen 

bonding forming moieties, such as the carbonyl group and carboxylic acid group, in this 

polyacrylate copolymer. 

 

Figure 1-8. Effect of relative humidity on actuation cycles to failure of 3MTM VHBTM acrylate actuators at 

room temperature. (adopted from [15]) 
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Silicones are much less susceptible to moisture due to absence of highly polar or hydrogen bonding 

forming groups. A silicone based device could be operated at 25 OC/70% RH for 7.6 million cycles, 

with a mean time to failure of 20 million cycles at 65 OC/85% RH.[15] 

1.1.3.4. Fabrication of DE films 

DE actuators generally require electric fields of 10 to 100 MV/m to produce useful force or strain. 

Thinner films are preferred to reduce the driving voltage. However, to fabricate elastomer thin 

films is even more challenging than other plastic polymers due to their low stiffness. 

High molecular weight polymers or pre-polymers, such as most silicones and polyurethanes, were 

usually mixed with solvents and drop casted into films. Crosslinking reactions occur during and 

after solvent evaporation. The resulted film thickness usually exceeds ~ 50 µm to ensure a uniform 

film thickness. A clean room environment is preferred to achieve better quality. Bulk 

polymerization though UV and heat is suitable for formula with low viscosity prepolymer without 

solvents or by-product during crosslinking. Lotz et al. developed a process to fabricate multilayer 

actuators. Uncured silicone parts were mixed and spin coated. After the silicone film thermally 

cured, graphite powder was sprayed on. Then the process is repeated to fabricate more layers. The 

film thickness can be adjusted by spin speed. A minimum thickness of 4 µm was achieved.[31] 

 



19 
 

Figure 1-9. Lotz’s process for fabricating multilayer DEAs. (adopted from [31]) 

1.1.4. Applications of dielectric elastomers 

1.1.4.1. Actuators with various configuration 

DE actuators have been integrated into multiple complex systems such as braille display, tunable 

lenses and robotics. Basic configurations of DE actuators include: planar, stacking, diaphragm, 

spring roll and annular actuators. The configurations and applications are listed in Table 1-3. 

Table 1-3. DE actuator configurations. 

Configuration Structure Comments and 

applications 

Planar 

actuator 
 

Basic DE actuator. 

Material characterization 

and patterning. 

Stacking 

actuator 
 

Increase displacement in 

thickness direction. Increase 

actuation blocking force. 

Linear actuator. 

Diaphragm 

actuator 

[32] 

Tactile display, Braille 

display and microfluidic 

channel. 

Spring roll 

actuator 

[33] 

Electrode can be patterned to 

achieve multiple degree of 

freedom. 



20 
 

Walking robot and flying 

vehicle. 

Annular 

actuator 

[34] 

Tunable lens. 

 

A planar actuator is the basic actuator structure which is usually used to characterize the actuation 

performance of a DE or an electrode material. Stacking actuator contains multiple layers of planar 

actuators which can enlarge the deformation in thickness direction and increase the actuation 

blocking force. Diaphragm actuator comprises a confining ring so that the film would buckle up. 

A spring roll actuator contained a compressed spring wrapped with a DE film with pasted 

electrodes. Depending on the electrode pattern and the actuated portion of the DE film, the spring 

roll actuator was able to show multiple actuation modes. An annular actuator is usually used in 

tunable lens. 

1.1.4.2. Products and prototypes 

There are a few commercial products utilizing the special advantages of DE technologies including 

the capacitive sensors for human motion measurement by StretchSense[35], tunable lenses by 

Optotune[36], and headphone with vibration motion by Vivitouch Technology[37]. Meanwhile 

efforts have been made on various prototypes such as bio-inspired robots which can walk or fly, 

braille displays and microfluidic channels.  
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1.2. Motivation of this thesis 

It has been 15 years since the superior actuation performances of dielectric elastomers were 

discovered. Great achievements have been established in several subjects in this field, including 

mechanics study and modeling, prototypes fabrication and material improvements. However, most 

of the currently employed DE materials, including acrylic adhesive, silicone and polyurethane 

elastomers, are commercial polymers manufactured for other applications such as pressure 

sensitive adhesives, encapsulation and coating. Furthermore, the exact chemical structure or 

formulation of these polymers are kept as industrial secrets, making it difficult to modify the 

formulation for enhanced DE performance or specific application requirements. Therefore, it is of 

great interest to design and develop new polymeric materials from molecular level specifically for 

DE applications. 

1.3. Scope and layout of the dissertation 

This dissertation is divided into five chapters. 

Chapter 1, the current chapter, gives an introduction of the thesis, including the basic mechanisms 

the dielectric elastomer, the state of art in DE material development in materials’ properties and 

processing and configurations and applications of DE actuators. 

Chapter 2 describes the formulation of a group of polyacrylate DEs targeting at high actuation 

performances. The effects of an acid component, acrylic acid, on both mechanical and 

electromechanical properties of these DEs, were discussed. 

Chapter 3 introduces the synthesis of a group of DEs targeting at high permittivity. The permittivity 

was increased through addition of Al nanoparticles. The as-prepared nanocomposite elastomer 

demonstrated a high permittivity of 8.4 while maintain high breakdown strength. 
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Chapter 4 discusses a new type DEs with controllable stiffness. The mechanical properties of these 

elastomers can be administered by dynamic bonding formation via simple thermal treatment. 

Capacitive sensors and actuators are fabricated with this new DE and can be operated at different 

modes.  

Chapter 5 gives an outlook of future researches in this field and concludes the dissertation. 
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2. Dielectric Elastomers with High Actuation Strain 

2.1. Background of this study 

3MTM VHBTM adhesives have been used as dielectric elastomers for a lot of applications. The 

second network was introduced into this elastomer to suppress the electromechanical instability 

during actuation.[12] Plasticizers were used as well to broaden the operation temperature range.[13] 

However, these adhesive films come as film rolls with confidential formulation, making it difficult 

to understand the structure-property relationship and further improve this material. Moreover, 

these film rolls have pre-set thicknesses, not suitable for certain applications. 

A group of acrylate copolymers were synthesized as new dielectric elastomers targeting at high 

actuation strains. Acrylate monomers were selected for two reasons: 

(1) Acrylates have various structures and can be used to form polymers with versatile properties. 

(2) Acrylates are reactive and easily cured when exposed to ultra-violet (UV) light. UV curing 

process is fast, low cost, and scalable and has low environmental impact. 

In the set of formulations, n-butyl acrylate was selected as the core building block to synthesize 

these new acrylate copolymers because poly (n-butyl acrylate) is soft at ambient temperature with 

a glass transition temperature of ~ - 50 OC.[38] This would contribute to a large actuation strain. A 

difuntional urethane acrylic ester resin (CN 9021) was added as a long chain crosslinker as it has 

a flexible chain and its mono polymer has a tensile strain up to 1000 %. A silicone diacrylate (CN 

9800) was used as the second crosslinker to avoid crystallization. Acrylic acid is another important 

component in the formula since its carboxyl acid group is quite polarizable and may contribute to 

a high permittivity. In this study, various amounts of acrylic acid were investigated. 
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2.2. Experimental design 

2.2.1. Materials 

The monomers, n-butyl acrylate (>= 99%) and acrylic acid (99%, anhydrous), and the 

photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone (99%) (DMPA) were purchased from 

Sigma-Aldrich. CN 9021 and CN 9800, were supplied by Sartomer Company. All the chemicals 

were used without further purification. 

The adhesive tape, 3MTM VHBTM 4905, was used as a reference material. This tape has a thickness 

of 500 μm. 

2.2.2. Film preparation 

Four formulas, listed in Table 2-1, with various amounts of acrylic acid were investigated. 

Table 2-1. Formulas (weight part) with various amount of acrylic acid. 

Formulation 

n-butyl 

acrylate 

Acrylic acid CN 9021 CN 9800 DMPA 

AA-0 100 0 13 1.3 0.5 

AA-6 100 6 13 1.3 0.5 

AA-13 100 13 13 1.3 0.5 

AA-20 100 20 13 1.3 0.5 

 

In a typical procedure, a pre-polymer solution was injected into a glass mold coated with 

commercial Rain-X hydrophobic coating. The thickness of the liquid layer is defined by spacer 

tapes on the edges of glass pieces. The UV light, supplied form a UVP B-100 lamp, was shone on 

the liquid layer for 15 minutes as the monomers were cured to form a solid film. Then film was 

taken out of the glass mold and baked on a hot plate at 80 OC for one hour to let un-polymerized 
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monomers evaporate and release the inner stress developed in the curing process. The as-cured 

films are soft, stretchable and transparent. 

2.2.3. Tensile test 

Tests followed ISO 37:1994 by a dynamic mechanical analyzer (DMA, TA instruments RSAIII). 

Films were cut into a standard dumbbell shape with an effective area of 2 mm width by 12 mm 

length with a laser cutter. All tested samples have a thickness between 500 μm and 600 μm. 

Samples were stretched to the limitation of the DMA stage with a rate of 3.33 mm/s. 

2.2.4. Actuation characterization 

AA-0, AA-6, AA-13 and AA-20 films were stretched by 300 % biaxially and confined with plastic 

frames. Circular actuators were made by pasting carbon grease on both sides of the stretched films 

using shadow masks. AA-13 films were further investigated with 200 %, 250 %, 350 % and 400 % 

biaxial prestrains. 

Actuation voltages were applied starting at 800 Volts and increased at 200 Volts increments till 

2400 Volts. The voltage was then increased at 100 Volts increments till the failure of each actuator. 

Each actuation voltage was hold for 10 seconds. Areas during actuation were recorded with a web 

camera and measured with a LabView program. 

2.2.5. Actuation blocking force measurement  

The synthesized films were first stretched 300 % biaxially. Single walled carbon nanotube was 

dispersed into chloroform solvent with a concentration of 4 mg/ml through ultra-sonication for 3 

hrs. The dispersion was sprayed onto both surfaces of the stretched films with an overlapping 

electrode area of 40 mm by 6 mm which defines the active area of the actuator. Rigid frames were 

then applied as shown in Figure 2-1 for clamping onto DMA. The clam position was adjusted to 



26 
 

ensure 300 % prestrain of the DE films in the vertical direction. The films would shrink in x 

direction due to Poisson’s effect. Voltages increasing from 500 Volts to 2500 Volts at 100 Volts 

increments were applied. The force at vertical direction (y axis in Figure 2-1) required to maintain 

the 300 % prestrain was measured by the DMA. The force changes between voltage-on and 

voltage-off states were taken as the blocking force corresponding to the bias voltage. 

 

Figure 2-1. An actuator for blocking force test. 

2.2.6. Actuation lifetime measurement 

2.2.6.1. Actuation lifetime at a static voltage 

AA-13 films were stretched by 300 % biaxially. Circular actuators were made as described in 

Section 2.2.4. To improve the lifetime performance, self-clearing electrodes with single walled 

carbon nanotubes were deposited as described in Section 2.2.5. These carbon nanotube electrodes 

were blanket covered with dielectric oil for stable self-clearing. Constant voltages were applied to 

obtain 150 % actuation area strain. The transient current during the constant voltage actuation was 

measured with a Keithley multimeter and recorded by a LabView program. The actuation area was 
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recorded with a web camera and the calculated area strain was recorded with the same LabView 

program. The actuation voltage was maintained until terminal failure of each sample. 

2.2.6.2. Actuation cycle lifetime 

AA-13 films were stretched to 300 % biaxial prestrain. Circular actuators were made using carbon 

grease electrodes. Square wave voltages with 0.05 Hz and 0.5 Hz frequency between 0 volts and 

a predetermined high voltage that drove an actuator sample to 150 % area strain were applied. The 

transient area of the active area was recorded with a web camera and recorded with a LabView 

program. The cyclic actuation was continued until terminal failure of each sample. 

2.3. Results and discussion 

2.3.1. Mechanical properties 

Stress-strain curves were plot in Figure 2-2. Note that the final points at 1100 % tensile strain of 

all the four stress-strain curves are not elongation rupture but the limitation of the DMA. 
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Figure 2-2. Stress-stain curves of AA-0, AA-6, AA-13 and AA-20. 

All the four curves follow a typical hyperelastic stress-strainn characteristic: the stress increases 

rapidly at first, then undergoes a plateau region and a rapid increase at the end. Figure 2-2 indicates 

that the increase of acrylic acid amount results in an increase of stiffness. 

2.3.2. Measurement of dielectric constant 

Dielectric constants of different formulations were determined by blocking force tests. According 

to the derivation in Ref [39][39], the permittivity can be calculated from blocking force by Equation 

(7): 

𝐹𝑦 𝑧𝑜⁄ = 𝑥𝑜𝜀𝑟𝜀𝑜𝐸2 𝛼𝑦 = 𝑘𝐸2⁄         (7) 

where Fy is the blocking force in y direction measured by DMA, xo and zo are length and thickness 

before prestrain, and αy is prestrain ratio of  the width (y) direction, respectively. V is the applied 

voltage. Fy/zo is proportional to E2 and εr can be calculated by Equation (8). 

𝜀𝑟 = 𝑘𝛼𝑦 𝑥𝑜⁄ 𝜀𝑜          (8) 

Figure 2-3 shows the plots of Fy/zo and E2 of different formulations and the linear fit of each curve. 

3MTM VHBTM 4905 adhesive was tested as well as a reference. Table 2-2 shows the calculation 

results of block force tests. 
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Figure 2-3. Blocking force test of AA-0, AA-6, AA-13 and AA-20. 3MTM VHBTM 4905 was tested as a 

reference. 

The calculated blocking force using the linear fit was listed in Table 2-2. 

Table 2-2. Calculated blocking force and dielectric constant. 

Sample 

Linear fit slope k 

[10-14 J/V2] 

Coefficient of 

determination R2 

ԑr 

AA-0 9.45 0.999 4.3 

AA-6 9.48 0.999 5.8 

AA-13 12.87 0.996 6.0 

AA-20 13.34 0.995 7.1 

3MTM VHBTM 4905 15.79 0.999 4.3 
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2.3.3. Actuation performance 

2.3.3.1. Actuation of all elastomers with 300% by 300% prestrain 

Actuation curves of AA-0, AA-6, AA-13 and AA-20 at 300 % by 300% biaxial prestrain were 

plotted in Figure 2-4.  

 

Figure 2-4. Actuation performances of AA-0, AA-6, AA-13 and AA-20 elastomers. All elastomers were 

pre-stretched 300% by 300% biaxially. 

2.3.3.2. Actuation of AA-13 elastomer at various prestrain ratios 

As AA-13 had shown superior performance than other formulations. It was studied with other pre-

stretched ratio. The actuation curves were plotted in Figure 2-5. 
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Figure 2-5. Actuation performances of AA-13 with various prestrain ratios. 

The key actuation performance data of these elastomer actuators were summarized and listed in 

Table 2-3. 

Table 2-3. The summarized actuation performances of the synthesized elastomers. 

Sample Eb, max [MV/m] sa, max [%] pmax [MPa] ue, max [MJ/cm3][5] 

AA-0 

300% by 300% 

65 43 0.2 0.03 

AA-6 

300% by 300% 

170 148 1.5 0.67 

AA-13 

300% by 300% 

222 186 2.6 1.4 

AA-20 

300% by 300% 

191 137 2.3 0.99 
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AA-13 

200% by 200% 

93±3 113±9 0.5 0.17 

AA-13 

250% by 250% 

157±3 165±4 1.3 0.64 

AA-13 

350% by 350% 

221±2 162±1 2.6 1.3 

AA-13 

400% by 400% 

206±3 104±2 2.3 0.80 

 

2.3.3.3. Actuation lifetime at a static voltage 

Four samples with carbon grease electrodes actuated at a constant voltage and a measured strain 

of approximately 150 % showed lifetimes of 295 s, 435 s, 309 s and 191 s, respectively. To further 

improve the performance, 4 samples with self-clearing electrode were tested at the same conditions. 

The lifetimes were increased to 3000 s, 1130 s, 1000 s and 3400 s, respectively. Figures 2-6 and 

2-7 show the actuation strains and leakage currents of one self-clearing sample and one sample 

with carbon grease electrodes, respectively. In Figure 2-6, the sharp peaks indicate self-clearing 

occurrences.[27] And the final leakage current peaks in both figures indicate terminal failure of the 

actuators. It is concluded from Figure 2-6 that this material is self-clearable and can survive a long 

life time. 
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Figure 2-6. Lifetime measurement of an actuator with self-clearing electrodes. The leakage current of the 

actuator was monitored while constant actuation voltage was maintained to keep the actuation strain at ~ 

150 % area strain. 
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Figure 2-7. Lifetime measurement of an actuator with carbon-grease electrodes. The leakage current of the 

actuator was monitored while constant actuation voltage was maintained to keep the actuation strain at ~ 

150 % area strain. 

2.3.3.4. Actuation cycle lifetime 

Four samples with carbon grease electrodes were tested under AC actuation (square wave and 0.5 

Hz) to determine the cycle reliability. The samples were actuated to show an area strain of ~ 110 %. 

The lifetimes were 6600 cycles, 1285 cycles, 1536 cycles and 2380 cycles, respectively. Figure 

2-8 shows the actuation of one of the samples. During the cycle lifetime measurement, the 

actuation strain increased gradually and then approached to a stable number (~ 100 %), indicative 

of a viscoelastic behavior of this material. 
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Figure 2-8. Cycle lifetime measurement at 0.5 Hz. AC voltage was applied to achieve a peak actuation area 

strain of ~ 110 %. Actuation strain at (a) initial 50 sec (25 cycles) and (b) until failure of the actuator. 

2.3.4. Effect of acrylic acid 

As plotted in Figure 2-9, the addition of acrylic acid affects the dielectric elastomers in several 

aspects: (1) an increase in stiffness; (2) an increase in dielectric constant; and (3) an improvement 

in the actuation performance with an optimized amount of acrylic acid. 
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Figure 2-9. (a) Dielectric constant and energy density and (b) actuation performances change with different 

weight parts of acrylic acid. 

These changes result from the molecular structure of the formulated polymers. 
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(1) The hydrogen bond between the hydrogen atom in the acid side group and the oxygen atom in 

the ester group in the polymer chain give rise to a stiffness increase. The stiffer films have a smaller 

chance of undergoing electro-mechanical instability. Therefore there is an increase of dielectric 

strength. However, when the acid amount is further increased, there may be a higher current 

leakage at high electric field, so the dielectric strength decreases after the optimal concentration 

(AA-13). 

(2) A higher amount of acrylic acid also contributes to a higher dielectric constant since the 

carboxyl acid side groups are quite polarizable. The higher dielectric constant also gives rise to a 

higher energy density together with the increased dielectric strength. 

2.3.5. Effect of pre-strain 

It has been reported that prestrain can improve the actuation performance of dielectric elastomers. 

The improvement comes from suppressing electro-mechanical instability so that the breakdown 

field is increased. Figure 2-10 shows how prestrain influences the actuation performance of the 

developed DE materials. 
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Figure 2-10. Actuation performances of AA-13 with different prestrain ratios. 

After 300 %, the breakdown field almost remains unchanged. This phenomenon indicates that the 

electro-mechanical instability can be overcome once the biaxial prestrain ratio reaches 300 %.[40] 

If the dielectric constant is considered unchanged at different prestrains, samples with 300 % 

prestrain is an optimal condition to obtain large actuation strain and high energy density. 

2.4. Conclusions 

A group of acrylic dielectric elastomers based on n-butyl acrylate and acrylic acid were synthesized 

and characterized. Polarizable carboxylic acid group increases the stiffness. The dielectric constant 

is also increased from 4.3 without acid to 7.1 when the acid content is 20 weight parts. The formula 

with 13 weight parts of acrylic acid and 300% biaxial prestrain shows a maximum actuation area 

strain of 186 %, a breakdown field of 222 MV/m, and energy density of 1.4 MJ/m3. These values 

are comparable with the VHBTM elastomers. The new DE polymer also show fairly long static and 

cyclic actuation lifetimes at greater than 100 % area strains. 
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3. Enhancing Dielectric Constant Using Nanocomposite 

3.1. Background of this study 

3.1.1. The need of high dielectric constant 

A high dielectric constant is desirable for improving DEs’ performances such as actuation outputs, 

capacitive sensing sensitivity and energy generating. Meanwhile, the other purpose of using high 

dielectric constant DE is to reduce to driving voltage of DE devices to maintain a required output. 

The driving voltages of DE actuators or generators are usually in the scale of kilo volts which 

brings in both safety concern and complexity in electric circuitry. Using thin elastomer film could 

be one approach to reduce the driving voltage while produce same actuation strain. However, in 

this case, the actuation pressure would be limited and the process of thin film fabrication is difficult 

since DEs are soft. Therefore, developing new DE materials with higher dielectric constant can be 

another approach to achieve useful output. 

3.1.2. Approaches to enhance dielectric constant 

There are three general methods of increasing the dielectric constants of DEs, including: (1) 

incorporation of ceramic fillers with high permittivity; (2) addition of conductive fillers; and (3) 

covalently linkage of highly polarizable organic groups. Some DEs with high dielectric constants 

are listed in Table 3-1.  

Table 3-1. Dielectric elastomers with high dielectric constants. 

Material 

Composite Neat polymer 

smax [%] 

ԑr Eb [MV/m] ԑr Eb [MV/m] 

SEBS_TiO2_15v
a[41] 5.0 27 2.3 37 13 in area 
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Silicone_TiO2_15w
[42]

 - 78 - 83 17 linear 

Silicone_PANI_27.5w
[43]

 6.5 68 2.2 66 3 in area 

PU_CNT_1w
[44]

 8.4b 5.5 7.6b 7.6 1.1 linear 

Silicone_PHT_6w
[45]

 9.4 8.5 2.8 14 2.4 linear 

Silicone_dipole_13.4w
[46]

 5.98 39 3 130 1.3 in area 

Silicone_dipole_0.25w
[47]

 3.1 - 2.1 - - 

a M_F_Lv or w means Matrix_Filler_Loading percentage volume or weight. 

b These values were measured at 50 Hz. 

3.1.1.1. Incorporation of ceramic fillers with high dielectric constants 

This method is widely used in producing high-k dielectrics for high energy density capacitor 

applications. Several models were adopted to predict the effective dielectric constant of these 

composites.[48–50] 

The classic model predicts that the effective permittivity of a composite in between the equivalent 

series connection, the lower bound, and the parallel connection, the upper bound: 

𝜀r,min =
𝜀1𝜀2

(𝜀1𝜐1 + 𝜀2𝜐2)⁄          (9) 

𝜀r,min = 𝜀1𝜐1 + 𝜀2𝜐2           (10) 

where εr, ε1 and ε2 are the dielectric constants of the composite and the two mixing components, 

respectively, and ν1 and ν2 are their volume fractions. However, in real cases, there is generally a 

large contrast between fillers’ and matrixes’ dielectric constants. Therefore, the range predicted by 

the classic model is too broad and not practical. 
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The Clausiums-Mossotti, Lorenz-Lorentz, Rayleigh and Maxwell-Garnett models are all 

essentially based on polarizability of small size and spherical particle inclusion assumption. 

Starting with a bottom-up approach, assuming spherical fillers are embedded in a continuous 

matrix, the polarizability of a single particle can be written as: 

𝛼 = 𝑉(𝜀f − 𝜀m)[
3𝜀m

(𝜀f + 2𝜀m)⁄ ]        (11) 

where εf and εm are the dielectric constants of the filler (dispersed phase) and the matrix 

(continuous phase), respectively, α is the polarizability of the particle, V is the volume of the 

particle. With this, the effective dielectric constant of the mixture can be calculated from the 

polarizability and density of the fillers as in Equation (12): 

𝜀r = 𝜀m + 𝑛𝛼
(1 − 𝑛𝛼

3𝜀m
⁄ )⁄           (12) 

where n is the filler density in the composite. Equation (12) is named Clausius-Mossotti formula 

or Lorenz-Lorentz formula. If we substitute α by Equation (11), we can get Maxwell-Garnett 

formula, also referred as Maxwell-Wagner formula: 

𝜀r = 𝜀m +
3𝜈f𝜀m(𝜀f − 𝜀m)

[𝜀f + 2𝜀m − 𝜐f(𝜀f − 𝜀m)]⁄       (14) 

Rayleigh formula is essentially the same as Equation (14) with a different form. 

When νf is very small (usually less than 0.1), Equation (14) can be written as Sillars formula or 

Landau-Lifshitz formula which is Equation (15): 

𝜀r = 𝜀m +
3𝜈f𝜀m(𝜀f − 𝜀m)

(𝜀f + 2𝜀m)⁄          (15) 

Yamada formula is another version of Equation (15) but considering other shapes of inclusion: 
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𝜀r = 𝜀m +
𝑚𝜈f𝜀m(𝜀f − 𝜀m)

[𝑚𝜀m + (1 − 𝜐f)(𝜀f − 𝜀m)]⁄        (16) 

where m is a constant related to the shape of the filler. When m equals 3, Equation (16) is the same 

as Equation (15). 

Other predicting rules include: coherent potential formula, Bruggeman formula (polder-Vansanten 

formula or Bottcher formula) and Logarithmic formular (Lichtenecker formular). 

Coherent potential formula is based on wave propagation in random media, in the case of spherical 

fillers, the formula is: 

𝜀r = 𝜀m +
3𝜐f𝜀r(𝜀f − 𝜀m)

[𝜀f + 2𝜀m − 𝜈f(𝜀f − 𝜀m)]⁄        (17) 

The Bruggeman formula is based on Wagner approach and fits well in the case of concentrated 

filler loading: 

𝜀f − 𝜀r

𝜀r
1/3⁄ =

(1 − 𝜈f)(𝜀f − 𝜀m)

𝜀m
1/3⁄          (18) 

Logarithmic formular is describing random mixing: 

𝑙𝑛𝜀r = 𝜈m𝑙𝑛𝜀m + 𝜈f𝑙𝑛𝜀f          (19) 

These models can provide an initial guide of material selection. In real cases, the mixing of two 

dielectrics may be even more complicated due to non-uniform filler sizes and shapes, different 

interfacial properties and interactions between fillers and polymer matrixes. 

During composite synthesizing, the first problem is the non-compatibility of two materials. A 

surface treatment of the inorganic fillers is helpful. In the work of Stoyanov et al., TiO2 

nanoparticles with a dielectric constant of 128 were incorporated in an SEBS polymer. The surface 
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of these nanoparticles were coated with short PDMS oligomer chains with low polarity similar to 

the matrix SEBS polymer. (See Figure 3-1.) The resulted composite appeared uniform in micro 

scale. In comparison, composites with uncoated TiO2 nanoparticles at same loading content 

showed large aggregates in 100-µm scale.[41] 

 

 

Figure 3-1. (a) Schematic representation of the composite structure and chemical properties of the particle 

surface. (b) Optical micrograph of composite with 15 vol% uncoated TiO2; and (c) SEM of cryo-fracture 

surface of composite with silicone coated TiO2. (adopted from [41]) 

In another work of Stoyanov and Brochu, the same silicone coated TiO2 nanoparticles were 

dispersed in PDMS. With the loading amount of 30 wt%, there is a fairly small decrease in 

dielectric strength. Although information of morphology was not provided, the robust dielectric 

strength provides an indication of absence of large aggregates. Overall the dielectric constant has 

a 2.7 times increase.[42] 

(a) 

(b) (c) 
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While improvements have been achieved, a great amount of fillers is needed to get a high dielectric 

constant both in theory prediction and in experiment. The high amount of fillers tends to bring in 

aggregations. Even with surface modified nano sized fillers, aggregation is non-evitable at a certain 

loading amount. These aggregates may result in (1) air traps, which create local low dielectric 

strength areas and facilitates discharging; (2) pathways from connected ceramic fillers showing 

low resistivity and (3) limit the fabrication of thin films. Except the aggregations, high filler 

loading is mechanically stiffening DEs, which limits the actuation strain.[41,51] 

3.1.1.2. Incorporation of metallic fillers 

Compared with high permittivity ceramic fillers, metallic ones can be viewed to have infinite 

permittivities charges can move more freely inside conductors. Therefore they are more effective 

to increase the overall dielectric constant. Percolation theory is another method to explain these 

composite systems. At high filler loading, the metallic particles are approaching each other so the 

whole bulk material can be viewed as a super capacitor with very thin layer of dielectrics, so the 

whole material has a large high dielectric constant. According to percolation theory, the effective 

dielectric constant is determined by: 

𝜀r =
𝜀m

(𝑓c − 𝑓)𝑞⁄                    (20) 

where εmr and εr are the dielectric constants of the matrix and the composites respectively; f is the 

fraction of filler loading; fc is the critical loading fraction or percolation threshold fraction; and q 

is a scaling constant. An infinite high dielectric constant is expected when f is approaching fc.
[52]  

Even before percolation threshold is reached, a descent dielectric constant can be achieved in some 

conductive filler/polymer composites. 
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3.1.1.3. Introduction of covalently bonded polarizable organic groups 

To avoid the naturally poor compatibility of inorganic fillers and polymers, efforts have been made 

to modify pure polymers by grafting strong dipole moieties onto polymer chains. Kussmaul et al. 

synthesized a dipole molecule, N-allyl-N-methyl-p-nitroaniline (See Figure 3-2.), with a vinyl 

group which can be linked to un-cured silicone chain. With the addition of 13.4 wt% of dipole 

molecules, the dielectric constant increased from 3.00 to 5.98.[46] 

 

Figure 3-2. Synthesized dipole, enabling the subsequent grafting reaction to silicone. (adopted from [46]) 

Due to the noticeable polarities difference between typical dipole molecules and silicones, 

potentially there would be phase separation with increasing amount of dipoles. Madsen et al. 

synthesized and studies several dipole molecules with three vinyl groups so that these molecules 

can be silicones’ crosslinkers. (See Figure 3-3 (a).) When contributing to dielectric polarization, 

these molecules also ensure a uniform crosslinking network. (See Figure 3-3 (b).) With one 

particular dipole crosslinker, 0.25 wt% loading amount raised the dielectric constant from 2.3 to 

3.1.[47] 
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Figure 3-3. (a) An example of preparation of a dipole crosslinker; (b) a fluorescent microscopy image of a 

film with dipole crosslinker. (adopted from [47]) 

3.2. Experimental design 

3.2.1. Materials 

Phosphoric acid 2-hydroxyethylmethacrylate ester, hydroquinone, acetonitrile, n-butyl acrylate 

(nBA), and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich and used as 

received. CN 9021 was obtained from Sartomer Company and used as received. Spherical Al 

nanoparticles with an average diameter of 18 nm and an specific surface area > 60 m2/g were 

purchased from US Reserch Nanomaterials, Inc. and stored in glove box filled with N2 gas before 

use. 

3.2.2. Surface modification of Al nanoparticles 

The surface modification of aluminum nanoparticles follows a published work.[53] In a typical 

procedure, 1 g Al nanoparticle was carefully transferred to a flask in a glove box filled with N2. 90 

(a) 

(b) 
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ml acetonitrile was flushed by Ar and transferred to the flask with Al nanoparticles through a 

cannula. The mixture was ultrasonicated for 10 min to achieve a black dispersion. To this 

dispersion, 2.5 g of phosphoric acid 2-hydroxyethylmethacrylate ester and 0.05 g of hydroquinone 

co-dissolved in 10 ml acetonitrile were flushed with Ar and cannula transferred to the reaction 

vessel at once. The resulting dispersion was stirred for 16 hrs while being heated in an oil bath at 

60 OC and protected with Ar gas. Then the nanoparticles were washed with acetone and collected 

by centrifugation for 3 cycles, and then dried in vacuum. 

The as-modified Al nanoparticles were characterized using a Perkin Elmer Pyris Diamond 

Thermogravimetric Analysis (TGA). In one test, the particles were heated to 500 OC in N2 

atmosphere. In the other test, both as-received and as-modified Al nanoparticles were heated at 80 

OC in air atmosphere for one hour. The FT-IR spectrum of the as-modified Al nanoparticles was 

obtained with a Jasco FT-IR 420. Solubility tests were carried out using n-butyl acrylate and DI-

water.   

3.2.3. Nanocomposite film preparation 

A typical procedure to prepare a nanocomposite DE film was as follows: a pre-polymer solution 

was prepared by mixing 45 weight parts of nBA and 55 parts of CN 9021. Different weight parts 

of as-modified Al nanoparticles, 0, 5, 10 and 15 parts, were added into the pre-polymer solution. 

The resulting dispersion was ultrasonicated until it reached homogeneity. 1 weight part of AIBN 

was then added, and the mixture was shaken for dissolution. The dispersion was injected into a 

mold made of two pieces of glass in parallel separated by 200 μm with a spacer. The liquid 

dispersion was cured at 80 OC on a hot plate for 1 hour. The cured film was peeled off and annealed 

at 80 OC for another hour. The as-prepared nanocomposite films were labeled as A-00, A-05, A-

10 and A-15 and the numbers represented the weight parts of the surface-modified Al nanoparticles. 
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The cross-sections of these nanocomposite films were observed using a Nova Nano 230 SEM. The 

surface was pre-coated with sputtered gold before imaging.  

3.2.4. Tensile test 

Type IV dumbbell-shaped samples for tensile tests were made with a cutting die, defined in ISO 

37. Stress-strain tests at a tensile rate of 3.33 mm/s were carried out on an RSAIII Dynamic 

Mechanical Analyzer of TA Instruments. 

3.2.5. Dielectric constant measurement 

The dielectric properties were characterized at both low voltage (1 V) using a GwInstek LCR-819 

LCR meter and high voltage (200 V) using a Self Sensing Unit (SSU) developed in the Biomimetic 

Laboratory in the University of Auckland, New Zealand.  

The nanocompostie samples for the low voltage dielectric measurement were prepared by the same 

method described above except that the glass pieces were pre-coated with a 200 nm thick Al 

coating deposited by physical vapor deposition in vacuum. The nanocomposite films were kept 

between the glass pieces during the dielectric measurement. The capacitances defined by the 

overlanpping area of the Al electrodes were measured with 1 V excitation in the frequency range 

of 100 Hz to 100 kHz and the dielectric constant was calculated accordingly. 

Nanocomposite samples for high voltage capacitance measurement were made by biaxially 

stretching the films by 100 % by 100 % and spray-coating carbon nanotubes onto both surfaces as 

contact electrodes. An electric field around 4 MV/m is applied for the dielectric constant 

measurements. Commercial 3MTM VHBTM adhesive 4905 film and cured Nusil CF-19-2186 

silicone films were tested by the same methods for reference. 
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3.2.6. Resistivity measurement 

Resistances of the nanocomposite films were determined by measuring the leakage currents under 

applied voltages. The sample films were pre-stretched by 100 % biaxially, and mounted onto a 

plastic frame to maintain the prestrain. Carbon nanotubes were sprayed as the contact electrodes. 

High voltages were supplied from an HV box fabricated in-house, and the leakage current were 

measured using a Keithley 200 multimeter. 

3.2.7. Actuation performance characterization 

DE elastomer films were pre-stretched 100 % biaxially and coated with carbon grease electrodes. 

High voltages were supplied from the HV box fabricated in house. The area changes of the actuator, 

defined as the overlapping area of the tow opposite electrodes, were recorded by a web camera 

controlled by a LabView program. Voltages were applied with 200 V increments until the 

breakdown of a specific actuator. At each voltage, the voltage was held for 10 seconds to obtain a 

stable actuation strain. For each DA formulation, 5 samples were tested and a characteristic set of 

data are presented. 

3.3. Results and discussion 

3.3.1. Bonding nanoparticle to polymer matrix 

The as-received Al nanoparticles had a self-passivated oxide shell as shown in Figure 3-4. 
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Figure 3-4. TEM images of as-received nanoparticles. (Scale bar: 40 nm) 

These nanoparticles were modified with phosphoric acid 2-hydroxyethylmethacrylate ester 

following a reported procedure as illustrated in Figure 3-5.[53] The phosphoric acid forms strong 

bonding onto the oxide shell. The methacrylate was thus tethered to the particle surface. 

 

Figure 3-5. Surface modification of Aluminum nanoparticles. 

The surface modification was confirmed by Fourier transform infrared (FT-IR) (Figure 3-6): 

vibrational peaks at 1720 cm-1 attributed to C=O stretching, 1635 cm-1 to C=C stretching, and 1457 
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cm-1 to H-C-H scissor bending from the ligand were observed for the functionalized nanoparticles. 

These peaks are not present in the FT-IR of the Al nanoparticles before functionalization. 

 

Figure 3-6. FT-IR spectrum of surface-modified Al nanoparticles. 

Thermogravimetric analysis (TGA) of the functionalized nanoparticles in N2 showed a gradual 

weight loss in the temperature range of 150-280 OC and a rapid loss between 280-330 OC (Figure 

3-7), which is consistent with the work of Al nanoparticle surface modification in Ref [58].  

 

Figure 3-7. The TGA curve of surface-modified Al nanoparticles. 

The total weight loss up to 500 OC is 24 wt%. The grafting density of the organics introduced 

during the functionalization reaction can be estimated by Equation (21): 
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Grafting Density =
weight loss fraction

1−weight loss fraction
×

𝑁A

𝑀𝑊×𝑆𝑆𝐴
      (21) 

where NA and MW are Avogadro's constant and molecular weight of the ligand, respectively. The 

grafting density is calculated to be 16 molecules/nm2. The density of hydroxylated groups on Al 

oxide surface was reported to be in the range from 3 to 15 groups/nm2.[54] Therefore, we expected 

the chemical bonding of ligand and nanoparticle surface was saturated and some ligands may be 

physically bonded. 

The stability of as-received and as-modified Al nanoparticles was studied using TGA as well. 

These particles were heated in air at 80 OC for one hour, which is the match the curing condition 

of the nanocomposite films. As shown in Figure 3-8, no mass increase was observed during 

heating, indicating oxidation hardly happened. 

 

Figure 3-8. TGA curves of as-received and as-modified Al nanoparticles at 80 OC in air atmosphere for 

one hour. 

Both the as-received Al and as-modified Al nanoparticles were dispersed in n-butyl acrylate to test 

the dispersibility. The dispersions of as-received Al and as-modified Al were dropped on the top 

of DI-water (Figures 3-9 (a) (c)). The as-modified Al nanoparticles did not settle down over half 
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an hour (Figures 3-9 (d)), but the as-receive Al nanoparticles settled down fairly fast (Figure 3-9 

(b)). The surface modification has greatly improved the dispersibility of the nanoparticles in the 

low-polarity acrylate monomer. 

 

Figure 3-9. Solubility of surface-modified Al nanoparticles. The dispersions of as-received Al (a) and as-

modified Al nanoparticles (c) were dropped on the top of DI-water. The dispersions of (b) as-received Al 

and (d) as-modified Al nanoparticles on water after 30 mins. 

3.3.2. Film preparation 

For the nanocomposite synthesis, an acrylate co-monomer solution consisting of n-butyl acrylate 

and CN 9021 was employed. In our previous study of DE materials, such a copolymer would 

produce fairly high actuation performance. CN 9021 is a urethane diacrylate; its homopolymer has 

an elongation at break being 1100%, which is a good attribute to obtaining large actuation strain 

from the corresponding nanocomposites. The functionalized nanoparticles were dispersed into the 

acrylate co-monomer solution (100 weight parts) at weight parts of 5, 10, and 15 to prepare the 

nanocomposites, referred to as A-05, A-10, A-15, respectively. The neat copolymer without 

nanoparticles is named A-00. The dispersions were injected into glass molds and thermally cured 

to form solid films. Particle loading higher than 15 weight parts resulted in very viscous 

dispersions which could not be injected into the glass mold. Based on the densities of poly(n-butyl 

acrylate), CN 9021 resin, phosphoric acid 2-hydroxyethylmethacylate ester and Al, the volume 

concentration of the Al nanoparticles in the nanocomposites were calculated to be 0%, 1.4%, 2.7%, 

  (a)              (b)               (c)                  (d) 
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and 4.0% for A-00, A-05, A-10, and A-15, respectively (Table 3-2). The nanocomposite 

containing 1.4 vol% of as-received Al nanoparticles, the same Al volume concentration as A-05, 

was also prepared as a control sample. A-00 films are transparent and all the nanocomposite films 

show a dark color (See Figure 3-10 (a)). 

Scanning electron microscopic (SEM) images of the samples’ cross sections confirm a uniform 

dispersion of nanoparticles in the acrylate copolymer. As expected, A-00 is fairly homogenous 

except for the surface roughness formed when the sample was freeze-broken to create the cross 

section (Figure 3-10 (b)). The control sample shows large agglomerates of nanoparticle clusters 

settled on the bottom of the film (Figure 3-10 (c)), while sample A-05 with the same volume 

concentration results in a uniform film (Figure 3-10 (d)). A-10 (Figure 3-10 (e)) and A-15 (Figure 

3-10 (f)) films show a uniform dispersion as well.  

 

 

10 μm 

(b) A-00 

Top Surface 

Bottom Surface   

(c) Control Sample 

100 μm 

10 μm 
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Figure 3-10. (a) Optical photographs of samples A-00 and A-15; SEM images of cross sections of (b) A-

00, (c) control sample using unmodified nanopariticles, (d) A-05, (e) A-10 and (f) A-15. 

Sizes of the nanoparticle clusters are as large as several micrometers in control samples but range 

from 80 nm to 200 nm in films with the surface-modified nanoparticles (Figure 3-10 (c) (d)). The 

cluster sizes are larger than the diameters of as-received nanoparticles. The slight agglomeration 

was generated during the surface modification when several particles could be wrapped together 

by the organic compound due to the high SSA of the nanoparticles. This has been observed in 

other Al nanocomposite systems as well.[53] One drawback of commercial dry nanopowders is the 

difficulty to obtain individually dispersed nanoparticles in solution. However, the surface 

modification still contributes to a good uniformity due to the Van der Waal interaction between 

organic shell and monomer solution, and the copolymerization between methacrylate on 

nanoparticle surface and acrylate matrix.[55,56] 

100 μm 

Top Surface 

Bottom Surface 

10 μm 

(d) A-05 

Large Clusters 

Small Clusters 

1 µm 

(e) A-10 

10 μm 10 μm 

(f) A-15 
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3.3.1. Mechanical properties 

The tensile stress-strain response of the nanocomposites was tested. Young’s moduli and apparent 

moduli at 300% and 500% strains were determined from the curves and listed in Table 3-2. Note 

that the area change of cross sections was considered when moduli were calculated. The results 

show that while the nanocomposite stiffness increases with increasing loading of nanoparticles, 

the elongation of rupture does not change much, which could indicate that the nanoparticles were 

uniformly dispersed in the polymer matrix, and there were few micro-scale cracks which would 

significantly reduce the elongation of rupture. 
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Table 3-2. Properties of the synthesized nanocomposite DEs. 

Sample 

Al 

Vol 

[%] 

Dielectric Properties Mechanical Properties c Electromechanical Properties 

ԑr 
a 

Conductivity 

[10-10 S/m ] b 

Y d M300 
e M500 

f 

Elongation [%] 

Eb,max 

[MV/m] 

sa,max 

[%] 

sa @ 140 

MV/m 

[%] 

p @ 140 MV/m 

[MPa] g [MPa] 

A-00 0 5.0±0.1 0.91 0.16 0.72 0.72 671 179 134 101 0.87 

A-05 1.4 6.1±0.1 2.5 0.28 0.76 2.46 666 220 172 101 1.1 

A-10 2.7 7.2±0.1 3.0 0.38 1.20 3.12 612 157 90 73 1.2 

A-15 4.0 8.4±0.2 6.9 0.53 1.40 3.88 691 140 56 56 1.5 

Control 

Sample 

1.4 - 7.5 - - - - 12 0 - - 

 

a Measured at 200 V, 400 Hz; b Estimated from the linear fit of leakage current density – electric field curve; c The change of cross section areas of 

samples were considered when moduli were calculated; d Modulus at 0% strain calculated from stress-strain response; e Apparent modulus at 300% 

linear strain calculated from stress-strain response; f Apparent modulus at 500% linear strain calculated from stress-strain response; g Calculated.
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Figure 3-11. Tensile test of aluminum nanocomposites. 

3.3.2. Measurement of dielectric constant 

The dielectric permittivity, measured using a GwInstek LCR-819 LCR meter in the frequency 

range from 100 Hz to 100 kHz with 1 V amplitude and an average of 0 V, showed a considerable 

increase with the addition of Al nanoparticles (Figure 3-12). The permittivity at 100 Hz increases 

from 5.3 in the neat acrylate copolymer films to 8.5 for A-15, while the dielectric loss remains low. 

There is a minimum in the dielectric loss spectrum at around 2 kHz, which was observed in the 

TiO2/ SEBS nanocomposite system as well[41]. The minimum point is a combination of two types 

of “universal” dielectric responses.[57] At low frequency, the dielectric loss decreases with the 

increase of frequency giving a carrier-dominated response. With the increase of frequency, peaks 

will appear in a dipole-dominated response. A minimum would appear between the two responses. 
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Figure 3-12. (a) Dielectric constants and (b) dielectric losses of A-00, A-05, A-10 and A-15 from 100 Hz 

to 100 kHz. 

Capacitances were also measured at high voltages that are closer to the operating voltages of the 

actuators. A sinusoidal AC signal with an amplitude of 50 V and an average of 200 V at 400 Hz 

was applied. The measured capacitances were consistent with the results obtained under low 

voltage. As references, the dielectric constants of 3M VHB 4905 adhesive and CF-19-2186 

silicone films were measured to be 4.4 ± 0.2 and 2.3 ± 0.1, respectively by the same method. 

Figure 3-13 shows the dielectric constants of the nanocomposites. 
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Figure 3-13. Dielectric constants at various loadings measured at 200 V AC and 400 Hz. 

Compared with a typical percolation behavior which shows a sharp increase approaching the 

critical filler fraction, these nanocomposites show a linear increase at relatively low volume 

fraction. Except for the scenario in which percolative network forms a super capacitor, the 

conductor-insulator composite can be explained by the polarization of each dispersed metal 

nanoparticles. In the presence of an applied electrical field, electrons in a metal nanoparticle will 

move such that each nanoparticle forms a dipole, which cumulatively results in a polarization that 

is similar to a dielectric compound. Therefore, the addition of Al nanoparticles is equivalent to the 

addition of strong dipoles which contributes to the increase of dielectric constant.[58,59] 

3.3.3. Measurement of leakage current 

The leakage currents from 0 MV/m to 60 MV/m electric fields were measured on pre-stretched 

samples. The active area was mounted on a plastic frame. In this field range, there was no 

observable actuation or wrinkling of the nanocomposite films; the Maxwell stress is smaller than 

the tension caused by the pre-stretching. Therefore, the changes in electrode conductance and 

sample shape should be negligible, and the measured leakage current reflects the intrinsic property 
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of the nanocomposites. These leakage current vs. field curves could be fit linearly to estimate the 

conductivities of the nanocomposites (Figure 3-14 and Table 3-2). Note that only the neat polymer 

matrix shows an Ohmic behavior, indicative of no obvious change in film conductivity with 

electric field. With increased amount of Al nanoparticles, the leakage current increases 

superlinearly with the electric field, which indicates that the conductivity increases with the 

increase of the electric field. Similar observation was made in polyacrylate and titanate/SEBS 

nanocomposite systems, where the conductivity increase has been considered to result from the 

voids or impurities.[28,41] The loading of Al nanoparticles can be considered as impurities which 

create localized states for the electrons in the electronic band structures of the DEs. With the 

electric field increasing, more electrons would be able to jump to the conduction band, contributing 

to an increased conductivity. The transition from Ohmic to non-Ohmic behavior as the loading of 

Al nanoparticles is increased does not induce a dramatic increase of the leakage current, which 

bodes well for dielectric actuation. The control sample was tested at the same condition. Its leakage 

current was higher than A-15 at the same low electric field up to 15 MV/m. The dielectric 

breakdown occurs at higher field, so the leakage current at high field could not be determined for 

the control samples. 
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Figure 3-14. Measured leakage current density of nanocomposite samples with electric field. The electrode 

area and thickness of the samples were 11.4 cm2 and ~50 μm (after pre-stretching), respectively. 

3.3.4. Actuation performance 

Circular actuators were made by pre-stretching nanocomposite elastomer films by a 100% × 100% 

ratio and coating a thin layer of carbon grease on both surfaces. The circular overlapping area of 

the compliant electrodes defines the active area of the actuators. The actuation area strains were 

determined from the area change of the active area imaged with a web camera. The driving voltage 

was increased at small increment until dielectric breakdown occurred. Figure 3-15 shows the 

measured strains at each 20 MV/m increment from 0 to 140 MV/m. The control sample 

dielectrically broke down at below 20 MV/m and no observable actuation was obtained before 

breakdown. All nanocomposite films using surface-modified Al nanoparticles show high field 

strength and large actuation strain. From A-00 to A-05, the field strength is significantly improved. 

(See Table 3-2.) One plausible explanation is that A-05 is stiffer than A-00, and the probability of 

undergoing electromechanical instability is lowered.[14,40] 

 

Figure 3-15. Actuation strain of nanocomposites as a function of applied electric field. 

With higher nanoparticle loading, the field strength is diminished, but remains fairly high in A-15. 

Thanks to the increasing permittivity with nanoparticle loading, the actuation pressure at a given 
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field increases with nanoparticle loading. For A-15, the calculated actuation pressure at 140 MV/m 

is 1.5 MPa, which is comparable to the maximum actuation pressure of high performance DE 

materials at much higher electric field. The strains at 140 MV/m show a generally declining trend 

with nanoparticle loading. Apparently, the stiffness increases with nanoparticle loading faster than 

the dielectric permittivity does. The actuation performances of the nanocomposites are 

summarized in Table 3-2. Work density w, which is the specific mechanical energy density of an 

actuator at a driving voltage, can be estimated as: 

𝑤 = −𝑝
2𝑠a+𝑠a

2

2(1+𝑠a)2          (22).[42]  

Figure 3-16 plots the calculated work density based on the measured strain and stress. The work 

density increased with the nanoparticle loadings, albeit at a rather small pace due to increasing 

stiffness of the nanocomposites. 

 

Figure 3-16. Estimated work densities of Al/acrylate nanocomposites. 

As listed in Table 3-1, high dielectric constants have been achieved in these nanocomposites, 

however, the reported field strength and actuation strain are substantially lower than the A-15 in 

this work.  A major advantage we are taking here is the use of an acrylate copolymer as the matrix 
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for the nanocomposite. Acrylate copolymers, as shown in the 3MTM VHBTM 4910 and 4905 

adhesives, have a relative high dielectric constant for neat polymers, high elongation at rupture, 

and high field strength. Its overall actuation performance is much higher than silicone and 

polyurethane elastomers that the other reported nanocomposites are based upon. The ability to 

synthesize acrylate copolynmers from readily available monomers allows us to develop 

nanocomposites with further enhanced actuation properties. 

Metallic nanoparticles show a great advantage over high dielectric constant ceramic nanofillers. 

Metals can be considered to have an infinitely high dielectric constant since electrons are free to 

move within it, although dielectric constant is usually referred to an insulating material. To obtain 

a dielectric constant greater than 8, only 4 vol% Al nanoparticles were incorporated into acrylate 

copolymer matrix in this work. In comparison, in the reported lead magnesium niobate-lead 

titanate/silicone nanocomposites, 10 vol% of nanoparticles were introduced[60] and in 

titanate/SEBS nanocoposites, 30 vol% of nanoparticles were added[41]; these two nanocomposites 

were too stiff to be actuated to large strains. 

The formation of conductive paths in conductor/insulator nanocomposites is a major hurdle to 

clear before a high field strength can be obtained. Surface modification of conductive nanofillers 

with an insulating material has been shown to be effective to suppress inter-nanofiller aggregation. 

In the nanocomposites of CNT/polyurethane (CNT-PU)[44] and poly(hexylthiophene)/silicone 

(PHT-PDMS)[45] where the conductive fillers were not covered or wrapped by an insulating layer, 

the dielectric strength is rather low. On the other hand, polyaniline/silicone nanocomposites[43]  

where polyaniline particles have an insulating shell, maintain a high dielectric strength comparable 

with the matrix polymer. In our approach, the Al nanoparticles are wrapped with methacrylate 
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functional groups that not only help shield the conductive core, but also form covalent bonds to 

the matrix polymer chains. 

3.4. Conclusions 

Al/acrylate copolymer nanocomposites have been synthesized comprising uniformly dispersed 

nanoparticles that are covalently bonded in the polymer matrix. The addition of nanoparticles 

increases the stiffness of the matrix and its dielectric constant. The nanocomposite containing  4 

vol% Al nanoparticles has a high dielectric constant at 8.4, with large elongation at rupture, high 

field strength, and low leakage current at high field, all being essential to make for a high 

performance DE material. The maximum actuation strain of 56 % is dramtically higher than 

reported values for DE polymers and nanoccomposites with comparable dielectric constants.  
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4. Dielectric Elastomers with Tunable Moduli 

4.1. Background of this study 

The electro-mechanical responses of dielectric elastomers are greatly influenced by the materials’ 

mechanical properties such as modulus, elongation of rupture and viscoelasticity. Although the 

actuation strain could be tuned though changing the applied electric field according to Equation 

(1), in some electroactive systems, variable strain is needed while constant actuation pressure is 

maintained. Therefore, elastomers with tunable moduli would be desirable in these cases such as 

adaptive grippers[61,62] and micro-fluid channels[63]. These elastomers can further mimic natural 

muscles which are able to adapt to changing work requirements.  

Previous strategies tuning the stiffness of polymers fall in two categories: (1) phase transition or 

microstructure change through external stimuli and (2) addition/reduction of external soft media 

such as gas and solvent. Examples for Category (1) include photoresponsive liquid crystal polymer 

controlled through ultraviolet light[64], shape memory polymer controlled by temperature[65] and 

magneto-rheological elastomers controlled by magnetic field[66]. All of these material systems 

require maintaining the external sources during operation which brings in extra cost, device 

complexity, and energy consumption. A good example for Category (2) systems is a structure built 

from cellulose nanofibers and a rubber matrix modulated by water and IPA solvents.[67,68] The 

common drawback of Category (2) is that the use of non-solid material would limit their 

application due to package and reliability issue.   

In this chapter, a new elastomeric material whose stiffness can be altered via simple thermal 

treatment is demonstrated.  
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A synthetic elastomer generally has a specific modulus pre-determined by the polymer’s molecular 

structure. In theory of rubber elasticity, the tensile modulus (Y) of an ideal elastomer at small strain 

is determined by: 

𝑌 =
3𝜌𝑅𝑇

𝑀c̅̅ ̅̅
           (23) 

where ρ, R, T and 𝑀c
̅̅ ̅̅  are the density of the elastomer, the gas constant (8.31 J/K-mol), the absolute 

temperature, and the average molecular weight of chain segments between crosslinking sites, 

respectively.[69] 𝑀c
̅̅ ̅̅  is a term to describe the crosslinking density of an elastomer network, where 

a larger 𝑀c
̅̅ ̅̅  means a lower crosslinking density. As indicated in Equation (23), polymer chain 

segment length is a key factor of an elastomer’s stiffness. Therefore, our strategy tuning the 

stiffness is to change the chain segment length using dynamic covalent bonding, which could 

reversibly form and break the crosslinking sites as illustrated in Figure 4-1. 
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Figure 4-1. A schematic illustration of how the crosslinking sites are formed and broken. Furan-maleimide 

adducts, one of the Diels-Alder pairs, were selected as the dynamic bonds forming the crosslinking sites. 

Diels-Alder (DA) reaction offers an effective method to form dynamic covalent bonds, and has 

been widely utilized in self-healing materials thanks to the good reversibility of the DA reaction.[70] 

Among DA pairs, furan derivatives as the diene and maleimide derivatives as the dienophile have 

drawn great attention since they usually have moderate reaction (forming DA bonds) and retro-

reaction (breaking DA bonds) temperatures.[71–73] In this chapter, a series of polyacrylate dielectric 

elastomers containing furan-maleimide adduct moieties were synthesized to exploit this reversible 

reaction. The resulting copolymers are elastomers exhibiting multiple states of moduli inter-

switchable via thermal treatments. The rigid states have a modulus three times as high as that of 

the soft states. The elastomers were employed to fabricate capacitive sensors and actuators that 

could be operated in different modes.  

4.2. Experimental design 

4.2.1. Synthesis of FM-A 

4.2.1.1. Materials 

Maleic anhydride, ethanolamine, acryloyl chloride, triethyl amine (TEA), ethyl acetate, ethanol 

and anhydrous dichloromethane (DCM), N-butyl acrylate and 2,2-dimethoxy-2 

phenylacetophenone were purchased from Sigma-Aldrich and used as received. 2(2-

ethoxyethyoxy) ethyl acrylate was obtained from Sartomer Company and used as received. Furan 

was purchased from Alfa-Aesar. All chemicals were used as received without further purification.  

4.2.1.2. Synthesis of FM-A 

FM-A was synthesized following the procedure in Ref [74][74] with modifications. The route 

contained three steps, as illustrated in Figure 4-2. 
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Figure 4-2. The synthesis route of FM-A: (i) ethyl acetate, room temperature, 24 hrs; (ii) ethanolamine, 

ethanol, reflux, 4 hrs; (iii) acryloyl chloride, triethyl amine, DCM, 0 OC to room temperature, 24 hrs. 

The synthesis procedure is described as below: 

(i) 20 g (0.204 mol) maleic anhydride was dispersed in 25 ml ethyl acetate and then 19.8 ml (18.5 

g, 0.272 mol) furan were added into a round bottom flask. Maleic anhydride was not fully dissolved 

at first but the solution gradually turned into transparent followed by precipitation of white solid. 

After 24 hrs’ stirring at room temperature, the white solid (Furan A) was collected via vacuum 

filtration and dried in a vacuum line. 

(ii) 10 g (60.2 mmol) Furan A and 20 ml ethanol were added into a round bottom flask. A solution 

of 3.74 ml (3.78g, 61.8mmol) ethanolamine in 3 ml ethanol was added into the flask drop wisely.  

After refluxing for 4 hrs in Ar atmosphere, the solution was cooled down and transferred into a 

fridge. One hour later, a white solid, Furan B, was collected via vacuum filtration and dried in a 

vacuum line. 

(iii) 3 g (14.4 mmol) Furan B and 2.6 ml (1.89g, 18.6 mmol) TEA were dissolved in 60 ml 

anhydrous DCM and the reaction was protected with Ar gas and kept in ice bath. 1.37 ml (1.53 g, 

17.0 mmol) acryloyl chloride was drop wisely added into the solution. Then the reaction was kept 

from 0 OC to room temperature for 22 hrs. The resulted solution was washed with NH4Cl aqueous 

solution and water followed by chromatography column purification. 
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4.2.2. Preparation of PADA elastomer films 

A typical procedure for the preparation of a DA elastomer film is as follows: A pre-polymer 

solution was prepared by co-dissolving all the components as listed in Table 4-1. 

Table 4-1. Formulations (parts of weight) of synthesized elastomers. 

Formulation nBA EOEA FM-A Xlinker DMPA 

PADA-2.5 87 11 2.5 1.9 1 

PADA-3 86 11 3 2.3 1 

PADA-4 85 11 4 3 1 

PADA-5 84 11 5 3.8 1 

PADA-10 80 10 10 7.5 1 

PADA-10’ 80 10 10 0 1 

 

Xlinker was synthesized following the method in Ref [71] published by the same group.[71] This 

compound was used in the formulation of a thermally healable polymer/Ag nanowire composite. 

The solution was injected into two glass slides with a spacer to define the thickness of the liquid 

layer. The pre-polymer solution was first cured through a conveyer equipped with a 2.5 W/cm2 

Fusion 300S type “H” UV curing bulb, at a speed of 4.0 feet/min for two passes. Then the resulted 

film was gently removed off the glass slides and then heated at 130 OC for 2 hrs on a hot plate 

followed by another 24-hour heating at 70 OC. The as synthesized films were named as PADA-X-

r. 

4.2.3. TGA of PADA elastomers 

A PADA-10-r film was characterized using a Perkin Elmer Pyris Diamond TGA with a heating 

rate of 5 OC/min in air atmosphere from 50 OC to 180 OC. In comparison, a PADA-10_70 film was 
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synthesized though the same method except the heating step at 130 OC was skipped. PADA-10_70 

was characterized through TGA with the same conditions. 

4.2.4. Stiffness change via reversible DA reaction 

The dynamic mechanical moduli and loss tangents of the DA elastomer films were measured with 

a TA RSA3 DMA. Films with a measured thickness of ~ 100 µm were cut into ~ 5 mm wide strips 

by a razor blade and loaded onto the DMA with an active length of ~ 10 mm. 5 samples were tested 

for each formulation at 1 Hz frequency and < 3% strain. 

All films expect DA-10’ were tested at least at for one cycle at three stages: 

Stage 1: The sample was as prepared and marked as PADA-X-r. 

Stage 2: The sample was heated at 130 OC for 30 min and fast cooled down to room temperature 

with compressed air blowing. As the thermal treatment would break DA bonds, the sample became 

softer and was marked as PADA-X-s. 

Stage 3: The sample was heated at 70 OC for 24 hrs. As DA bonds would reform, the sample 

returned to its as-prepared rigid state which is PADA-X-r. 

The control sample, PADA-10’ film, was tested only at Stages 1 and 2. The PADA-5 films were 

tested for 5 cycles to determine the reversibility. 

The PADA-4 films were tested at other de-bonding temperature: 90 OC, 110 OC and 160 OC and 

the corresponding resulted softer samples were marked as PADA-4-s90, PADA-4-s110 and 

PADA-4-s160. Their moduli were measured with DMA as well. To observe the stability, PADA-

4-s90, PADA-4-s110, PADA-4-s and PADA-4-s160 were relaxed at room temperature for 2 hrs 
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and their moduli were measured again. These samples were further heated at 70 OC for 24 hrs or 

longer to return to the rigid state (PADA-4-r).  

4.2.5. Other characterizations  

Stress-strain curves of PADA-4 films were obtained on the same DMA. An elastomer film was 

cut into a standard dumbbell shape with an active length of 12 mm and a width of 2 mm using a 

laser cutter. The sample was stretched at 3.33 mm/s till rupture. 

The UV absorption spectra of the PADA-4 films were obtaineed using a Shimadzu PharmaSpec 

UV-1700 UV-Visible spectrophotometer. A sample for UV spectrum was prepared using quartz 

slides as the mold instead of regular glass slides. One of the quartz slides was carefully peeled off 

after UV curing. The film was kept attaching on the other quartz slide during further thermal 

treatments and measurements. 

In swelling test, a DAPA-4 film was cut into round-shaped plates and swelled in chloroform for 

16 hrs. Diameters of these plates before and after swelling were measured. 

4.2.6. Application as capacitive Sensors 

PADA-4-r and PADA-4-s were fabricated into capacitive sensors whose structure is schemed in 

Figure 4-10. The area of one sensor was 6 cm × 2 cm within which an area of 2 cm × 5 cm had 

overlapped electrodes (the area of the capacitor). The stress-strain curves of the capacitive sensors 

were tested on a TA RSA3 DMA at a stretch rate of 1 mm/s. The capacitors were further stretched 

using a Zaber A-LSQ300A-E-1 motorized linear stage at the same rate. Meanwhile the 

capacitances were measured on a Self Sensing Unit (SSU) developed in the Biomimetics 

Laboratory in the University of Auckland, New Zealand. During measurement, a sinusoidal AC 

signal with an amplitude of 50 V and an average of 400 V at 400 Hz was applied. 
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4.2.7. Application as actuators 

PADA-4-r and PADA-4-s were fabricated into actuators with 5% by 5% biaxial prestrain. Carbon 

grease was coated onto both sides of the films as electrodes. High voltages were supplied from the 

HV box fabricated in-house. The area change of the active area, defined as the overlapping area of 

the two electrodes, were recorded by a web camera controlled by a LabView program. Voltages 

were applied to obtain 10 MV/m increments in the nominal electric field regarding to the 

unactuated thickness of each film. 4 samples were tested for both rigid and soft films, respectively. 

4.3. Results and discussion 

4.3.1. Synthesis of FM-A 

The chemical structures of FM-A and the intermediate products were confirmed by NMR spectra. 

The peaks appeared in 1H NMR spectra of Furan A are: (400 MHz, DMSO-d6) δ 6.58 (t, 1H), 5.35 

(t, 1H), 3.31(s, 1H). And those of Furan B are: (400 MHz, DMSO-d6) δ 6.54 (s, 1H), 5.12 (s, 2H), 

3.42 (m, 2H), 2.92 (m, 2H). The product, FM-A appeared white powder. Its 1H NMR and 13C 

NMR spectra were displayed in Figure 4-3. 
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Figure 4-3. (a) 1H NMR and (b) 13C NMR (400 MHz, DMSO) spectra of as-synthesized FM-A. 

Note that this furan-maleimide group on this monomer was not to provide a crosslinking site in 

the as-synthesized polymer but to protect the maleimide group from copolymerizing with other 

acrylate co-monomers.[75] 

4.3.2. Preparation of DA elastomer films 

Five formulations with different concentrations of co-monomers and crosslinker (Xlinker) were 

investigated as shown in Table 4-1. Copolymers consisting of n-butyl acrylate (nBA) have 

demonstrated high actuation strains and high energy densities as dielectric elastomers. Therefore, 

n-butyl acrylate was selected as the base monomer. 2(2-ethoxyethyoxy) ethyl acrylate (EOEA) 

was added to improve the solubility of FM-A in nBA. The Xlinker with four furan end groups in 

each molecule was previously synthesized in the same group and used in a self-healing polymer 

composite. The copolymers are called PADA-X where X stands for the weight part of FM-A. A 

control formulation, PADA-10’, without Xlinker, was also synthesized. Each co-monomer, 

Xlinker, and a photo-initiator, 2, 2-dimethoxy-2 phenylacetophenone (DMPA), were admixed at 
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the weight ratios shown in Table 4-1 to afford clear solutions. Note that in all the formulations, 

the furan moieties maleimide moieties are equimolar.  

The synthetic route for the elastomers is schematically illustrated in Figure 4-4. The three acrylate 

monomers (nBA, EOEA and FM-A) copolymerized into a linear chain (Polymer 1 in Figure 4-4) 

with pendant DA adducts provided by FM-A. The Xlinker remains intact and dissolved in Polymer 

1 during the UV curing. The film was then heated at 130 OC for 2 hrs and then at 70 OC for 24 hrs 

to effect a metathetic reaction between the pendant DA moieties and the Xlinker compound: The 

DA moieties underwent retro-DA reaction and released furan molecules, and the resulting pendant 

maleimide moieties (in Polymer 2) underwent DA reaction with the furan groups on the dissolved 

Xlinker at 70 OC to afford a crosslinked elastomer network. This metathetic route was taken 

because the maleimide moieties could participate in the free-radical co-polymerization of the 

acrylate groups. The DA adduct with furan molecules protected maleimide moieties  through the 

UV curing process and could be easily de-protected by retro-DA reaction. The resulted elastomer 

films were transparent with slightly tint. The films were relatively rigid as the DA bonds were 

formed, and called PADA-X-r, where r indicated rigid.   
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Figure 4-4. The synthesis route of a PADA elastomer. Note that Xlinker was co-dissolved with other 

monomers before UV curing but it remain inert during UV curing and thermal treatment at 130 OC. It 

reacted with Polymer 2 during treatment at 70 OC at the last step resulted in a crosslinked polymer network. 

The scenario was confirmed with thermogravimetric analysis (TGA). As calculated from the 

formulation of PADA-10, the weight percentage of evaporated furan molecules is 2.4 theoretically. 

As shown in Figure 4-5, the as-synthesized PADA-10 sample (PADA-10-r) remained stable up to 

180 OC while heating in air atmosphere at the rate of 5 OC/min. In comparison, another sample, 

PADA-10_70, was synthesized from the same pre-polymer solution but the heating step at 130 OC 

for 2 hrs had been skipped. Different from PADA-10-r, PADA-10_70 showed a weight loss of 2.7 

wt% from 50 OC to 180 OC. As indicated in its derivative curve in Figure 4-5, the major weight 
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loss of PADA-10_70 happened from 110 OC to 155 OC which had a peak value at 138 OC. The 

temperature range matched well with where the retro-DA reaction happened in furan-maleimide 

adducts and the value of weight loss was in good agreement with the theoretical number.73 

 

Figure 4-5. TGA curves of PADA-10_70 and PADA-10-r from 50 OC to 180 OC in air atmosphere with a 

heating rate of 5 OC/min and the derivative curve of PADA-10_70’s TGA curve. 

4.3.3. Stiffness change via reversible DA reaction 

Since the mechanical properties of elastomers heavily depend on their crosslinking densities, 

forming and breaking the DA crosslinking sites would create two or even more stiffness states in 

one elastomer. The rigid state corresponds to the highly crosslinked state as synthesized with short 

chain segments while the soft state is achieved by partially breaking DA bonds, resulting in long 

chain segments between crosslinking sites. The soft elastomer could return to its rigid state by 

reforming DA bonds. As shown in Figure 4-6 (a), Stage 1 samples refer to those as-synthesized 

(PADA-X-r). The Stage 2 (PADA-X-s) samples were obtained by heating PADA-X-r samples at 

130 OC for 30 min followed by fast cooling down to room temperature. The Stage 3 samples (also 

PADA-X-r) were obtained by heating the PADA-X-s samples at 70 OC for 24 hrs. The elastic 
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moduli (E’) and loss tangents (tan δ) were measured using a dynamic mechanical analyzer (DMA) 

and listed in Table 4-2. All the formulations showed an obvious difference in modulus between 

Stage 1/3 and Stage 2 except PADA-10’. This proved that it was the dynamic DA bonding that 

contributed to the change of moduli. 

Table 4-2. Moduli of the formulated elastomers at three stages in one cycle. 

Elastomer 

Stage 1 (PADA-X-r) Stage 2 (PADA-X-s) Stage 3 (PADA-X-r) 

E’ [MPa] tan δ E’ [MPa] tan δ E’ [MPa] tan δ 

PADA-2.5 0.20±0.02 0.118±0.008 0.099±0.003 0.271±0.006 0.214±0.003 0.114±0.003 

PADA-3 0.30±0.02 0.08±0.01 0.12±0.01 0.22±0.03 0.27±0.02 0.09±0.01 

PADA-4 0.52±0.03 0.045±0.008 0.26±0.02 0.10±0.02 0.54±0.03 0.039±0.003 

PADA-5 1.23±0.09 0.026±0.004 0.41±0.03 0.084±0.009 0.94±0.06 0.033±0.003 

PADA-10 2.24±0.09 0.026±0.001 1.32±0.06 0.031±0.001 2.31±0.07 0.026±0.001 

PADA-10’ 1.01 0.028 1.06 0.026   

 

As demonstrated in Table 4-2 and Figure 4-6 (b), at both rigid and soft state, the moduli of the 

formulated elastomers increased with the addition of FM-A and Xlinker. The increase of moduli 

can be attributed to the increase of crosslinking density. Another reason is the addition of rigid 

monomer. Compared with nBA and EOEA, FM-A has a relatively bulky and rigid side group 

which hardens of the elastomers. The moduli change ratio, between rigid and soft states, of an 

elastomer is 

𝑅 =
𝐸′(𝑆𝑡𝑎𝑔𝑒1)+𝐸′(𝑆𝑡𝑎𝑔𝑒3)

2×𝐸′(𝑆𝑡𝑎𝑔𝑒2)
         (24). 
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All the elastomers displayed very similar moduli change ratio, around 2, which indicated that the 

chain segment length became to about twice in the soft state and half of the crosslinking site was 

broken. 

The elastomers could be adjusted from PADA-X-r and PADA-X-s repeatedly thanks to the good 

reversibility of the DA reactions. One of the elastomers, PADA-5, was tested for 5 cycles as shown 

in Figure 4-6 (d). Both moduli and loss tangents were consistently changed between rigid and soft 

states. 
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Figure 4-6. (a) A schematic illustration of thermal treatments. The as-synthesized films were at their rigid 

states (Stage 1, PADA-X-r). Soft states (Stage 2, PADA-X-s) were achieved though heating the films at 

130 OC for 30 min and then fast cooling down to room temperature. Rigid states (Stage 3, PADA-x-r) could 

be regained though heating the films at 70 OC for another 24 hrs and cooling down to room temperature. 

(b) The moduli of elastomer formulations with different weight parts of FM-A at both rigid and soft states, 

and (c) the moduli change ratio (R) between the two states. (d) Cycling test of one of the formulations, 

PADA-5. These elastomers samples were thermally adjusted between PADA-5-r and PADA-5-s as shown 

in (a) for 5 cycles. 

4.3.4. Achieving multiple states by controlling crosslinking density 

While stiffness difference between PADA-X-r and PADA-X-s was demonstrated, more states 

could be achieved through treatments at different de-bonding (retro-DA) temperatures. Lower de-

bonding temperatures would relatively retard the retro-DA reaction and result in moderately 

crosslinked states while high de-bonding temperatures tend to break DA bonds more completely.[76] 

PADA-4-r elastomers were heated at different de-bonding temperatures, 90 OC, 110 OC and 160 

OC other than 130 OC and fast cooled down to room temperature (step i in Figure 4-7) resulting in 

PADA-4-s90, PADA-4-s110 and PADA-4-s160, respectively. While PADA-4-s had a modulus 

equal to half of that of PADA-4-r, the ratios of the moduli of PADA-4-s90, PADA-4-s110 and 

PADA-4-s160 to that of PADA-4-r were 0.85, 0.67 and 0.34 measured with DMA, respectively. 

After aging at room temperature for 2 hrs (step ii in Figure 4-7), the moduli of PADA-4-s90, 

PADA-4-s110, PADA-4-s and PADA-4-s160 did not show a significant increase. Generally, DA 

reaction is favorable at room temperature thermodynamically. Therefore, PADA-4-r should be the 

stable form of all the PADA-4 elastomers at room temperature. However, the soft states could be 

maintained for a relatively long time due to the slow DA reaction, which is good for most 

applications. After heating at 70 OC for another 24 hrs (step iii in Figure 4-7 (a), (b) and (c)), 

PADA-4-s90, PADA-4-s110 and PADA-4-s regained their original stiffness. However, PADA-4-

s160 needed 48 hrs’ heating at 70 OC (step iii in Figure 4-7 (d)) to return to the original modulus. 
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Figure 4-7. Various moduli of PADA-4 elastomers could be achieved through thermal treatments. (i) 

PADA-4-r samples were heated at (a) 90 OC, (b) 110 OC, (c) 130 OC and (d) 160 OC followed by a fast 

cooling down to room temperature to achieve PADA-4-s90, PADA-4-s110, PADA-4-s and PADA-4-s160. 

(ii) Samples were aged at room temperature for 2 hrs and their moduli did not show a significant change. 

(iii) Samples were heated at 70 OC for 24 hrs in (a), (b) and (c) and for 48 hrs in (d). Moduli were normalized 

as the modulus of PADA-4-r was set as 1. 

To relate the change of modulus to the crosslinking density of the elastomer, PADA-4 films, 

including PADA-4-r, PADA-4-s90, PADA-4-s110, PADA-4-s and PADA-4-s160, were further 

characterized through mechanical tensile test, UV spectroscopy and swelling test. 

As indicated in Figure 4-8 (a), higher de-bonding temperature resulted in a softer elastomer with 

larger elongation at rupture.[77] This can be attribute to the decrease of crosslinking density. Note 
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that PADA-4-s has a lower modulus than those of PADA-4-r, PADA-4-s90 and PADA-4-s110 but 

its strength at rupture is comparable to that of PADA-4-r. Its superior mechanical properties could 

be explained using elastomer’s bimodal theory that in a crosslinking network, long chains 

contribute to the elastomer’s extensibility while short chains correspond to high stress.[78] Among 

all these PADA-4 elastomers, PADA-4-s might be closest to the optimal chain length distribution. 

  

Figure 4-8. (a) Stress-strain curves of PADA-4 elastomers. A dumbbell-shaped sample was stretched to 

rupture at a rate of 3.33 mm/s. (b) UV spectra of PADA-4 elastomers. (c) Swelling ratios of PADA-4 

elastomers in chloroform. 

UV spectra (Figure 4-8 (b)) of PADA-4 elastomers provided a direct measurement of the progress 

of retro-DA reaction. The increase intensity of peak at 280 nm with elevated de-bonding 
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temperatures corresponded to the increased amount of conjugated O=C-C=C-C=O structure in 

maleimide moieties. The portions (x) of adduct of furan and maleimide pairs were calculated from 

the intensity of the peak at 280 nm following the method in Ref [79][79] and 𝑀C
̅̅ ̅̅  of each elastomer 

was related to x using Equation (25) 

𝑀C
̅̅ ̅̅ =

𝑀C0̅̅ ̅̅ ̅̅

𝑥
            (25) 

where 𝑀C0
̅̅ ̅̅ ̅ is the average molecular weight between crosslinks in PADA-4-r. 

PADA-4 films were swollen in chloroform to characterize the crosslinking density. The swelling 

ratio Q is defined as 

𝑄 = (
𝑎

𝑎0
)3           (26) 

where a and a0 are the diameter of the plates after and before swelling, respectively. 𝑀C
̅̅ ̅̅  can be 

calculated using 

𝑀C
̅̅ ̅̅ =

2𝜌𝑉1𝑄
5
3

(1−𝐾)
= 𝑀C0

̅̅ ̅̅ ̅(
𝑄

𝑄0
)

5

3         (27) 

where V1, 𝑄0 and K are the molar volume of the solvent (chloroform in this case), swelling ratio of 

PADA-4-r in chloroform and a constant related to temperature, polymer, solvent and their 

interaction, respectively.[14] 

Moduli of PADA-4 elastomers were calculated using Equation (23) from 𝑀C
̅̅ ̅̅  values of swelling 

test and UV spectra and compared with the measured data. As shown in Figure 4-9, the measured 

moduli of PADA-4 elastomers with various thermal treatments matched well with the calculated 

moduli from both UV spectra and swelling test. This indicates that it is the crosslinking density of 

the elastomer that alters the modulus of PADA-4 elastomers. 
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Figure 4-9. The comparison of measured moduli and estimated moduli from both UV spectra and swelling 

test at different de-bonding temperatures. 

4.3.5. Applications as sensors and actuators 

Good dielectric elastomers should be soft so that they are sensitive to small pressure changes, can 

detect large deformations, and exert large actuation strain and energy outputs. On the other hand, 

soft elastomers with low modulus could suffer from electromechanical instability.[14,40] PADA-4 

was selected to fabricate sensors and actuators thanks to its moderate moduli in both rigid and soft 

states. Among PADA-4 elastomers, PADA-r and PADA-s were compared.  

4.3.5.1. Capacitive sensing 

As indicated by the stress-strain curves of the sensors made of PADA-4-r and PADA-4-s in Figure 

4-10 (b), these sensors could be operated in two modes with different mechanical loadings. The 

sensing performance was tested with a linear stage to stretch the film at 1 mm/s and an SSU to 

measure the capacitance at 400 Hz. Note that in Figure 4-10 (c) (d), the thickness (d) of the 

capacitor is normalized to 100 µm (d0). The capacitances had a quasi-linear relationship with the 
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stretch strain up to 30 % linear strain, which is good for strain sensing purpose. As converted from 

Figure 4-10 (b) (c), mechanical pressures also displayed a quasi-linear relationship with the 

capacitances. This sensor can potentially be integrated into more complex devices with multiple 

working modes.[80] For example, knee pads with standby mode and active mode and flexible 

electronics with press mode and stretch mode as well. 

As calculated from the measured capacitances at 0% strain, the dielectric constants (ԑr) of PADA-

4-r and PADA-4-s are 5.7 and 6.3, respectively. The dielectric constant of the PADA-4-s is slightly 

higher than that of PADA-4-r, which could to attribute to the less confinement of dipoles in softer 

polymer network.[81] 
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Figure 4-10. (a) The structure of a capacitive sensor. (b) The stress-strain curves of the sensors made of 

PADA-4-r and PADA-4-s at a stretch rate of 1 mm/s. (c) The capacitive sensing results at a stretch rate of 

1 mm/s. (d) The capacitance-stress curves of the sensors. Note that in (c) and (d), the thickness of the 

capacitor is normalized to 100 µm (d0). 

4.3.5.2. Actuation 

Actuators were fabricated with 5% by 5% biaxial prestrain to avoid wrinkling during actuation.[39] 

Carbon grease was coated on both sides of the stretched films as electrodes. Voltages were applied 

at each nominal 10 MV/m. The change of the actuator’s active areas, defined as the overlapping 

area of two electrodes, were recorded by a web camera controlled by a LabView program. For 

both rigid and soft DA-4 films, 4 samples were tested and the average data are presented in Figure 

4-11.  
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Figure 4-11. Actuation curves of PADA-4-r and PADA-4-s. Average actuation strains at each nominal 10 

MV/m electric field were plotted. Both films were prestretched 5% by 5%. 

As indicated in Equation (1), the actuation strain is depending on the elastomer’s dielectric 

constant, mechanical modulus and the actuation electric field. Different from most elastomers 

which would show a certain actuation strain at a particular electric field, this elastomer were able 

to produce different actuation performances at identical electric fields. This is particularly 

important when constant actuation pressure and various actuation strain are needed at the same 

time. 

Key actuation performances of the two states are listed in Table 4-3. The dielectric strength is 

calculated as the real electric field at the breakdown point. Average value of four actuators in each 

group is presented. 

Table 4-3. Comparison of the actuation performances of PADA-4-r and PADA-4-s. 

Property sa,max [%] Eb [MV/m] pmax [MPa] ue,max [kJ/m3] 

PADA-4-r 35±4 104±10 0.55 83 

PADA-4-s 35±7 65±7 0.24 36 
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PADA-4 films had comparable energy densities with other dielectric elastomers with low prestrain 

ratios. PADA-4-r had an overall better performance than PADA-4-s did since it had a higher 

dielectric strength. This could be attributed to a higher modulus of the rigid film which can help 

prevent electromechanical instability. Additionally, some mobile Xlinker molecules inside the 

PADA-4-s network might result in a leakage current increase which would assist dielectric 

breakdown.[14] Therefore, PADA-4-r is more suitable to be used in applications needing higher 

force output and energy density. However, at certain electric fields, PADA-4-s had a larger strain 

than PADA-4-r had, which made it useful for applications requiring higher strain at reduced 

operation voltages. 

4.4. Conclusion 

Dielectric elastomers with variable moduli were synthesized and characterized. The stiffness 

change of these elastomers were achieved by thermal treatments at moderate temperatures. The 

elastomers’ moduli at their rigid states were three times of those at the corresponding soft states. 

The change of modulus had good reversibility as well. 

The elastomers were further fabricated into capacitive sensors which could work in both high/low 

mechanical loading modes and actuators which could work in high strain or high force output 

modes. These devices could be integrated into more complex electromechanical systems with 

variable work conditions. 
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5. Summary and Future Researches 

5.1. Summary of the dissertation 

This dissertation focuses on the design and synthesis of new dielectric elastomer materials from 

molecular level.  

In the first part, a series of polymer acrylate elastomers were synthesized and characterized. These 

formulations, with n-butyl acrylate as the based monomer, have various amount of acrylic acid. 

The addition of acrylic acid has increased the dielectric constant and mechanical stiffness of the 

resulted polymer. Actuation performances of these formulations were studied and compared. The 

actuation performances of the formulation with optimal amount of acrylic acid were investigated 

at various prestrain ratios and a threshold prestrain ratio to overcome the electromechanical 

instability was determined. The best actuator demonstrated a strain of 186 % in area, a dielectric 

strength of 222 MV/m and an energy density of 1.4 MJ/m3. 

The second part of this dissertation is the development of a dielectric elastomer with high dielectric 

constant. To achieve that, a metallic nanofiller, aluminum nanoparticle, was modified and 

dispersed in a polyacryate formulation. With methacrylate moieties bonded on the surface these 

nanoparticles, uniform nanocomposites were achieved. The nanocomposite containing 4 vol% 

aluminum nanoparticles shows a high dielectric constant of 8.4, with large elongation at rupture, 

high dielectric strength and low leakage current. It demonstrates an area actuation strain of 56 % 

which is much higher than reported values of other dielectric elastomers with comparable dielectric 

constants. 

The third part of this dissertation is the innovation of a novel dielectric elastomer with tunable 

stiffness. The elastomer contains furan-maleimide Diels-Alder adduct moieties which administer 

the crosslinking density of the elastomeric network through reversible Diels-Alder/retro-Diels-
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Alder reactions, resulting in the changes in the elastomer’s stiffness. The moduli of the elastomer 

can be controlled between 0.17 MPa to 0.52 MPa incrementally and reversibly. The dielectric 

elastomer was further fabricated into capacitive sensors which could be operated in high 

sensitivity/low stress mode and low sensitivity/high stress mode. Also actuators fabricated with 

this elastomer can be operated in both high strain mode and high force output mode. 

To summarize, in this dissertation, three new dielectric elastomer materials are developed focusing 

on different aspects to improve the actuation performances of dielectric elastomer actuators. This 

work will broaden the choices of materials of dielectric elastomer devices. The bottom-up 

synthesis from molecular level also provide convenience of device fabrication. Additionally, this 

dissertation provides information for more fundamental study on elastomer materials. 

5.2. Future researches 

Although some commercial elastomers designed for other applications have demonstrated 

excellent actuation performances, a great interest is on design and synthesize polymers as dielectric 

elastomers for actuation purposes. 

To formulate dielectric elastomers with high dielectric constants will still be a focus. While 

conductive/dielectric composites would have an infinitely high dielectric constant approaching the 

percolation point, the increased loading would possibly bring in loss in compliancy, filler 

aggregates which future renders a low dielectric strength and a high leakage current. New 

techniques of synthesizing nanocomposite monolith such as polymerization from filler particles’ 

surfaces could be adopted to achieve a uniform nanocomposite. When it comes to the mechanical 

properties of nanocomposites, the incorporation of rigid fillers usually give rise to a stiffness 

increase in the resulted polymer which may lower the actuation strain. However, these materials 
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are suitable to be used as energy generators in which stiffer elastomers would be able to absorb 

more mechanical energy. 

Smart/adaptive elastomers will be another topic since they can behave like natural muscles which 

are able to adapt to changing working conditions. The use of dynamic bonding can administer the 

mechanical properties of elastomers as demonstrated in Chapter 4. Furthermore, the dielectric 

elastomer materials as described in Chapter 4 can be integrated into more complex 

electromechanical transduction devices with heating and cooling systems. Chemistries other than 

furan-maleimide Diels-Alder adduct are worth to explore to see if a more complete bonding/de-

bonding reaction can be obtained, thus the contrast of stiffness change would be improved. This 

concept can be further extended to the field of shape memory polymers which is another actuation 

technology. 
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