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Abstract 

Dielectric elastomers (DEs), a class of electroactive polymers, have attracted significant attention for 

their ability to undergo large, reversible deformations under electric stimulation. This unique capability 

makes them highly suitable for a range of actuation and energy harvesting applications, especially in the 

emerging fields of soft robotics, flexible electronics, artificial muscles, and sustainable power generation 

systems. DEs offer compelling advantages such as low weight, mechanical flexibility, high energy density, 

and silent operation. Their electromechanical performance, however, is strongly influenced by intrinsic 

material properties, electrode compatibility, and external operating conditions. This review presents a 

comprehensive exploration of the fundamental material behavior of dielectric elastomers, including their 

electromechanical coupling mechanisms, hyperelastic modeling, and major failure modes such as 

electrical breakdown and mechanical fatigue. A detailed comparison of commonly used materials, such 

as acrylics and silicones, is provided alongside emerging nanocomposites and hybrid structures designed 

to enhance dielectric strength, stretchability, and energy conversion efficiency. The article also discusses 

essential design strategies for developing reliable DE-based devices. These include the choice of 

compliant electrodes, pre-straining techniques, multilayer configurations, and optimized geometries that 

maximize actuation force and energy output. Special attention is given to innovations in low-voltage 

operation, self-healing materials, and integrated sensing capabilities. In the context of energy 

applications, the principles and performance of dielectric elastomer generators (DEGs) are examined, 

highlighting their potential for wearable, biomechanical, and environmental energy harvesting. Despite 

recent progress, challenges remain in the scalable fabrication, long-term durability, and high-voltage 

operation of DE systems. The review concludes with an outlook on future research directions aimed at 

overcoming these limitations and achieving seamless integration of DEs into next-generation adaptive 

systems. Through this multidisciplinary approach, dielectric elastomers are poised to transform the 

landscape of smart materials and flexible electromechanical technologies. 
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INTRODUCTION 

In recent years, there has been growing interest in 

soft and flexible materials that can mimic biological 

systems and adapt to dynamic environments. 

Among these, dielectric elastomers (DEs) have 

emerged as a leading class of smart materials with 

the ability to convert electrical energy into 

mechanical work and vice versa. Their unique 

combination of large actuation strain, high energy 

density, mechanical flexibility, and low weight 

positions them as promising candidates for a variety 
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of emerging technologies, including soft robotics, artificial muscles, adaptive optics, and energy 

harvesting systems [1, 2]. 

 

Dielectric elastomers belong to the broader family of electroactive polymers (EAPs), which respond 

to electrical stimuli with mechanical deformation. When a voltage is applied across a thin elastomeric 

film coated with compliant electrodes, the electrostatic forces—known as Maxwell stress—compress 

the material in thickness while expanding its surface area. This deformation can be precisely controlled, 

making DEs suitable for applications requiring smooth, silent, and reversible actuation. The principle 

is elegant in its simplicity, yet the performance of dielectric elastomers depends on a delicate balance 

of material properties, including dielectric permittivity, Young’s modulus, breakdown strength, and 

mechanical stretchability [3, 4]. 

 

The growing demand for soft and wearable electronic devices, biomedical actuators, and renewable 

energy systems has accelerated research into improving the performance and reliability of DEs. 

However, several challenges must be addressed before these materials can be widely adopted in real-

world systems. These include high actuation voltages (often exceeding 1 kV), limited long-term 

durability, susceptibility to electrical breakdown, and complex material-electrode interactions. In 

response, researchers have explored a variety of strategies such as pre-straining, multilayer stacking, 

nanocomposite formulations, and advanced electrode materials to overcome these limitations [5, 6]. 

 

The material selection and device architecture play crucial roles in determining the functionality of 

dielectric elastomers. Acrylic elastomers, such as 3M’s VHB tape, are known for their high strain 

potential, while silicone-based elastomers offer better cyclic stability and faster response. More 

recently, nanocomposites and polymer blends have been developed to enhance dielectric constant and 

mechanical toughness simultaneously. Moreover, integrating DEs into energy harvesting devices—

known as dielectric elastomer generators (DEGs)—has opened up new possibilities for capturing low-

frequency mechanical energy from human motion, wind, or ocean waves [7–9]. 

 

This review provides a comprehensive overview of dielectric elastomers with a focus on their 

behavior under electromechanical loading, recent advances in material development, and innovative 

strategies for design and integration in actuation and energy applications. The goal is to bridge 

fundamental material science with practical engineering insights, thereby supporting the future 

development of scalable and efficient DE-based systems. Through this, the review aims to shed light 

on the transformative potential of dielectric elastomers in shaping the next generation of smart, flexible, 

and responsive technologies [10, 11]. 

 

FUNDAMENTAL MATERIAL BEHAVIOR OF DIELECTRIC ELASTOMERS 

Electromechanical Coupling 

Dielectric elastomers (DEs) function through the interaction between electrical and mechanical 

fields. When a voltage is applied to compliant electrodes on both sides of a dielectric membrane, 

electrostatic pressure compresses the membrane’s thickness and causes lateral expansion. This 

electromechanical response is strongly influenced by key material parameters such as the dielectric 

constant, Young’s modulus, and the dielectric breakdown strength, all of which determine the material’s 

efficiency, energy density, and operational stability in various applications. 

 

Constitutive Modeling 

Reliable modeling of dielectric elastomer behavior is crucial for accurate performance prediction and 

failure prevention. Commonly used models include: 

• Neo-Hookean and Mooney-Rivlin models for capturing hyperelastic behavior, 

• Electromechanical coupled models that account for electric field-induced deformations, 

• Finite element simulations that simulate complex structural responses under realistic operating 

conditions and geometries. 
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Failure Mechanisms 

Dielectric elastomers can fail through multiple mechanisms, including: 

• Electrical breakdown from excessive electric field strength, 

• Mechanical rupture due to overstretching or material flaws, 

• Electromechanical instability, such as snap-through deformations under load, 

• Fatigue and long-term aging from repeated mechanical and electrical cycling, 

• To counteract these issues, researchers have introduced material additives, reinforced composites, 

and multilayer configurations to enhance dielectric strength, reliability, and mechanical resilience. 

 

MATERIALS FOR DIELECTRIC ELASTOMERS 

Conventional Materials 

Acrylic elastomers, particularly VHB 4910, are widely used in dielectric elastomer (DE) applications 

due to their ability to achieve large actuation strains up to approximately 300%. However, they suffer 

from drawbacks such as viscoelastic creep and slower response times, limiting their usefulness in 

dynamic applications. In contrast, silicone elastomers like PDMS are preferred for their excellent cyclic 

durability, faster actuation response, and thermal stability, although they typically exhibit lower 

actuation strains compared to acrylics. Material choice depends on the application's performance and 

longevity needs. 

 

Advanced Composites and Nanomaterials 

To improve the electromechanical performance of dielectric elastomers, recent advancements have 

focused on material enhancement through nanocomposites and hybrid formulations. Key strategies include: 

• Nanocomposites with ceramic fillers (e.g., BaTiO₃, TiO₂) to increase dielectric constant and 

energy density, 

• Carbon-based additives (e.g., graphene, CNTs) to enhance electrical conductivity, mechanical 

robustness, and flexibility, 

• Interpenetrating networks (IPNs) that integrate dual-phase systems to optimize elasticity, 

dielectric breakdown strength, and mechanical fatigue resistance. 

 

These approaches aim to tailor the DE properties for better efficiency, durability, and low-voltage 

operation. 

 

Multilayer and Pre-strained Systems 

Multilayer configurations involve stacking several thin dielectric elastomer layers to amplify 

actuation force while maintaining high strain levels. This method allows for enhanced mechanical 

output without sacrificing flexibility. Pre-straining the elastomer film before activation helps stabilize 

deformation, improve actuation efficiency, and suppress electromechanical instability such as pull-in 

failure. Together, these techniques extend the range and reliability of DEs in real-world applications, 

including artificial muscles, adaptive optics, and energy harvesters, where consistency and high 

performance under repeated cycling are critical (Table 1). 

 

DESIGN STRATEGIES FOR DE-BASED DEVICES 

Electrode Materials and Integration 

Compliant electrodes play a crucial role in dielectric elastomer (DE) systems, enabling efficient 

electromechanical performance without disrupting flexibility. These electrodes must be soft, 

stretchable, and conductive to match the elastomer’s deformation. Common electrode materials include: 

• Carbon grease and carbon black composites, offering high flexibility and low cost, 

• Metal nanowires, liquid metals, and conductive polymers, providing improved electrical 

conductivity and mechanical durability. 

 

Key performance factors include strong adhesion to the elastomer, stretchability during cyclic 

loading, and fatigue resistance over long-term operation. 
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Table 1. Comparison of common dielectric elastomer materials and enhancement strategies. 

Material/Approach Advantages Limitations Applications 

Acrylic elastomer 

(VHB 4910) 

High actuation strain 

(~300%) 

Viscoelastic creep, slow 

response 

Artificial muscles, soft 

actuators 

Silicone elastomer 

(PDMS) 

Fast response, good cyclic 

stability 

Lower strain, lower 

dielectric constant 

Wearables, sensors 

Ceramic 

nanocomposites 

High dielectric constant, 

improved energy density 

Potential brittleness, uniform 

dispersion challenge 

Energy harvesting, sensors 

Carbon-based 

nanofillers 

Enhanced conductivity, 

mechanical strength 

May increase stiffness, 

complex processing 

Soft robotics, stretchable 

electronics 

Interpenetrating 

networks 

Balanced elasticity and 

dielectric strength 

Complex synthesis routes Advanced DE actuators, 

biomedical devices 

Multilayer design Higher output force, 

maintained strain 

Increased fabrication 

complexity 

DE stacks, high-force 

actuators 

Pre-strained systems Improved efficiency, 

reduced instability 

Permanent pre-strain setup 

required 

High-precision actuators, 

optical systems 

 

Table 2. Summary of design parameters and considerations for DE-based devices. 

Design area Key elements Purpose/Impact 

Electrode materials Carbon black, metal nanowires, 

conductive polymers 

Enable compliant, conductive, and durable actuation 

Adhesion and 

stretchability 

Strong bonding, high elasticity Prevent delamination and support large deformations 

Film thickness Micron to sub-millimeter scale Affects voltage requirement and energy density 

Electrode patterning Segmented or directional electrodes Facilitates specific actuation modes and motion control 

Structural 

configurations 

Stacked layers, rolled tubes Increases force output and energy harvesting capacity 

Driving circuits High-voltage, compact, energy-

efficient drivers 

Ensures portability and effective power conversion 

Sensing integration Capacitive sensors, strain gauges Enables feedback for precision control in real-time 

applications 

 

Geometrical and Structural Optimization 

The geometry of DE devices directly affects their efficiency, force output, and operational stability. 

Optimizing structure is essential to reduce the voltage needed for actuation and enhance energy 

conversion efficiency (Table 2). Important parameters include: 

• Film thickness, which must be balanced to minimize dielectric breakdown risk while maximizing 

capacitance, 

• Electrode patterning, which enables controlled deformation and directional actuation, 

• Stacked and rolled configurations, which are effective in increasing output force in soft actuators 

and energy harvesting devices like DE generators (DEGs). 

 

Control Systems and Driving Circuits 

To ensure the practical use of DE devices in actuation and energy systems, robust control electronics 

and feedback mechanisms are essential. These systems must operate efficiently under high-voltage 

conditions while maintaining compact size. Key challenges include: 

• High voltage requirements, typically exceeding 1 kV, which demand specialized driver circuits, 

• Compact, lightweight electronics, critical for integration into portable, wearable, or robotic 

platforms, 

• Sensing integration, necessary for enabling real-time feedback and closed-loop actuation control, 

especially in dynamic environments. 
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APPLICATIONS IN ACTUATION AND ENERGY SYSTEMS 

Soft Actuators and Artificial Muscles 

Dielectric elastomers (DEs) are widely employed in soft robotics, particularly in robotic limbs, 

grippers, and artificial muscles, due to their biomimetic motion, high energy density, and lightweight 

flexibility. Their silent operation and mechanical compliance with biological tissues make them ideal 

for integration into prosthetics, assistive exoskeletons, and rehabilitation devices. These soft actuators 

can replicate natural muscle behavior and respond smoothly to electrical stimuli, which is critical for 

enhancing user comfort and achieving natural, adaptive motion in dynamic environments. 
 

Energy Harvesting and Generators 

Dielectric elastomer generators (DEGs) are capable of transforming mechanical energy into electrical 

output through variable capacitance mechanisms. This makes them highly attractive for sustainable and 

self-powered systems. Typical DEG applications include: 

• Wave and wind energy harvesters, which utilize environmental motion, 

• Wearable energy devices, embedded in clothing or accessories for personal electronics, 

• Low-frequency mechanical energy recovery, such as from human locomotion or vehicle-induced 

vibrations. 
 

Current research focuses on improving energy conversion efficiency using optimized charging-

discharging cycles and adaptive capacitance control techniques. 

 

CHALLENGES AND FUTURE PROSPECTS 

Despite substantial advancements in dielectric elastomer (DE) technology, several critical challenges 

still hinder its widespread adoption and commercialization: 

• High driving voltage remains a major obstacle, limiting the safety and feasibility of portable and 

wearable applications, 

• Long-term durability is affected by fatigue and material degradation under continuous cyclic 

loading, 

• Scalability and manufacturing consistency require further refinement to ensure quality and cost-

effective production on an industrial scale. 
 

Future research efforts are focusing on: 

• Development of intrinsically high-permittivity elastomers to reduce required electric fields, 

• Integration of multifunctional sensors and self-healing capabilities, which will enhance 

functionality and extend operational life, 

• Advancement in low-voltage operation, achievable through innovative material formulations and 

optimized structural design, making DE systems more practical and energy-efficient. 

 

CONCLUSION 

Dielectric elastomers (DEs) offer a highly versatile and innovative platform for a wide range of 

actuation and energy applications. Their unique combination of mechanical compliance, high energy 

density, and adaptability makes them ideal for emerging flexible and soft systems. Ongoing 

advancements in material science, mechanical design, and system integration continue to enhance their 

performance. However, achieving widespread adoption will require focused interdisciplinary research 

aimed at improving material robustness, ensuring device scalability, and developing efficient system-

level integration for real-world applications and industrial-scale deployment. 
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