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Abstract 

Actuators enable movement across the expanse of human invention; their role in technological 

advancement cannot be overstated. Revolutionary technological developments have accelerated 

the need for new actuators for aerospace, automotive, consumer, and medical applications: 

actuators that perform fast, large-strain actuation in a compact, conformable package while doing 

external work. Despite tremendous advances in materials, architecture, fabrication, 

characterization, and modeling of dielectric elastomer (DE) actuators, challenges remain: no 

architecture possesses all the desired actuation properties, and design process methodological 

issues persist. Because material and actuator properties vary with strain state and exhibit hysteric 

and viscoelastic behaviors, only complex viscoelastic analytical models have effectively 

predicted performance over a wide range of operating conditions, limiting actuator design to 

researchers with specialized expertise. This dissertation addresses technological and 

methodological issues in DE actuators. The primary technical contribution is a new DE tape 

actuator architecture that utilizes a novel flexible release frame, silicone elastomer, single-wall 

carbon nanotube (SWNT) electrodes, and innovative multifunctional tape connectors. The 

architecture performs fast, lightweight, conformable, large-strain actuation while doing external 

work; it is compact and modular to facilitate scaling; over time, it is repeatable and robust; and it 

supports a simplified design process, enabling predictable and controllable design with variable 

performance. The research established a new categorization rubric for frame configurations, 

created a new flexible release frame, and developed pioneering multifunctional tape connectors. 

The dissertation delineates a design approach – characterization, modeling, and system design – 

based on the actuator’s application context, encompassing the application situation, actuation 

requirements, and actuator architecture. Given the material and actuation property complexities, 

hysteric behavior, and viscoelasticity associated with DE actuators, application context dictates 

characterization requirements and provides a simple process for full actuator characterization. 

Viscoelastic performance can be simplified into the quasi-static force-deflection realm without 

losing critical information, while data simplification facilitates analytical modeling of actuators’ 



xv 

viscoelastic behavior without requiring complex time-dependent models. The resulting model 

enables a simple quasi-static design process that accurately predicts the performance of the 

actuator/device. This dissertation establishes a process for characterizing cyclical steady-state 

actuation – defined as the repeated actuation performance level reached after some number of 

cycles when the long-term transient viscoelastic properties, Mullins effect, or actuator 

shakedown, have settled out – that captures key mechanical and electrical actuation properties 

which drive performance. The dissertation also presents a new variable shear Gent strain energy 

model for terminated primary creep steady-state cycling actuation, created from first principles. 

The elegance of this model is that the new variable shear term is only dependent on the driving 

voltage, yet it effectively encompasses all the relevant viscoelastic effects over the whole 

actuation range for steady-state cyclical actuation. The model calibration requires data from only 

two actuation performance curves operating at different voltages yet provides virtually the same 

accuracy as if the model was calibrated at each desired operating voltage level. The new model 

enables simple quasi-static model-based design for DE actuators while promoting an intuitive 

understanding of how the parameters impact the performance of the actuation system. Three case 

studies are used to validate the technological and methodological advances. The outcomes of this 

research – a new DE actuator architecture, characterization paradigm, predictive design model, 

and design methodology – provide a foundation for future progress to enable wider adoption and 

advancement of DE actuators.
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Chapter 1  Introduction 

Actuators enable movement across the expanse of human invention. The crucial role of 

actuators traversing all areas of technological advancement cannot be overstated. With 

revolutionary changes in the size and capabilities of electronics over the past several decades, 

frontiers for actuation are expanding and evolving at an exceptional pace. In particular, rapid 

developments in medicine and medical devices, transportation technologies, and consumer 

products have exposed gaps in existing actuation technology and crystallized the demand for 

actuators with expanded capabilities. Actuators displaying the following characteristics will be 

required. First, actuators must be lightweight and accommodate fast, large-strain actuation while 

performing external work. They need to be conformal, compact, and modular to enable scaling. 

Their behavior must be robust and repeatable. For the purposes of this dissertation, robust refers 

to being insensitive to environmental conditions, resistant to material impurities, and having a 

low failure rate, pushing the performance close to the material limits. Finally, they should 

support a simplified design process that allows for predictable and controllable design with 

variable performance. This research aims to create a new dielectric elastomer (DE) actuator 

architecture and develop a foundation for the systematic, model-based design of DE actuators for 

industrial applications. 

This chapter identifies evolving actuation needs in light of current and promising 

technological advancements. Dielectric elastomer actuators, their potential to meet the 

developing need for fast, large-strain, conformable, compact, modular, robust, and repeatable 

actuation, and current factors inhibiting the adoption of DE actuators are reviewed. From these 

challenges, the research issues and approach for this dissertation are identified to lay the 

groundwork for future advances in the field of dielectric elastomer actuation. 

1.1. Ever-Growing Need for Actuation 

Technological innovation over the past half-century has increased exponentially. These 

advancements have been driven by the decreasing size and increasing electronics capability. The 
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miniaturization of electronics coincides with a surge in their capabilities. The same is true of 

batteries and power electronics. These developments have made it possible to incorporate 

actuation into devices and technology in previously inconceivable ways [1–9]. 

Conventional actuators have been improving for more than a century. Tremendous 

advancements in efficiency, power, and size have enabled them to be used in more and more 

places, from consumer applications. In addition to advances in conventional actuators, there have 

been improvements in smart material actuators to address situations where conventional 

actuators are not reasonably capable. These showcase the greatest near-term potential for 

dielectric elastomer actuators. Advancing and growing application fields are typically where 

these gaps or mismatches of technology can be found.  

Lead adopters of new actuation technology include medicine and medical technology; 

transportation technology, particularly the aerospace and automotive industries; and consumer 

products. Applications in these cutting-edge fields require lightweight, energy-efficient, large-

strain actuation and compact actuators all at a low cost [10–13]. Specifically regarding medical 

advances, a lightweight, fast, large-strain actuator capable of doing external work in a 

conformable and compact package with robust and repeatably action would assist in designing 

prosthetics and artificial organs. In prosthetics, there is a need for lightweight large-strain 

actuators that can act in the 0.1 – 1.5 Hz frequency range [14]. Biomedical research into muscles, 

lungs, and cardiac and gastrointestinal tissues is challenging because it is difficult to mimic the 

mechanical-biological forces applied to these tissues in vivo [15]. Self -inflating hydrogel tissue 

expanders offer a significant advance in the reconstructive techniques available for the surgical 

restoration of a wide variety of soft tissue defects [16]. While traditional saline expanders enable 

soft tissue expansion, they result in high infection rates. Conformable actuators are those that can 

modulate their shape to match irregular surfaces [10,17–23], or as noted by Gua [24], “conform 

to the uneven surface of an object, allowing efficient yet delicate grasping of multiple items with 

unknown geometry, moduli, and weights.” Conformability is particularly critical in applications 

such as soft tissue and automotive applications like door seals, where exactly conforming to an 

irregular surface is critical. The shift towards lightweight materials and electric vehicles in the 

automotive industry is prompting the review and replacement of mechanical actuators, including 

replacing cooling hoses, which currently require pumps, with active hoses where pumping is 

achieved through nonmechanical actuation within the hose material itself. Drones and micro air 
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vehicles (MAV) seek actuators to control surfaces and pumps and drive flapping. Morphing 

control surfaces and aero profiles will enable aircraft to be more efficient and operate under a 

wider range of varying flight conditions [25]. New morphing aircraft require large-strain 

actuation (greater than 100%) [13]. These applications require lightweight, fast, large-strain 

actuation with conformal and compact packaging. In the expansive field of consumer products, 

the need for lightweight, conformable, compact, and repeatable actuation ranges from goods 

relying on haptics, such as mobile devices and game controllers, to noise-canceling headphones 

to peristaltic pumps used for mobile medication dosing. Soft robotics seeks to mimic advantages 

of living systems, including improved flexibility, adaptability, and reconfigurability [10,26–28]. 

Each of these domains has seen the implementation of new actuation technologies enabled 

by advancements in electronics, batteries, and power electronics. Actuation improvements 

consist primarily of improved performance while reducing weight and size. However, there are 

numerous applications in these fields where actuation technology lags behind other technological 

advancements. There is an ongoing need for actuation technology to accommodate, enhance, and 

enable other technological advances, for example, in applications where modern actuation 

technologies are incapable of being integrated or where the integration challenges lead to 

infeasible devices as the negative trade-offs required for integration negate any benefits from 

new actuation. A new actuation technology with different performance capabilities could 

eliminate the trade-off necessary to integrate existing actuator technologies. The critical 

properties required of new technologies include being lightweight, capable of fast, large-strain 

actuation while performing external work in a conformable and compact package with the ability 

to scale modularly, exhibiting robust and repeatable action, and offering a predictable and 

controllable method to achieve variable performance. 

1.2. Actuation Current State of the Art to Meet New Needs 

Advances in actuation drive and empower technological progress. While there have been 

significant advances in actuator technology in recent years, science has not yet identified or 

developed an actuation system that simultaneously accommodates fast, large-strain actuation 

while having conformable properties and is in a compact package [29–31]. Conventional 

actuators are characterized by using electric, electromagnetic, hydraulic, and pneumatic sources 

to produce and control movement. These are well suited for traditional applications where large, 
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one-directional movement is required and a larger actuation mechanism can be accommodated. 

However, they are ill-suited for newer applications requiring lightweight, conformable, compact 

actuators. Actuator technology has advanced significantly over the past 40 years with the 

proliferation of smart materials, that is, materials responsive to alterations in their external 

environment, such as temperature, moisture, magnetic fields, etc. With significantly higher 

energy densities than conventional actuators, smart material actuators hold great potential for 

providing compact and lightweight actuation to meet evolving needs. Ceramic piezoelectric 

actuators convert electrical energy into linear motion. Piezo actuators are well suited for 

applications requiring strict accuracy and precision, including miniature medical devices and 

smartphone technology. However, they are constrained to very low-strain applications that 

require linear movement or a complex system that turns a high force at very high frequency with 

low-strain actuation into large-strain actuation with lower force. This transformation requires 

additional mass and space while being very rigid. Shape memory polymers (SMPs) and shape 

memory alloys (SMAs) soften and deform in response to heat, light, electricity, or magnetism 

and then revert to their original shape when the external stimulus is removed. SMPs are very 

slow actuators, which severely limits their application spaces. SMAs are very fast for 

transforming their crystalline structure one way but act at slow speeds when used in cyclical 

actuation and are typically limited to strains less than 10% [32]. SMAs can achieve much larger 

strains using more complex architectures or packaging, but there is a trade-off of higher 

complexity, and they cycle at low actuation frequencies. SMAs are typically used in binary 

actuation applications since they are also difficult to control. Pneumatic artificial muscles 

(PAMs), also known as soft pneumatic actuators, are designed to mimic biological muscles. 

Inflatables are actuators that expand to create movement. PAMs and inflatables require pumps, 

limiting their suitability for compact and lightweight applications. As their name suggests, 

electroactive polymers (EAPs) change in size or shape when exposed to an electric field. While 

there are numerous types of EAPs, they are generally considered slow acting and may require the 

use of liquids, except dielectric elastomers, a particular type of EAP. 

1.2.1. History of Dielectric Elastomers 

A dielectric elastomer is a specific type of EAP that is lightweight and highly stretchable. 

The use of DEs for actuation was introduced in the early 1990s when a group at SRI 
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International recognized the potential application of DEs to actuation [33–36]. While focusing on 

the performance and characteristics of DEs, the group determined that applying an electrostatic 

charge to particular elastomer films could produce large-strain actuation. From its initial 

publication in the 1990s until the early 2000s, only a few research groups closely tied to SRI 

were investigating DEs. They mainly focused on exploring new materials and discovering new 

methods to improve actuation performance [37–39]. They also worked on creating devices that 

would exhibit the best properties of DE actuators of large-strain actuation [21,40–42]. 

During the early to mid-2000s, there was some small growth in research groups using 

dielectric elastomers. These groups continued to explore and discover new materials for DEs, but 

they also started to build the fundamental knowledge to understand how DEs function. This 

knowledge included comparing materials, actuator modeling, control methods, and failure 

modes.  

From the mid-2000s to 2010, there was a significant growth in research groups that were 

still creating or discovering new and better materials while finding more applications for 

dielectric elastomers. During this time, the fundamental knowledge of fabrication [43,44], 

experimental characterization [45–51], failure modes [52–55], and higher fidelity modeling [56–

76] of DEs continued to mature. Researchers added knowledge and maturity enabled these 

groups to develop even more impressive gizmos (i.e., one-off devices constructed by researchers 

to demonstrate specific actuator properties) [77–88] for a range of applications, including haptics 

and robotics, as well as to utilize DEs as energy harvesters. The application of actuators as 

gizmos or energy harvesters was primarily focused on demonstrating the unique capabilities of 

DE actuators. While this "gizmo phase" focused mainly on establishing the usefulness and 

potential of DE actuation technology, it did not significantly progress DE technology to 

industrial applications. 

Since 2010, there has been a mix of widgets and material research in general; however, there 

has been a significant increase in exploring the adoption of DE actuation in various fields. In 

many application spaces, including haptics [89–98], prosthetics [14], and soft robotics [10,26–

28], researchers have found that DE actuators still need significant technological development 

before they can be employed [29,99,100]. However, one application space where DE actuation 

has been adopted is in cellular research in which bioreactors are used for in-situ cellular research 

[101–107]. In this instance, DE actuators are used to discover the impacts of mechano-
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transduction and other standard cellular investigatory practices. In considering other industrial 

applications, many of the advances required for DE actuator technology adoption relate to non-

experts in DE technology attempting to use DE actuators for specific tasks in their fields 

[31,108–112]. Because material and actuator properties vary with strain state and exhibit hysteric 

and viscoelastic behaviors, only complex viscoelastic analytical models have effectively 

predicted performance over a wide range of operating conditions, limiting actuator design to 

researchers with specialized expertise. 

1.3. Dielectric Elastomer Actuator Potential 

Dielectric elastomer actuators hold great promise for meeting evolving actuation needs. 

With DE actuators, large fast strain actuation is a key capability that separates them from other 

smart material actuators [113]. Dielectric elastomer actuators consist of a thin elastomer covered 

by a conductive electrode on both surfaces. When a differential voltage is applied to the two 

conductive surfaces, a Maxwell stress on the surfaces, created by the voltage differential, causes 

the elastomer to become thinner and grow in area. The total volume of the elastomer remains 

constant before and after actuation. Elastomers are made from a large conglomeration of polymer 

chains with relatively weak molecular bonds. They are capable of large deformations due to a 

combination of elastic and viscous properties caused by their atomic structure, and their chemical 

structure causes them to be lightweight and conformable. The elastic and viscous material 

properties facilitate a fast, large, distributed strain response to external forces. The principal 

benefits of DE actuators derive from their unique properties of being lightweight, 

accommodating large, fast actuation strain; and being composed of inexpensive materials 

[113,114]. Gu et al. identified characteristics of DEs, including distributed actuation, high energy, 

and ease of control [29], that make them a superior choice for applications requiring those 

properties. 

1.3.1. Architecture  

A dielectric elastomer actuator is a composite structure with a thin elastomer film and 

compliant conductive electrodes on the top and bottom of the film, as shown in Figure 1. The 

intrinsic force-displacement properties of a DE actuator are based on the mechanical properties 

of the elastomer's and the electrodes' combined structure and an applied voltage difference across 
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the DE material and the bottom surfaces. This force causes the incompressible elastomer to 

expand in plane, also shown in Figure 1. This Maxwell stress is a function of the applied voltage 

difference as well as of the dielectric properties of the elastomer. 

 

 

 

A DE actuator is often integrated into a frame that provides a pre-stretch to the elastomer 

film to modify the actuator's initial strain state, as shown in Figure 2. A DE actuator's external 

force and work depend significantly on the external force it is working against, as well as on the 

properties of the elastomer, the electrodes, the initial pre-stretch of the actuator, and the driving 

voltage. 

 
  

The base performance characteristics of DE actuation are defined by the elastomer’s stress-

stretch curve, also known as a hyperelastic curve. A hyperelastic curve is the characteristic shape 

of any stress-stretch of an elastomer and is inherently a dynamic property. Since all elastomers 

have some viscoelastic properties, the standard stress-stretch curve is measured under a constant 

strain rate. Elastomer properties are often tested using a very slow strain rate, which measures 

quasi-static performance. 

 
Figure 1. Basic Dielectric Elastomer Actuator 

Composition of a dielectric elastomer actuator and the 
basic principle of actuation. 

Figure 2. Dual-Arch Frame Configuration 

Dielectric Elastomer Actuator. 

Dielectric elastomer actuator with a dual-
arch frame configuration. The individual 
components of a typical dielectric elastomer are 
identified: elastomer film, compliant electrodes, 
electrical and mechanical connections, and the 
configuration frame. 
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Elastomers experience creep whenever a constant load or stress is applied. Creep in 

hyperelastic elastomers involves primary, secondary, and tertiary. The primary creep, also known 

as transient creep, starts when a force is applied and concludes when the creep rate stabilizes, 

indicating the beginning of secondary creep. Secondary creep proceeds at a slow, consistent 

strain rate and ends when the elastomer hits its elastic limit. Tertiary creep refers to plastic 

deformation due to the slippage of polymer chains, which is linked with necking and void 

formation [115–120]. Secondary and tertiary creep may not significantly impact dielectric 

elastomer actuation. However, they could influence long-term actuator life. [19,121] 

For Elastomer, stretch is defined as the current length, l, over the reference length, 𝑙0. A 

typical elastomer’s hyperelastic curve, shown in Figure 3, has three regions: an initial relatively 

stiff region (Region I) at small stretches, a middle compliant region (Region II) over a wide 

range of stretches, and a final stiffening region (Region III) at large stretches where the material 

approaches an asymptotic stretch limit. The figure shows a dot where a dielectric elastomer 

actuator is under no external forces, so the equilibrium point is zero on the stress-stretch curve. 

When Maxwell stress is applied on the surfaces, the planar tension stress on the elastomer 

increases, and the elastomer stretches to a new equilibrium point. The change in stress results 

from the applied Maxwell stress and the change in stretch can be considered the operating stroke 

from the applied Maxwell field. The DE actuator in the figure is also shown with an initial pre-

stretch applied to the actuator. This pre-stretch moves the initial point up the stress-stretch curve 

into the middle compliant plateau portion of the curve, or Region II, of the stress-stretch curve. 

When the same Maxwell stress is applied to the actuator at the second equilibrium point, the 

planar tension stress in the film decreases by the same amount. The total energy in the system 

remains the same because of the applied strain energy from the Maxwell stress. In the second 

case, the biased operating stroke is significantly longer because the stress-stretch curve has a 

much lower stiffness in this region, and the applied Maxwell stress lowers the elastomer strain 

energy. This simple example demonstrates the significant variability in actuation performance 

when one actuator parameter changes. The pre-tension in the film supplied by an external force 

enables the Maxwell stress to relieve the stress in the system rather than add to the stress. As a 

result, vastly enhanced performance can be achieved. 
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A second approach to the DE actuator operation is to consider it a quasi-static actuator 

switching between two states. The actuator has two force-displacement curves, a LOW-voltage 

curve, and a HIGH-voltage curve, causing a voltage difference across the elastomer. As shown in 

the previous figure, this extra stress acts as an additional in-plane bias and extends the material 

length, effectively shifting the material's force-displacement curve downward, as shown in 

Figure 4. If the voltage differential is zero, then the LOW curve is equivalent to the quasi-static 

force-displacement curve shown by the blue line. The HIGH curve is the force-displacement 

curve with the Maxwell stress applied to the actuator shown by the blue line. With an external 

load applied and the Maxwell stress off, the DE actuator will stretch until it achieves an 

equilibrium position, shown by the blue dot (Voltage Off Equilibrium). If the applied load 

remains constant and the Maxwell stress is applied, the actuator will reach a new equilibrium 

position, shown by the red dot (Voltage On Equilibrium). The change in the displacement 

between these two points is defined as the stroke of the actuator. Thus, a DE actuator stroke is a 

function of the externally applied force and the applied voltage differential. This approach is 

useful because the two curves depict the dynamic system behavior, making it easier to 

understand.  

 

 

 

 

Figure 3. Dielectric Elastomer Stress-Stretch Curve. 

Dielectric elastomer stress-stretch curve and actuator 
performance. 
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1.3.2. Operation 

A dielectric elastomer's mechanism to convert the Maxwell stress into an actuation force 

depends on the actuator design, including its fundamental frame configuration and initial 

conditions. Recall that a typical hyperelastic curve has three sections: an initially stiff region, a 

strain-softening region, and a stiffening region as the material reaches its hyperelastic limit. In 

the previous section, it has been shown how the same Maxwell stress results in significantly 

different actuation strokes depending on the pre-stretch in the elastomer. Changing the initial 

conditions of the actuator by applying a pre-stretch to the elastomer film enables the actuator to 

actuate in the strain-softening plateau region, where the best actuation performance can be 

achieved. The pre-stretch also causes secondary impacts, such as enhancing the dielectric 

properties of the elastomer. The in-plane strain caused by the Maxwell stress is an isotropic 

phenomenon. When the pre-stretch in the elastomer material is biaxial, it matches the reaction of 

the isotropic Maxwell stress and enables the best actuation stroke performance. However, 

applying different pre-stretches in different directions to a DE actuator is possible, making it 

appear to have anisotropic actuation properties. A DE actuator integrated into a system can be 

designed to achieve the maximum operating stroke performance using an external force to 

provide the initial biasing force.  

It has already been shown that the same applied Maxwell stress changes the operating stroke 

depending on the initial pre-stretch in a dielectric elastomer actuator. This phenomenon can also 

be seen in the force-length and force-stroke graphs in Figure 5. As shown on the left graph, The 

previous pre-stretch applied to the actuator becomes an applied force in the force-length domain. 

If the external constant force varies across the actuator's complete force domain, the ON and 

 
Figure 4. Force Length Performance Curves. 

Dielectric elastomer actuator performance 
curves with voltage OFF and ON force-length 
curves. 
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OFF voltage equilibrium point difference is the actuation stroke, as shown on the right graph. 

This stroke curve is valid for all externally applied forces if the ON voltage level remains 

constant. 

In the previous example of the different operating strokes from an applied pre-stretch, a 

large change in pre-stretch is shown to result in a large change in operating stroke. However, this 

is not always valid and depends on the shape of the performance curves. An example of the 

typical ON and OFF performance curves is shown in Figure 5. 

Although there is a distinct maximum stroke location, the regions around the peak have very 

similar strokes. There are two regions where the stroke is relatively stable: near the peak and at 

high loads. These locations have low design sensitivity, meaning that if the applied external load 

is adjusted in small amounts, the stroke performance does not change. If the actuation stroke has 

a large slope, the location is said to have high design sensitivity. The source of the sensitivity is 

that small adjustments to the applied load will substantially impact the actuation stroke. If the 

stroke curve has a positive slope and the externally applied force is less than the desired level, 

the stroke will be less than desired. On the other hand, if a slightly larger external force is used, 

the actuator will move farther than desired. Higher loads produce lower strokes for the negative 

slope regions, and lower extremity forces result in higher actuation strokes. 

 

 

 

Figure 5. ON and OFF Voltage Performance Curves and 

Actuator Stroke. 

The plot on the left shows the ON and OFF voltage 
performance curves in the force-length space for a dielectric 
elastomer actuator as well as the equilibrium points when a 
constant force is applied to the actuator. The plot on the right 
shows the actuation stroke for the same actuator when the 
external constant force is varied across the entire actuator’s 
range. 
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This section has focused only on what happens when the externally applied force is varied. 

It is assumed that the ON voltage level is constant. However, with modern electronics, 

controlling the applied voltage level is easy. Any increase in the applied ON voltage level will 

increase the actuation stroke. The voltage level can be increased until an electrical or mechanical 

limit is reached. In the actuation stroke regions with low sensitivity, varying the applied voltage 

can achieve the desired stroke for a given externally applied load. The result is an actuation 

system in which the dielectric elastomer is completely controllable and can achieve any 

intermediate position. 

1.3.3. Application Spaces 

While there are myriad potential application spaces for DE actuators, three notable fields 

where advancements have exposed gaps or mismatches of actuator technology that DE actuators 

can address include medical, transportation, and consumer products. Applications in these fields 

require large-motion actuation in a conformal and compact package. Dielectric elastomer 

actuators hold great promise in addressing this need. Explosive growth in medicine and medical 

technology provides tremendous opportunities for the application of DE actuators. Replicating 

human tissue, including the in-vivo environment of cells and human muscle for organ 

transplantation, requires cyclical actuation [122], complex 3D deformations [15], and 

environmental insensitivity [30]. Likewise, next-generation prosthetics must be lightweight, 

reliable at high-performance levels, and attain large strain with low power. Research has shown 

that pneumatic cyclical compression of the calf can prevent deep-vein thrombosis [123]. These 

pneumatic devices require pumps that can be bulky and uncomfortable. One possible 

improvement would be to replace the whole compression scenario with a distributed actuator that 

can provide cyclic compression with the moderate force required to decrease the chances of 

deep-vein thrombosis complications. In aerospace, there has been a growth of unmanned aerial 

vehicles (UAVs) and micro-UAVs, which have much tighter packages for actuators [25]. Bats 

and small birds inspire many micro-UAVs to achieve better mobility [124–126]. While nature 

achieves this through morphing, current technology struggles to mimic this behavior. Attempting 

to match animal performance leads to a need for either a morphing skin that can achieve large, 

distributed shape changes or a new compact distributed actuator that can be used to create 

variable control surfaces at an intermediate frequency required for control. In the automotive 
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industry, there has been substantial growth in the number of actuators in vehicles [127], with 

many operations becoming powered to enhance the customer experience. One area of frequent 

customer complaint relates to weather-stripping or door seals [128–132]. Currently, these are 

constructed of passive rubber, which requires a design trade-off between door-closing properties 

and good sealing. A conformal and compact actuator could eliminate this trade-off to achieve 

large-strain, distributed actuation along the seal. 

Conventional actuators have been improving for more than a century. Tremendous 

advancements in efficiency, power, and size have enabled them to be used in more and more 

places, from consumer products to industrial applications. In addition to advances in 

conventional actuators, there have been advances in smart material actuators to address situations 

where conventional actuators are not reasonably capable and to showcase the greatest near-term 

potential for dielectric elastomer actuators. These new actuation requirements of fast, large-strain 

motion, conformal and compact packaging, and cyclical actuation for the aerospace, automotive, 

and medical fields are difficult to accomplish with traditional actuators. Identifying potentially 

useful fields of application is important; however, that is only part of the story when 

investigating the possible uses for DE actuators. This technology is based on compliant 

elastomers with complex behavior because their properties are based on the interaction of long 

polymer chains. When elastomers are repeatedly stretched or cyclically strained, their behavior is 

known to settle into a predictable pattern. By narrowing the application space to areas that 

require cyclical actuation, it is further possible to narrow the performance requirements for the 

actuation technology. The application fields previously identified can also use cyclical actuation 

[15,122,133,134] to accomplish walking [29,135–143], flapping [42,142,144–147], and pumping 

[63,85,96,148–165]. These actions can be performed at constant frequencies varying from fast to 

slow, where all transient creep behavior has ended during each half period. In the case of DE 

actuators, actuation with transient creep ended is defined as a period when all the viscoelastic 

properties of the actuator have settled enough so that there are no significant changes in 

properties during the desired time frame. There are, in fact, many applications that can use a type 

of cycling actuator and for which the inherent advantages of DE actuators would be well suited. 
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1.4. Advantages of Dielectric Elastomer Actuators 

The inherent advantageous characteristics of DE actuator technology are derived from their 

unique material properties. These actuators are based on thin, compliant elastomers. Therefore, 

these actuators will be characteristically flat, conformable, and compact. The Maxwell stress for 

actuation is inherently distributed, enabling a large actuation strain when the initial strain energy 

is manipulated to be favorable. These characteristics exemplify why this actuation technology 

has the potential to fulfill the actuation gaps identified previously. However, the value of DE 

actuators extends beyond the actuators' material properties to include the actuation's nature and 

their utility in the design process. Therefore, the advantages of DE actuators can be broadly 

categorized as properties of DE actuators, the characteristics of DE actuation, and features 

related to designing for DE actuation. This dissertation will refer to the following summary of 

these key properties. 

Properties of Dielectric Elastomer Actuators: Dielectric elastomer actuators are 

distinguished by their lightweight and compact qualities. Their lightweight characteristics 

enhance their suitability for prosthetics, electric vehicles, and aerospace technology use. 

Similarly, the compact nature of DEs makes them well -suited for use in mobile devices and 

consumer electronics. Compactness is particularly applicable in medicine: the compact form of 

DE actuators enables them to be used directly in cell research under microscopes [166]. 

Dielectric elastomer actuators hold great promise as modular actuators due to their compact 

actuation shape and the simple ability to activate more than one actuator at a time. A modular DE 

actuator can potentially use multiple modules in a larger architecture to compensate for inherent 

limitations like low force [167–170]. Two types of scaling are possible with DE actuators: 

scaling based on the size of the elastomer film and modular scaling based on the number of DE 

actuator modules combined to make a single actuator. Elastomers are inherently scalable because 

their size is variable. Therefore, the scale of a DE actuator’s performance can be changed simply 

by increasing or decreasing the size of the elastomer film. At the lower end, miniature scalability 

in the range of millimeters and smaller has been demonstrated for MEMS applications [171–178] 

and microfluidics [112,179–188]. At the other end of the spectrum, DE actuation has been used 

in aerospace applications, such as for a five-meter blimp [83,88], where the scale ranges to 

multiple square meters [189–191]. However, modular scaling is also available with DE actuators. 

DE actuators can be scaled by combining layers of elastomer film and attaching a larger frame to 
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the new structure. Compared to a DE actuator footprint consisting of actuator length and width, 

the total thickness of the DE actuator is insignificant. When scaled using multilayer actuators, the 

footprint does not change, and the thickness remains insignificant. 

Actuation Characteristics: Dielectric elastomer actuation is inherently fast, large-strain, 

conformable, and distributed. As noted by Madsen et al. in 2016, the ability to accommodate 

large-strain actuation is the principal advantage of DE actuators over other transducers [113]. 

Dielectric elastomers can expand well over 100%; in 2013, the Su research group from Harvard 

created DEs using a VHB film and carbon grease that expanded over 1692% [192]. More 

importantly, DE actuators perform external work while achieving large-strain actuation. As 

noted, large-strain actuation is critical for medical and transportation technology applications. 

Actuation speed is a remarkable quality of DE actuators. From the outset of research into DEs, it 

has been known that fast response times on the order of one millisecond were possible for DE 

actuators constructed with low-viscoelasticity elastomers [193]. This ability to achieve fast 

actuation in combination with large-strain actuation is particularly notable. In 2018, the Shea 

research group from EPFL demonstrated large, fast, uniaxial actuation strain for cell culture 

substate: -12% to 38% strain with sub- millisecond response time [194]. Dielectric elastomer 

actuators are energy efficient and possess high energy [34]. They are fundamentally energy 

storage devices, as they are compliant capacitors. For actuation, an external electrical source is 

used to apply a voltage potential across a DE material. The DE actuator stores the applied 

electrical energy as elastomer strain energy. Later, the elastomer strain energy can be converted 

back into electrical energy when the actuator is deactivated. Storing the energy as a capacitor is 

beneficial because no additional power is required to hold the actuator in place for continuous 

operation. As a result, DE actuators demonstrate efficiencies as high as 80 % to 90 % 

[193,195,196]. In addition, DEs have specific elastic energy densities up to 0.15 J/kg 

[23,193,195], comparable to the energy density of human muscle and pneumatics [197]. The 

particular material used can also contribute to the energy efficiency of DE actuators: silicone DE 

actuators have been shown to have low viscoelastic and electrical losses [23,193,195]. The dual 

characteristics of being distributed and controllable greatly enhance the functionality of DE 

actuators. The ability to distribute movement across the surface of the elastomer is a 

distinguishing characteristic of DE actuators, setting them apart from actuators that operate at a 

single point or edge. This distributed actuation, coupled with the ability to control the movement 
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across the elastomer’s surface, transforms the actuator's capabilities. This movement, the 

"programmable shape change” [198] of DE actuators, is enabled by the simple physics of the 

applied electric field to control the actuation while remaining compliant. Note: because the 

ability to distribute movement across the elastomer is inherent to dielectric elastomers, this 

characteristic is implicitly included in the traits featured in a DE actuator architecture and is 

therefore not included in the list of factors to be addressed in a new architecture. 

In addition to single-use performance characteristics, DE actuation can be characterized as 

robust and repeatable over extended use. For this dissertation, robust is defined as having three 

distinguishing qualities: first, insensitivity to environmental factors such as heat and humidity, 

light abrasion, and the impacts of handling and traveling; second, resistance to minor material 

flaws or imperfections, generally due to the ability to self-heal; third, a low failure rate, such that 

the performance is pushed close to the material limits. With these lifetime properties being robust 

and repeatable, DE actuators maintain a low failure rate, and the actuation performance remains 

consistent over the life of the device. Minor flaws or imperfections can be overcome using self-

healing properties, pushing the performance close to the material limits ensuring long life.  

Design Properties: An additional benefit of using DE actuators arises from their simple 

actuation physics which can enable predictable and controllable with variable performance. The 

resulting actuation can be predicted and controlled based on selected inputs. 

While each attribute is noteworthy, they set DE actuators apart as a superior actuation 

solution in combination. Actuators capable of fast, large-strain actuation while performing 

external work in a conformable and compact package with the ability to scale modularly, 

exhibiting robust and repeatable actions, and offering predictable and controllable variable 

performance over time hold great promise for satisfying current unmet needs, as well as for 

future applications that have yet identified. However, although these attributes have been 

demonstrated individually in DE actuation and DE actuators, a DE actuator architecture showing 

these attributes in combination had not been established before this dissertation. Creating an 

architecture that can present these properties in combination will be a principal focus of this 

research.  
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1.5. Dielectric Elastomer Actuator Technology and Research Issues 

The first decade of significant research into the field of DE actuators saw strong 

development of fundamental actuator materials – the base elastomer and the compliant electrodes 

– as well as many configurations to imbue actuators with a significant pre-stretch. However, to 

further advance DE actuator technology, the research focus must shift to accentuate the 

technology’s fundamental advantages and identify methodological approaches that will facilitate 

the adoption of DE technology. Addressing both categories of adoption issues – technological 

and methodological – is necessary to achieve progress in adopting DE actuator technology. 

Technological improvements to DE actuators, the initial area of focus for this dissertation, 

include creating an architecture that possesses the following qualities in combination: able to 

achieve fast, large-strain actuation while performing external work; conformable, that is, able to 

provide distributed actuation over the desired surface area; compact package even when scaled 

modularly; robust, such that the actuation performance extends to the limits of the materials 

because minor flaws and impurities can be self-healed while maintaining repeatable and 

predictable actuation over the life of the device.  

The second area of focus addresses methodological challenges in DE technology that limit 

the wider adoption of these actuators. Dielectric elastomer actuators may fill the growing need 

where conventional actuator technology is extremely limited or virtually impossible without 

significant compromises, but issues with characterization, modeling, and the design process 

present obstacles to their implementation. The complexities presented by dielectric elastomers 

and DE actuators require a new, cohesive approach to the design process. Actuation performance 

characterization must address actuator stroke as a function of forces and voltages, limitations like 

the maximum dielectric breakdown strength, and losses such as current leakage. Likewise, DE 

actuator modeling needs to account for simple viscoelastic behavior; Characterization methods 

that mimic and represent the limited type of actuation required by these applications allow for 

targeted characterization, which in turn allows for simpler and more accurate characterization. 

Limiting the desired application spaces also enables the development of a targeted analytical 

model that can be simple and accurate. To further ease the adoption of DE actuator technology, 

design challenges encountered by novice users need to be considered and addressed. In addition, 

design processes and methods that allow novice designers to bridge the existing and emerging 

actuation gaps successfully must be developed.  
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1.5.1. Actuator Architecture Issues 

While there exist many fantastic and ingenious examples of DE actuators that demonstrate 

novel forms of actuation or are integrated into a previously challenging application and 

environment, identifying a combination of individual actuator sub-components to form an 

actuator architecture that can be applied more universally to complex technologies continues to 

elude researchers.  

Four main components of any DE actuator architecture will be analyzed: the frame 

configuration, the elastomer film, the compliant electrode, and the mechanical and electrical 

connections. The frame configuration is defined as the structure that comprises both the external 

connection and the structure that provides the initial pre-stretch to the elastomer film. The 

elastomer film and the compliant electrodes are self-explanatory. Finally, the practical 

implementation of the external mechanical and electrical connections must be considered.  

1.5.1.1. Frame Configuration  

One of the early advances of DE actuator technology was the discovery that adding pre-

stretch to the actuator before actuation dramatically increased the actuation strain potential for 

DE actuators [46,199–201]. This pre-stretching is a form of shifting the performance curve up 

the hyperelastic curve. Using nonuniform pre-stretches also introduces advantages. It enhances 

the work mechanically and electrically. The mechanical advantage of a nonuniform pre-stretch is 

that the pressure from the surface actuation can be directed by controlling the initial strain state 

of the elastomer material. 

Typically, the pre-stretch in the elastomer is achieved by bending a flexible frame 

configuration or using rigid components to maintain the pre-stretch. Using the flexible frame to 

store strain energy and provide the pre-stretch significantly reduces the amount of external work 

the actuator can perform. Using a rigid or stiff frame configuration reduces or eliminates the 

conformal properties of the actuator. Likewise, a hard, thick frame limits the ability to use 

multiple actuators because of the increased bulk resulting from multiple frames. It is critical to 

identify a frame configuration that will maintain the initial pre-stretch, which allows the actuator 

to have a large actuation stroke while keeping the DE actuator's conformal properties. Dielectric 

elastomer actuators are typically categorized using two methods: application or shape/properties 
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of the frame configuration (roll, strip, spot, membrane, diaphragm). However, this classification 

provides limited insight into DE actuators' full potential capabilities and uses.  

1.5.1.2. Elastomer Film  

Dielectric elastomer actuators have unique requirements for the base elastomer. The 

coupling of the electrical and mechanical film properties determines actuation performance. 

Material selection is, therefore critically important to achieve the desired properties [202,203]. A 

good elastomer film for a large-stroke DE actuator will have a small slope force-length profile, 

low viscoelasticity, high dielectric permittivity, and high dielectric breakdown strength. For a 

robust actuator, the elastomer material should also be environmentally insensitive. The film will 

have a consistent thickness and limited defects/inclusions. A film fabricated with these properties 

will have uniform stress, allowing it to achieve maximum material properties. Foreign 

inclusions/defects in the elastomer film will lower the dielectric breakdown strength, lowering 

the maximum actuation strain of a DE actuator. 

Focusing on only the basic electrical and mechanical properties contributing to actuation 

stroke neglects other attributes important for adopting dielectric elastomers outside of research. 

For example, the speed of actuation under cyclical loading [29,133] must be considered. 

Consistent performance over long cycling periods is imperative for many applications [134,204]. 

Selecting a relatively insensitive material to environmental conditions leads to more consistent 

actuation performance with less variability [205]. For example, acrylic elastomers are 

particularly susceptible to temperature fluctuations; silicones are more impervious to temperature 

changes as their elasticity remains constant [206]. Another consideration is the viscoelastic 

properties of the elastomer. Viscoelastic properties can be broken into two categories: short-term 

and long-term effects. Short-term effects mainly pertain to the actuation; while these can limit 

the applications, they can be incorporated into the design of an application. The long-term 

viscoelastic properties can have more detrimental effects on the use of DE actuators. Large-strain 

DE actuators require a large pre-stretch. Long viscoelastic creep can cause the elastomer to relax, 

which can change the actuator's performance over time. This creep can eventually lead to 

actuator failure, which introduces a shelf life to the actuator that will detract from its ability to be 

used in an application [207]. While silicone elastomers display the advantages of producing 
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repeatable and reproducible actuation over time, currently, their availability is limited to off-the -

shelf materials rather than those developed for this specific use in DE actuators [113]. 

1.5.1.3. Compliant Electrodes  

Compliant electrodes are critical in enabling DE actuators to achieve their large strains. The 

primary purpose of compliant electrodes is to distribute the electrical charge across the entire 

surface of the elastomer. The distributed electrical charge produces an electric field that 

generates the Maxwell stress, which drives the actuator.  

Maintaining conductivity over a wide stretch range without increasing stiffness poses a 

significant challenge for most materials [191]. The only materials that can easily overcome this 

obstacle are viscous. Viscous materials can flow, allowing them to move along with elastomer 

stretching without adding stiffness. However, viscous materials are impractical for industrial 

applications because they are not robust: the electrodes can be removed with abrasion and dry 

out over time, and it is challenging to pattern the electrodes [206]. Therefore, since this research 

aims to advance the technology toward industrial application, another solution must be found.  

Conduction is defined as the ability of a material to transfer electrons. All materials have a 

percolation limit, the minimum density limit at which the material can no longer transfer 

electrons to adjacent elements. This limit is defined according to the density of the material 

where it no longer transfers charge. Dielectric elastomer actuators are capable of very large 

stretches; therefore, it is very important that the electrode material not reach its percolation limit 

during the expansion, which would cause the electrode to be the limiting factor for actuation 

stroke [208]. The simple solution to achieving the full actuation strain is to increase the starting 

density of the electrode material so that the electrode density is well above the percolation limit 

at maximum stroke. Then, the percolation limit of the compliant electrodes is not the actuator’s 

limiting factor. However, as the density and thickness of the material are increased, there will 

typically be a corresponding increase in the stiffness of the elastomer material, which will 

diminish the actuation stroke. Another consideration is to ensure that the time required to 

distribute the electric charge across the compliant electrode is orders of magnitude less than the 

desired actuation. This time for electric charge distribution is typically calculated from the 𝑅𝐶 

time constant. Too high electronic resistance in the electrode can affect the rate at which the 

"capacitor" can charge. The concern for high resistance in the electrode and slow charging is 
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typically unimportant because very high voltages, several kilovolts, are typically used to drive 

DE actuators. Therefore, the time required to fill the capacitor will typically be orders of 

magnitude lower than the strain rate of the material, which is dependent on the elastomer's 

viscous properties. However, depending on the application requirements and the materials 

selected, the compliant electrode density and resistance issue must be accounted for in any 

analysis.  

One common failure point of DE actuators is a dielectric breakdown in the elastomer film, 

which causes an electrical short. This failure typically occurs where there is a defect or inclusion 

in the elastomer film. This type of fault can be avoided in three ways: the defect in the elastomer 

can be minimized or eliminated in the film fabrication process, the electric field applied for 

actuation can be limited to a level significantly below the elastomer film dielectric breakdown 

strength, or the short can be self-healed where the electric charge is not conveyed to the location 

of the short. No film fabrication process is perfect, so there will always be defects. Minimizing 

film defects requires higher and tighter requirements for the elastomer film, resulting in higher, 

even prohibitive, fabrication costs. The applied electric field drives the actuation, and the higher 

the applied field, the greater the stroke performance. A large stroke is one of the principal 

advantages of a DE actuator and is required to fulfill many evolving applications. While the 

electrode material will dictate the electromechanical performance of a DE actuator, the electrode 

material's performance is contingent on the electric field [206]. Therefore, it is imperative to 

have an applied electric field that is as close as possible to the elastomer film dielectric 

breakdown strength. An actuator with a high-quality film with minimal defects and a limited 

applied electric field can still encounter an electrical short. If the compliant electrode continues 

to convey an electric charge to the location of the dielectric breakdown in the film, the actuator 

will remain broken. However, if the conductivity in the compliant electrode around the short can 

be eliminated, the actuator can regain function. Self-healing electrodes accomplish this isolation 

task using a current spike that burns away the conductive material around the electrical short. 

Thus, the self-healing of the electrode causes the percolation limit to be reached locally around 

the short. Although there will still be a short in the elastomer film, the compliant electrode will 

not transfer a charge to the location of the short. Thus, the actuator can be said to be robust to 

defects in the fabrication process and can use an electric field close to the breakdown strength of 

the film. The electrode’s ability allows DEs to tolerate flaws and is a striking advantage of this 
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electrode approach [206]. The additional robustness of self-healing electrodes is a potentially 

important quality to consider when selecting a compliant electrode. Being robust to errors 

increases the total robustness of the actuator.  

One final issue that also falls under robustness or manufacturability is the electrode's ability 

of the elastomer. The applied pattern must remain where it is placed. If electrodes migrate, there 

is the possibility of introducing stress concentration from the Maxwell stress, which can cause 

overall failure of the actuator. This robustness can be addressed using a passive sealing layer; 

however, this reintroduces the problem of increased stiffness. As O’Halloran et al. noted [206], 

“Continued research into the development of more sophisticated compliant electrodes is essential 

in the further development of dielectric elastomer actuator technology as a whole." The proper 

selection of material and fabrication technique can enable a compliant actuator to have all the 

properties required for a particular application. Specifically, new applications will require 

compliant electrodes that can be firmly attached to the DE and exhibit high elasticity, 

conductivity, and a low shear modulus [206]. 

1.5.1.4. Electrical and Mechanical Connections 

The selection of frame configuration, elastomer material, and compliant electrode material 

dictate the requirements for the electrical and mechanical connections. Dielectric elastomer 

actuators with external frame configurations have internal and external electrical and mechanical 

connections. The internal connections link the active portion of the actuator, where there is 

conductive material on both sides of the elastomer material, to the frame configuration. The 

external connections link the frame configuration electrically and mechanically to the external 

world. For the electrical connection, an additional mid-electrical connection can link the internal 

and external electrical connections. The ease of integrating a DE actuator into an application is 

dependent on the electrical and mechanical connections. 

The internal mechanical connection has two components: the link from the active region of 

the actuator to the frame configuration and the method of joining the internal side of the frame 

configuration to the elastomer. While the internal material linking the active region to the frame 

configuration is usually the same base elastomer, it does not have to be. The physical connection 

between the elastomer film and the internal side of the frame configuration can be made through 

adhesion, friction, clamping, co-bonding, or any other physical phenomena that can link two 
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materials. Ideally, the internal mechanical connection should have a higher strength than the 

ultimate strength of the elastomer. The transition between the frame configuration and the 

elastomer should avoid stress peaks or discontinuities. Also, structurally compliant elastomer 

film should not be allowed to slip relative to the internal frame configuration. 

The external mechanical connection is the method by which the frame configuration is 

attached to the actuated item. This connection must have a higher ultimate strength than the 

elastomer film. The more simple the method of external attachment, the easier it will be to 

integrate the actuator into many different systems. Ideally, the mechanical connection between 

the frame configuration and the external system will not add significant stiffness.  

The internal electrical connection attaches the actuator's active electrode region to the 

actuator's inactive part, often integrated into or attached to the frame configuration. This link is 

typically made of the same material as the compliant electrode. Thus, the internal mechanical 

electrical connections should be fabricated at the same time as the active region of the actuator. 

One consideration related to the electrical and mechanical connections is that the active region 

should be separated or contain a transition zone to the frame configuration. Otherwise, if the 

active area is directly connected to the frame configuration, the active region will attempt to pull 

away when the actuator is energized. This interface often results in premature failure of the 

actuator. The resistance of the internal electrical lead must be low enough not detrimentally to 

affect the 𝑅𝐶 charging speed of the actuator.  

The external electrical connection links the voltage supply to the actuator. This external 

connection must be securely attached to the elastomer film and compliant electrode; conversely, 

it must be solidly connected to the external electrical source. Depending on the material selected 

for the actuator and the type of external electrical connection, these two connections may have 

different requirements. In the case of competing requirements, it is helpful to use an additional 

intermediate electrode material that satisfies the internal and external electrical connection 

requirements. Actuation requires only one external electrical connection to each side of the film 

and corresponding compliant electrodes. One of the connections will be for the low-voltage side 

and one for the high-voltage side of the power supply. To facilitate more utility, secondary 

connections to both the low- and high-voltage plane electrodes somewhere else on the frame 

configuration are advisable. The secondary connection adds flexibility for connections.  
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The goal of advancing DE actuators for industrial applications makes the mechanical and 

electrical connections significantly more important because they must be robust and useful in 

many different situations and configurations. Absent a configuration with wide utility and 

modularity, each application of the actuator would require a redesign of the mechanical and 

electrical connections, which increases the complexity of the design process and ultimately 

decreases the functionality of the design. 

1.5.2. Fabrication Issues 

Industrial applications require that actuators be relatively insensitive to changes in 

environmental conditions and maintain consistent performance over the short and long term 

because they will not be confined to locations with stable environmental conditions. Variable 

environmental conditions lead to the selection focus on silicone materials, which are relatively 

insensitive to environmental conditions and can be designed to have the electrical and 

mechanical properties required for large-stroke DE actuators. At the onset of this research in 

2010, purchasing commercial thin, soft films with superior electrical and mechanical properties 

for DE actuators in industrial applications was impossible because there was no previous need 

for thin elastomers with countervailing mechanical and electrical properties. In recent years, 

there has been some commercial progress in creating new robust elastomers for DE actuators. 

However, even now, these commercial elastomers have a somewhat high stiffness, making them 

easier to manufacture with very low viscosity, which is mostly useful for small-stroke actuators 

operating at higher frequencies. This type of actuation is useful; however, closing the more 

significant gap in current technology requires a large-stroke actuator. 

When the research for this dissertation began, handmade custom thin silicone film was used 

for the dielectric elastomer and custom electrodes. The result was substantial variability in 

actuator performance. The primary goal at that time – finding materials with great potential for 

improved actuator performance – required only a limited experimental demonstration of the 

performance and allowed for a focus on best-performance data for each material. This focus on 

max achievable performance is precisely the correct thing to do when exploring new materials; 

however, industrial uses require robust and repeatable performance. Achieving reliable and 

repeatable performance necessitates consistently fabricating high-quality materials instead of 

individually constructing numerous materials and simply reporting on the actuators with the 
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greatest performance. Even today, most DE actuators are fabricated by hand. A significant barrier 

to the large-scale adoption of DE elastomer actuators is that hand fabrication continues to be an 

issue with DE actuator technology [29,111]. 

Elastomer film for a large-stroke DE actuator requires a low-compliance material, but low 

compliance is typically linked to high viscosity, which significantly limits the utility of the 

material. The dielectric permittivity of the elastomer, as well as the dielectric strength, are often 

thought of as constants, but they can change significantly with the strain energy in the elastomer 

film. Thus, the elastomer compliance, viscosity, dielectric permittivity, and dielectric strength 

will depend on the fabrication process as well as on the strain energy of the actuator 

configuration.  

Dielectric elastomer actuators are highly dependent on the properties of the thin elastomer. 

However, the fabrication and integration of the compliant electrode's electrical and mechanical 

connections and the frame configuration all play significant roles in the performance and 

robustness of the actuator. As noted by Chen et al. in 2017 [202], "Careful selection of materials 

based on design requirements is paramount for the fabrication of successful DE actuators." These 

components can be combined to enhance certain properties and reduce other limitations. 

1.5.3. Characterization Issues 

Difficulty characterizing dielectric elastomer actuation performance arises from the 

complexities of dielectric elastomer materials, their behavior, and the connections between the 

elastomer and the external world. Current characterization methods focus on these elements 

separately rather than as a system, limiting the accuracy of the characterization. Methodological 

issues about actuation performance characterization need to address actuator stroke as a function 

of forces and voltages, limitations such as the maximum dielectric breakdown strength, and 

losses from current leakage. 

For the initial decade of DE actuator research, the characterization of elastomers for DE 

actuators focused on using simple basic electrical and mechanical characterization tests. The 

primary method for evaluating the practicality of the material for DE actuators was to use test 

materials in a membrane/spot actuator. These membrane/spot actuators stretch an elastomer 

equally and biaxially inside a stiff frame and create a conductive spot at the center of the 

membrane. The spot is far enough away from the perimeter that the strain field is uniform in the 
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center. When a voltage differential is applied, the spot will grow in diameter. This architecture 

performs well at isolating the strain actuation properties and allows comparisons between 

materials [200,209–215]. Characterizing spot actuators to evaluate materials properties has 

limited utility for determining the fully configured DE actuator performance in an application 

[29,109,198,216]. The conditions of a DE actuator can be substantially different. A primary 

driver of this difference is that the strain state of the elastomer during actuation and the initial 

strain state may differ significantly from the material property characterization tests. Many 

standard elastomer property tests use controlled displacement to characterize properties, but 

authority is closely linked to force and displacement in actuation control. Elastomers are 

extremely complex because macro properties result from statistical interactions of many polymer 

chains [217]. Viscosity is related to the settling of interactions of different polymer chains at a 

low-energy state. The lowest energy state for elastomers will depend on the strain-state 

frequency of actuation, number of cycles, and relaxation time [218].  

It is extremely challenging to characterize actuator performance when many actuator 

properties are characterized in standalone, isolated experiences that simplify the characterization 

of the material parameters. These applications do not account for the interaction of the 

parameters when they are being used in the full actuator context. To produce the best material 

characterization results for an actuator's performance, selecting a methodology that is 

characteristic of the desired application and reflects how the actuator will function is advisable.  

1.5.4. Modeling Issues 

Similar to the issues with characterization, challenges in modeling dielectric elastomer 

actuation arise from the complexities inherent in the dielectric elastomer materials and the 

connections between the elastomer and the external world. Methodological issues related to DE 

actuator modeling include accounting for or representing simple viscoelastic behavior, using 

calibration data to identify model parameters, and minimizing the required calibration data. 

Elastomers are constructed from a very large quantity of interacting long polymer chains. 

The individual chains have extremely complex behavior and can significantly change depending 

on how they are manipulated. However, at a macro scale, the complexity of the entire elastomer 

material can be simplified considerably. The macro statistical interaction of the polymer chains 

gives elastomers their very large hyperelastic stretch range. Simple elastomer models predict the 
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quasi-static, or fully elastic, stress-strain performance curve. More advanced elastomer models 

incorporate viscoelastic properties by adding viscous terms to the elastic stress-strain curve.  

A plethora of analytical models have been developed to predict the elastic performance of 

polymers. The most basic is a simple spring model with a force spring constant. Beyond the 

basic spring model, other elastic models have additional terms and can better represent the 

complex hyperelastic shape. At the extreme, models with unlimited terms can very closely 

predict the elastic performance. However, as the number of model parameters increases, the 

characterization becomes more complex, and more expertise is required to understand and use 

these unlimited-term models.  

Since large-strain actuation is a primary advantage of DE actuators, models considering 

large strains are necessary to describe this behavior [113]. Likewise, models must account for the 

nonlinear, viscoelastic properties inherent in elastomers, which fundamentally impact DE 

actuation [29,133]. While Pelrine's initial tactic in modeling was useful for assessing the 

electromechanical response of DE actuation [34,37], it fails to accommodate DE actuators’ 

nonlinear elasticity and large deformed nonlinearity [9].  

Dielectric elastomer actuator models use the Maxwell stress caused by the voltage 

differential on the film's surface simply as a boundary condition. For example, the Gent model 

uses two parameters to model a hyperelastic curve, which can then be relied upon to forecast the 

behaviors of DE actuators [59,178,219–225]. Any additional mechanical connections to the 

elastomer film represent other boundary conditions needed to analyze an actuator's performance. 

O'Halloran et al. [206] noted, "Much work is required to accurately model the behavior of 

electric elastomers by coupling both electrical and mechanical behavior to accelerate the 

development of new improved actuators.”  

Many analytical models either capture the simplest performance approximation or 

accurately capture the full complexity of the performance. However, the simple models do not 

capture enough of the complexity to be used for more than the most basic gizmo design, while 

the complex models require significant expertise to use. Attention to the application space and 

type of actuation needed allows for a focus on the requirements for the analytical model. The 

goal is a simple model that is easily understood while capturing the important viscoelastic effects 

without adding a significant number of terms. For non-experts to predict the performance of DE 

actuators, models need to be more accurate with improved ease of use [29,31]. 
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1.5.5. Design Issues 

Dielectric elastomers are still new materials, and very few people know of their capabilities, 

challenges, and methods to make the greatest use of their abilities. Dielectric elastomer actuators 

do not function like most traditional actuators: in some ways, they can be described as reverse 

actuators because, when activated, they produce less force. Furthermore, because they are under 

tension, which is required for large-strain actuation, electrical activation results in the stroke of 

the actuator. The materials are complex, and determining the optimal initial strain energy to 

achieve the desired actuation is difficult. These actuators are based on soft elastomers and have 

relatively low force authority. There are ways to use leverage and other mechanisms to modify 

the force profiles to match the material's performance. There needs to be a simple, approachable 

design process. There is also a need for design models and processes that can lower the expertise 

required to design DE actuators. 

Specific issues that need to be addressed in a design methodology include the ability to 

easily increase both the actuation force and stroke to meet the requirements of an application. 

The design of DE actuators must provide for accurate prediction of the actuation strain for 

repeated actuation at a range of driving voltages [219]. Utilizing a modular design may be one 

way to tackle the issues related to incremental changes in force and stroke. 

1.6. Research Goals and Objectives 

This research aims to create a new dielectric elastomer (DE) actuator architecture and 

develop a foundation for the systematic, model-based design of DE actuators for industrial 

applications. Meeting five research objectives is necessary to achieve this goal. 

1. Architecture for Enhancing Actuator Properties: Identify a DE actuator frame 

configuration, elastomer and compliant electrode materials, and electrical and mechanical 

connections that enable a fast, large-strain actuator that performs external work in a 

conformable and compact package that can scale modularly and meet requirements for 

industrial applications. Those requirements include exhibiting robust and repeatable 

action over the life of the device while offering the design qualities of having predictable 

and controllable variable performance. 
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2. Characterization Process: Develop an approach for characterizing dielectric elastomer 

actuators for applications that use DE's inherent advantages, support actuator modeling, 

and a simple design.  

3. Analytical Modeling for Design: Develop an analytical model that predicts a DE 

actuator's performance, which is useful for designing actuation systems. The model 

should utilize a minimum number of parameters to predict performance, require a 

minimum number of calibration data points, and finally, aid in the intuitive understanding 

of how modification of parameters and variables impact the performance of a dielectric 

elastomer actuator. 

4. Design Methodology: Create a framework for understanding and designing dielectric 

elastomer actuators in device and actuation systems. Identify the limitations of a 

dielectric elastomer actuator's performance and methods to minimize or compensate for 

the disadvantages; finally, identify common or useful actuator systems for the DE 

actuators and methods or processes that can be utilized to generate the best performance 

from a dielectric elastomer actuator. 

5. Case Studies: Use case studies are needed to validate the potential of dielectric elastomer 

actuators for industrial applications and to validate new characterization processes, 

models, and design approaches. 

1.7. Research Approach 

This research approach is three-pronged: the initial area of focus aims to establish a new 

actuator architecture to exploit the advantages of dielectric elastomers; the second area of focus 

seeks to establish a system-based methodology to facilitate the characterization, modeling, and 

design of DE actuators; the third and final area of focus involves the validation of the new 

architecture and system-based methodology. Five tasks aim to accomplish these three focuses, 

address the identified research problems, and establish the research fundamentals to advance DE 

actuator technology. The first task involves identifying an actuator configuration, materials, and 

design that meet specified performance and integration requirements driven by targeted 

application uses. Tasks two through four encompass identifying cohesive methodologies integral 

to the design process. The second task focuses on creating and validating experimental 

characterization techniques that accurately capture the actuation form's actuator performance and 
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material properties. This actuator characterization is necessary as material properties are known 

to change under large and complex strain states. The third task aims to develop a simple 

analytical model encompassing all the essential information to design actuation systems. The 

fourth task seeks to exemplify the critical design knowledge required to create actuation systems 

using a dielectric elastomer actuator. The fifth and final task involves demonstrating and 

validating all the dielectric elastomer actuator science fundamentals, using the developed 

information in case studies. 

Identifying and selecting an application context for this dissertation is a fundamental and 

overarching element of the research approach as it ties together and is integral to each of the five 

tasks. Dielectric elastomer actuators are well suited to a wide range of applications, from 

aerospace and automotive to consumer products and medical applications and beyond. With this 

extensive variety of application spaces comes a commensurate range of performance 

requirements. For example, the performance requirements of camera focus adjustment require 

fast, extremely stable, and accurate displacement characteristics, whereas an active automotive 

seal requires conformal distributed actuation in a compact package that needs long life and 

durability under harsh environmental conditions. Therefore, the application context, i.e., the 

performance requirements specific to a particular industrial application or category of 

applications, is foundational to determining the characteristics and design parameters required 

for an actuator. In other words, actuator performance requirements depend and vary based on 

how the actuator is used. Consequently, material selection, characterization, modeling, and 

design derive from the specific application context. This context can vary from the needs of the 

actuation type (one movement, several movements, one frequency cycling, multiple frequency 

cycling, etc.) to performance requirements to the environmental conditions. Temperature 

conditions can range from conditions that are lab controlled (25 °C) for medical experiments to 

automotive applications that have a wide range (-30 °C to 120 °C), to consumer products with a 

smaller critical range similar to personal electronics (0 °C to 50 °C) or minimal for toys which 

may not have any temperature requirements. Actuation context consists of three components to 

account for these variations: actuator situation, actuation requirements and the specific dielectric 

elastomer actuator. Steady -state cyclic actuation is a simple, useful, and important application 

context because it captures uses in medical research from mimicking in-situ mechanical stress on 

cells to pumping for microfluidic or transportation of fluids to displacement control in small 
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packages. Steady-state cyclic actuation is defined as repeated actuation at a constant period 

where the outputs measured are constant for the same inputs. This dissertation utilizes the steady-

state cyclic application context to demonstrate characterization, modeling, and design 

methodologies. Note that there are other useful contexts, such as impulse actuation and constant 

varying frequency actuation, that can be developed in the future using this framework, but the 

scope of this dissertation is limited to this particular context. 

1.7.1. Actuator Configuration, Materials, and Integration  

The research approach for identifying a frame configuration and materials suitable for 

industrial applications began with a survey of the current state of the art. Before this research, 

dielectric elastomer actuators were categorized based on three primary components: frame 

configuration, elastomer material, and compliant electrode material. This research identified a 

fourth important category: external electrical and mechanical connections. These connections 

significantly impact actuation performance. Although research papers occasionally mention 

external electrical and mechanical links briefly, their importance warrants including them as a 

separate category for actuator classification. 

This research established a categorization paradigm that identifies four existing frame 

configuration types: frameless, full flexible frame, full rigid frame, and rigid released frame. All 

four of these frame configurations use advantageous components of dielectric elastomers; 

however, each has deficiencies that do not allow them to attain the full potential capabilities of a 

dielectric elastomer actuator. These findings were used to develop a fourth DE actuator frame 

configuration: a flexible released frame capable of achieving the pre-stretch required for large-

strain actuation while maintaining the conformal advantage inherent in dielectric elastomer 

actuators.  

Elastomer material was the second component of the DE actuator to be evaluated. While 

many hyperelastic materials are compatible with dielectric elastomer actuators, the three primary 

types used for dielectric elastomer actuators are acrylic, silicone, and polyurethanes. This 

research selected silicone as the most viable elastomer material for industrial applications due to 

its ability to achieve large actuation strains with minimal viscoelastic properties and consistent 

performance over time. 
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A plethora of materials can be used as compliant electrodes for dielectric elastomers. The 

most common and useful materials for compliant electrodes utilize carbon- or metal-based 

conductors. Other novel compliant electrodes typically have fabrication or longevity challenges, 

which have limited their adoption. The carbon-based conductors come in three forms: powder, 

grease, and chains. The metal-based electrodes typically use a thin, patterned material; however, 

their actuation strain range is limited due to the low elastic limits of metals. All three carbon-

based electrode forms have advantages and disadvantages that must be matched to the desired 

industrial application.  

The next step was to identify new or different electrical and mechanical connectors that do 

not take away from the advantages of dielectric elastomer actuators and potentially allow for 

addressing inherent deficiencies of dielectric elastomer actuators like low force. This consisted of 

pinpointing the weaknesses of current electrical and mechanical connections in dielectric 

elastomer actuators and determining how to lessen these liabilities. Failure points often occur at 

intersections in joints, so special attention was paid to the electrical and mechanical connections 

to minimize premature electrical breakdown [216]. Since current literature contains limited 

information on the subject, it is an area where improved performance is required. Using multiple 

actuators together in larger architectures is a technique used with other smart materials to address 

actuators’ inherent limitations. Utilizing larger architectures is simplified when an actuator is 

designed as a module and contains the mechanical and electrical connection points to connect to 

another module. Due to the broad width of achievable performance characteristics from 

dielectric elastomer actuators, it was necessary to determine which properties to prioritize for 

industrial applications to make proper choices on configurations and materials. The identified 

desirable properties for industrial applications include low cost and robust and repeatable 

performance, ease of manufacturing, and tailorable performance.  

A new DE actuator architecture was established using these elements: the DE tape actuator. 

The new architecture exploits the advantages of using dielectric elastomers for actuation by 

enabling fast, large-strain actuation while performing external work in a conformable and 

compact package with the ability to scale modularly, exhibiting robust and repeatable actions and 

offering predictable and controllable variable performance. 
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1.7.2. Experimental Actuator Characterization and Validation 

The new DE tape actuator architecture created the need to identify a characterization 

methodology for steady-state cyclical actuation to characterize a DE actuator accurately. In 2015, 

a significant portion of the dielectric elastomer community combined to create a paper that 

identified the best methods for calculating or characterizing the components of dielectric 

elastomer actuators and sensors [216]. These standards are important because they allow the 

systematic comparison of different materials concerning performance. Standard material 

characterization tests are typically designed to characterize a few properties while holding the 

other material properties fixed. The paper also clearly states that there are multiple limitations to 

these standardized characterization techniques and that new methodologies may be required. 

Developing the characterization methodology and conducting validation tests were 

predicated on specifying the application context as steady-state cyclic actuation since the 

application context established the performance requirements for the actuator. Developing a 

characterization methodology followed five general steps: identify the application context; use 

current state-of-the-art characterization techniques to identify any physics or performance factors 

not captured with these techniques; develop an initial experimental characterization 

methodology; validate and refine design and fabrication parameters; and establish the final 

characterization methodology. The first step, determining how the actuator needs to perform and 

identifying specific actuation properties, flows from the selected application context of steady-

state cyclic actuation. Based on its ability to accommodate large actuation, Silpuran was 

identified as the desired elastomer material for this DE tape actuator. The second step involves 

using first engineering principals and current state-of-the-art characterization techniques to 

evaluate actuation performance and identify any physics and component interactions that are not 

being fully characterized. The third comprises exploring the characterization performance in the 

specific application context to identify a characterization methodology that can mimic the 

behavior of the actuator for the given application context. This process consists of 

experimentally exploring the performance properties when used in the application context and 

then developing a theory of characterization methodology that will provide consistent results 

when used in the specific application context. The fourth step involves validating the fabrication 

methods and refining the initial characterization and performance parameters. The final step of 

this process is to establish a characterization methodology for the architecture and test its 
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performance. Transient creep-terminated steady-state cyclic actuation is the resulting 

characterization for the DE tape actuator in this dissertation. 

A significant issue in characterizing dielectric elastomers is their base of hyperelastic 

materials, which are in themselves complex. Simple material tests have been developed to 

identify properties related to a fixed or known strain energy state. However, many of the material 

properties of hyperelastic materials change with stretch, and since DE actuators utilize a large 

pre-stretch of the elastomer to achieve large actuation strains, these material tests do not fully 

characterize the material properties of the actuators used. The complex properties of hyperelastic 

materials are not fully understood and are still being researched. One such phenomenon not fully 

defined is how hyperelastic materials respond from repeated stretching and how the response 

changes over repeated cycles. The material response is categorized under the Mullins effect and 

viscoelastic properties. These combine to make it difficult to characterize dielectric elastomer 

properties. Therefore, the best method to overcome these issues is to characterize the material 

properties in the states under which they will be used in a dielectric elastomer actuator. The 

viscoelastic characterization effects can be accurately accounted for if there is an understanding 

of the performance requirements of the particular application. In this case, we are focusing on 

steady-state cyclic actuation; therefore, the initial hysteric effects, known as the Mullins effect, 

are known to shake out after a certain number of cycles. When the actuation frequency is low, 

and the secondary creep phase is reached during every state change or half cycle, we can 

overlook the initial transient creep and shakedown effects. This is permissible as long as the 

long-term repetitive performance is captured during the characterization. This situation can also 

be described as primary creep-terminated steady-state cyclical actuation. Given that we know the 

form factor of the DE actuator and the type of actuation approximately, we can develop 

techniques that accurately and consistently provide the necessary material and performance 

properties for practical application and design. 

1.7.3. Analytical Modeling towards Device Design 

The approach to creating an analytical model is to survey the current state of the art for 

modeling DE actuators. Early on, modelers used the hyperelastic material model with correct 

boundary conditions. Hyperelastic material modeling is an extensive field, so that many models 

can be used in DE modeling. Simple elastomer models approximate the hyperelastic material 
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performance as an elastic spring with complex spring stiffness. Advanced elastomer models add 

a viscous component to the elastic spring representation. While no model perfectly represents 

these complexities, the goal is to find a simple analytical model capable of predicting the 

performance of a DE tape actuator within the range of the actuator's performance. The 

characteristics of a silicone elastomer and the desire for steady-state cyclical actuation present an 

opportunity to simplify the required analytical models to predict the displacement while still 

capturing important viscous effects. The ultimate goal is to predict the actuation stroke from the 

system inputs; therefore, the model evaluation will focus on actuator length and stroke. After a 

model is identified or developed, it must be validated, the accuracy range specified, and its 

limitations found. The potential industrial application again allows for simplifying this process 

because a particular set of requirements is needed for steady-state cyclic actuation in industrial 

applications. There needs to be repeatable and consistent actuation performance over many 

repeated cycles, which means it is possible to eliminate transient effects that do not impact the 

long-term cyclical performance.  

1.7.4. Designing Dielectric Elastomer Actuators for Performance 

An existing graphical design process methodology was chosen because it enables the 

effective design of quasi-static systems using other smart material actuators. Using DE actuator 

performance curves, developed experimentally or analytically, the graphical design process will 

allow a designer to qualitatively predict the performance impact of changing device/system 

parameters or architectures. The shape of a DE actuator’s quasi-static performance curve can be 

related to the basic material properties or design parameters. Assuming a known configuration 

and material properties for an actuator, it is possible to qualitatively predict the impacts of 

changes on a device or system level. However, there are limits to how much the system 

performance can be modified by changing properties or parameters. Performance can be further 

modified using larger architectural structures to minimize or ameliorate the limits and 

disadvantages but at the cost of increased complexity. To enhance the understanding of the 

advantages and disadvantages of larger architectures on device/system performance when using 

DE actuators, a set of six devices/actuation systems are identified and evaluated. These 

devices/systems occur in common actuation circumstances and demonstrate how DE actuators 
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can be used to achieve their greatest performance. These example devices/systems will be 

evaluated for their performance capabilities and limitations. 

1.7.5. Case Study Validation 

Case studies were conducted to demonstrate and validate the dissertation’s theoretical 

findings. The first case study used an active seal for a vehicle to illustrate the conformal 

properties and compact packaging of the DE tape actuator. It also demonstrates the modular 

properties of the DE tape actuator, using multilayer actuators to enhance the force-displacement 

performance of the actuation system.  

In the second case study, a gravity-driven reverse bias panel was employed to demonstrate 

DE tape actuators' very large strain actuation potential. This example relied heavily on accurate 

characterization and modeling to achieve the large-strain reverse bias leverage performance.  

The third case study exemplified and validated many of this dissertation's findings through 

an antagonistic reverse bias acoustic panel. The performance of the DE tape actuators revealed 

their great promise for future industrial applications. Specifically, the operation of the flexible 

released frame configuration and the modular properties enabled by the multifunctional tape 

connector demonstrated the conformal and compact package characteristics of the new 

architecture. This case study exemplified a use-case where the steady-state cyclical actuation is 

germane, making the steady-state cyclical actuation characterization methodology critical for 

characterizing performance. Furthermore, the new variable shear Gent strain energy model 

accurately reflected the actuation performance, and the quasi-static design process was applied to 

achieve the desired actuation performance. In short, the final case study confirmed the 

significance of the findings and contributions resulting from this research. 

1.8. Outcomes and Contributions 

This research resulted in several notable outcomes that show immense promise for future 

DE actuator research and application. These contributions can be broadly categorized as 

technological and methodological, where the technological contributions pertain to the creation 

of the new DE tape actuator architecture, and the methodological contributions relate to the 

development of a system-based process for characterization, modeling, and design. The quest to 

develop a DE actuator that would exemplify the advantages of elastomers successfully created 
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the innovative DE tape actuator. In that effort, additional notable outcomes included categorizing 

actuator frames and designing and applying the multifunctional tape connectors. This new 

actuator uses a frame configuration that enhances the performance (force, stroke, and work), uses 

the fundamental characteristics (conformal, compliant, and low mass) of dielectric elastomers, 

and enables scaling to mitigate the local force authority limitations. The DE tape actuator is 

designed to meet a critical gap in current actuation technologies, namely, an actuator that 

achieves a fast, large-strain actuation while doing external work in a conformable and compact 

packaging with the ability to scale modularly and maintains repeatable and robust functionality 

throughout the life of the device. Finally, the technology enables a simple actuator design that 

offers predictable and controllable variable performance. 

The application context paradigm was conceived to enable this new technology to serve 

more applications. While a single application will require specific packaging needs and a specific 

type of actuation, an application context is not confined to a particular application. Rather, an 

application context encompasses a family of applications defined by performance requirements. 

Using the application context paradigm enables researchers and designers to identify the desired 

performance parameters for the desired type of actuation and establish the characterization, 

modeling, and design methodologies that best fit those parameters. For this dissertation, steady-

state cyclical actuation best reflects the kind of actuation in potential application areas. Given 

this application context, this new characterization methodology was developed to simplify the 

design and allow for the parameters required to develop an analytical model. Therefore, the 

characterization methodology addresses the actuator's final application and configuration. 

The significant development of the variable shear Gent model and the corresponding design 

methodology established through this dissertation will facilitate future research and expedite 

industrial applications of DE tape actuators. The design model was developed to capture 

important performance values while minimizing complexity. Dielectric elastomers should be 

understood as part of a complete system because their performance significantly changes under 

different implementations. This research applies a simplified yet powerful graphical force-

displacement design technique to the DE actuator for quasi-static applications. The research also 

demonstrates how to manipulate DE tape actuator performance to match different systems’ 

unique requirements. 
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The products of this research – the new DE tape actuator architecture, the paradigm for 

steady-state cyclical actuation characterization, the variable shear Gent predictive design model, 

the design methodology, and the supporting case studies – lay the groundwork for future 

advances in DE tape actuators and their application in various industrial spaces. 
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Chapter 2  Dielectric Elastomer Tape Actuator Architecture 

Dielectric elastomer (DE) tape actuators are promising for providing fast, large-strain 

actuation while performing external work in a conformable and compact package that can scale 

modularly. They offer a significant advantage of enabling scaling by stacking or laying out in 

series. The process of creating a new DE tape actuator architecture requires close examination 

and categorization of the current state of the art of the four components of a DE actuator, frame 

configuration, elastomer material, compliant electrode material, and electrical and mechanical 

connections, that will allow for the fabrication of an actuator with the desired properties and 

performance capabilities that can eventually meet the requirements for industrial applications. 

Separately, each element is critical, but the elegance of this new architecture becomes apparent 

when the pieces are combined to create a new fast, large-stroke, and controllable actuator that 

has the potential to meet current and evolving needs in medical and transportation technology as 

well as in consumer products. 

2.1. Review of Dielectric Elastomer Actuators 

The basic components of a DE actuator include its configuration, external electrical and 

mechanical connections, elastomer film, and electrodes. There has been extensive research into 

many actuator configurations, film materials, and electrode materials; however, there has been 

less research into the external electrical and mechanical connections that play a crucial role in the 

robustness of an actuator and that do not compromise a DE’s inherent advantages, such as 

conformability and compactness.  

2.1.1. Frame Configurations  

The configuration represents the external structure to which the elastomer film and electrode 

materials are attached. The configuration of a DE is important because it controls the general 

magnitude of the actuation strain range. A DE configuration without a frame (frameless) is 

capable of actuation strain performance in the range of 1–10% strain, while a configuration that 

uses a frame to provide a pre-stretch to the elastomer can achieve actuation strains of more than 
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100% strain [226]. To better understand the capabilities of DE actuators, a new categorization 

system that groups actuators by their forms and functions was created during this research. The 

current configurations of DEs can be organized into four categories: frameless, rigid frame, 

flexible frame, and rigid release frame. The frameless actuators take advantage of the compliant 

and conformal properties of DEs. The rigid frame actuators achieve extremely large actuation 

strains. The flexible framed actuators achieve large actuation and maintain the conformal 

compliant properties of DEs. The rigid release frame actuators achieve large actuation and can 

easily do useful external work. All these configurations take advantage of some of the inherent 

benefits of DEs; however, they are unable to take advantage of all the good DE properties while 

at the same time mitigating the challenging aspects of working with DEs. 

2.1.1.1. Frameless 

A frameless configuration is an actuator that does not have an external frame. This type of 

actuator consists of a free-standing thin film with compliant electrodes on the top and bottom 

surfaces. The outline of the actuator can be any shape, with a square or circle being the most 

common, as seen in Figure 6. The electrodes typically cover the entire surface except for a small 

region around the perimeter, which is left blank to avoid arcing between the two electrodes. 

When a voltage is applied, the electrodes come together, and the structure's thickness decreases 

by 10–20% [227,228]. This change in thickness is the dominant form of actuation for a frameless 

actuator. Frameless actuators are typically used as multilayer actuators to achieve larger useful 

strokes.  

 

 

 

 

The frameless configuration has many inherent advantages. These include being a 

distributed surface actuation, having a relatively large force because of the uniform direct 

(Schlaak et al., 2011)
Figure 6. Dielectric Elastomer Actuators with Frameless Configurations. 

Dielectric elastomer actuators with frameless configurations in multilayer stacks ; circle and square 
shapes for contractile actuation [345–347]. 
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actuation, and being compliant and compact since there is no other bulky or hard external 

support material. One main disadvantage of a frameless configuration is the limited actuation 

strain. Therefore, many layers of a frameless configuration are required to achieve a useful 

stroke. A second limitation with a large stack of frameless configuration actuators is that the 

resultant stack actuator becomes very similar in packaging to a conventional actuator that may 

have better actuation performance in a comparable package. It is also challenging to connect a 

frameless configuration to an external connection since the surface tries to actuate [229–237]. 

One potential application for this type of actuation is in haptic feedback systems with compact 

packaging [238].  

2.1.1.2. Rigid Frames  

A second type of DE configuration is a rigid frame actuator, which uses a rigid frame 

completely attached to the perimeter of the film. The main purpose of the rigid frame is to 

support a pre-stretch in the elastomer material that enhances the actuation strain potential for the 

dielectric elastomer to more than 100% strain [226].  

The advantages of the rigid frame configuration include large motion, large relative force, 

and external load -enhanced actuation. The rigid frame enables large actuation strains by 

supporting a large pre-stretch in the elastomer, which puts externally stored energy into the 

system [239]. Using the elastomer film in the plane with a high pre-stretch enables a large 

relative force. These actuators can have multiple degrees of freedom of motion by using patterns 

of electrodes to actuate selective regions of the actuator, as shown in Figure 7. The rigid frame 

also makes attaching the actuator to external structures and electrical and mechanical connectors 

easier. However, including a large, stiff mating structure eliminates the conformal properties of 

the actuators. The larger rigid frames also increase the package size of the actuators, which 

further reduces the advantages of a DE actuator. Many of these rigid frame actuators have 

complex actuation strains [240,241]. The complex state of strain means that some of the 

actuation authority is lost as it is not being used to the limit of the material. The rigid frame also 

poses challenges for extracting external work from an actuator. An abrupt transition from the 

soft, active material to the rigid frame can cause electrical and mechanical problems. 



42 

2.1.1.3. Flexible Frames 

The flexible frame configuration uses a flexible material around the perimeter of the active 

material, which is used to maintain a pre-stretch in the elastomer film. The pre-stretched 

elastomer bends the flexible frame and deforms until the bending stress in the frame matches the 

stress in the film. The frames typically bend in or out of the plane, as shown in Figure 8. 

 

 

 

A flexible frame configuration has the advantages of large actuation strain, conformal 

properties, complex shapes, and distributed actuation. The large actuation strain is achieved 

because the flexible frame maintains the pre-stretch in the film. The bending of the flexible 

frame can be used to magnify the stroke of an actuator [242]. The bending can also conform to 

complex shapes while providing distributed actuation [243]. However, the downside of the 

flexible frame configuration is that it typically uses much of its actuation authority to bend and 

flex the frame [244]. Therefore, it typically has moderate to low external force capability. This 

lower actuation force range further limits the possible application space. Another challenge with 

a flexible frame configuration is integration into a system when everything is compliant. There 

has been an exploration of using flexible configuration actuators for conformable grippers, 

hopping robots, and haptic feedback [245–247]. 

 

 

 

Figure 8. Dielectric Elastomer Actuators with Flexible Frame Configuration. 

Examples of a flexible frame configuration of dielectric elastomer actuators showing in-plane 
and out-of-plane flexibility [242,274,350]. 

Figure 7. Dielectric Elastomer Actuators with Rigid Frame Configuration. 

Examples of rigid frame configuration dielectric elastomer actuators [193,348,349]. 
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2.1.1.4. Rigid Released Frames 

The fourth category of configuration for DE actuators is the rigid released frame, which 

consists of a rigid external frame attached to two ends of a dielectric elastomer, while the other 

edges are allowed to be free, as shown in Figure 9. The rigid edges enable the configuration to 

maintain a unidirectional pre-stretch parallel to the edge support, while the free edges enable the 

pre-stretch in the active region to change as a function of an applied external force. 

 

 

 

The advantage of this type of configuration is that it can provide the large pre-stretch needed 

to enhance actuation, which results in actuators that can achieve extremely large actuation [248]. 

The freedom to move allows the system to do external work easily. These configurations often 

require preloading from an external system to achieve optimal performance. The advantage of 

using the external force to provide some of the desirable pre-stretching is that the actuation is 

directly working against the external source in an unleveraged fashion, which increases the 

force-displacement actuation capabilities [249]. These actuators perform a distributed actuation 

across the whole edge surface, which is a strong advantage that DEs have over most other 

actuation technologies. These actuators are also easy to integrate because the mechanical and 

electrical external connections can be incorporated into the two rigid frames [250]. One issue 

with using a rigid frame is that one of the main conformal advantages of DE actuators is lost. 

Also, while rigid frames permit modular scaling, their bulk greatly increases the packaging size 

of the actuator.  

Figure 9. Dielectric Elastomer Actuators with Rigid Release Frame 

Configuration. 
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2.1.1.5. Configuration Summary 

Four categories of configurations for DEs have been introduced: frameless, fixed frame, 

flexible frame, and rigid released frame. Each configuration has advantages and disadvantages 

that could be suited to niche applications. However, because as an actuator technology, DEs are 

competing for use in applications against conventional and other smart material actuators, DE 

actuator configurations should focus on the main advantages of DE technology (fast, large-strain, 

distributed, conformable, and in a compact package), while minimizing the main disadvantage of 

DEs (low force actuation). Although frameless configuration actuators are excellent at distributed 

conformal actuation, they are low-strain actuators. Fixed frame actuators are large-strain 

actuators with high relative force potential, but the stiff frame removes the conformal advantage 

of DEs and significantly adds to the packaging size of the actuators while making it challenging 

to do external work. The flexible frame actuators have high actuation strain while performing 

external work in conformable and compact packaging; however, they are very low force, limiting 

their applications. The rigid release frames are high force and strain and easy to integrate into 

external work applications, but the rigid frame limits the conformability and increases the 

packaging size. There is currently no single configuration that enhances the fundamental 

advantages of DE actuators while, at the same time, mitigating all the main disadvantages. 

2.1.2. External Electrical and Mechanical Connections 

One aspect of DE actuators critical to robust performance and longevity is the external 

mechanical and electrical connections [189,251,252]. Both the electrical and mechanical 

connections are challenging because, in general, they are transitioning from a very low stiffness 

(DE actuator) to a much higher stiffness (electrical supply and mechanical support). A gradual 

transition would be more robust, while an abrupt transition would be more prone to failures due 

to a stiffness mismatch. The most basic technique connects a flexible wire to the conductive 

electrode [252]. The electrical connection may also be made with carbon grease, even when the 

compliant electrode is made from another material [253]. One technique used with rigid frame 

configurations is to embed a conductive region in the rigid structure that matches the compliant 

electrodes, which can be produced with a printed circuit board (PCB) [254]. Using a PCB 

provides an easy method for patterning the electrical leads but still relies on an abrupt stiffness 

transition. The mechanical connection must link the soft DE actuator to a more rigid external 
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world. The mechanical connection for configurations with a pre-stretched elastomer must also 

support or transfer the stress from the pre-stretch of the film. The film can be connected to the 

external support through a chemical bond or mechanical friction [255]. When the DE actuator is 

composed of a tape, such as 3M™ VHB™ (Very High Bonding), the mechanical connection can 

be easily completed by attaching the tape to any appropriate substrate [256]. An external glue or 

mechanical friction joint must be used if the film has no inherent tackiness. The advantage of a 

chemical/glue bond is that it can be very thin. With the correct selection of materials, the bond 

can be very strong. The disadvantage of glue bonds is that they are susceptible to peeling forces, 

and the glue will need to be bonded to another surface to provide mechanical support. When a 

DE is actuated, the glue layer can have substantial shear and move if it is too thick, reducing the 

actuation performance. Mechanical compression/friction joints require two stiff supports to 

sandwich the elastomer and support a distributed pressure. A challenge for compression/friction 

joints is determining the correct compression because the elastomer is compliant and will 

compress when pressure is applied. Too large a pressure may damage the elastomer, while too 

little pressure will allow the elastomer to break free. Both the external electrical and mechanical 

connections are critical to creating a robust DE actuator and must overcome the challenge of 

mating two materials with dissimilar degrees of stiffness. 

2.1.3. Elastomer Films 

DE actuators have unique requirements for good actuation performance of the base 

elastomer material. The elastomer film determines the actuation performance because it 

transforms an applied electric field into mechanical work, and this transformation is dependent 

on the film’s properties. The key properties of the film are the force-displacement profile, 

viscoelasticity, dielectric permittivity, and dielectric breakdown strength. A low force-

displacement profile enables a large stroke; low viscoelasticity enables fast actuation; large 

dielectric permittivity enables large actuation from a low electric field; and high dielectric 

breakdown strength allows a large electric field to be applied. Regarding benefits for actuation 

strain, these elastomer properties are inversely related, where the improvement of one property 

will detrimentally affect the other properties [257]. Therefore, a trade-off between material 

properties must be made when selecting an elastomer. There has been a wide exploration of 

materials, but the types of elastomers that have shown the best promise for general DE actuators 
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are acrylics and silicones [258]. Other elastomers have shown promise for niche applications, 

such as polyurethanes for high-force and low-strain applications [259]. The material type will 

control the material properties' general magnitude [193,260,261], directly correlating to the 

achievable performance. The specific material properties also vary with the state of strain and the 

environmental conditions [262,263]. Some general goals drive the selection of the elastomer, 

such as large actuation strain, low viscoelastic properties, and temperature insensitivity, but the 

actual choice of the best material depends on many factors, including the application 

requirements and interaction between DE actuator subcomponents. The application requirements 

can include strain, force, work, and operating environment. 

One of the earliest materials, and still the most common material for film in DEs, is an 

acrylic foam, 3M™ VHB™ 4910 [262,264]. VHB-based DE actuators can produce extremely 

large actuation strokes because of a combination of the dielectric permittivity, the dielectric 

breakdown strength, and the low stiffness of the material [265]. In addition to enabling the large 

actuation performance, the fact that the material is a double-sided tape enables a simple external 

mechanical connection. VHB is used in many research gizmos for its great strain performance; 

however, its use for other applications is limited because of its high viscoelasticity and 

temperature sensitivity [54]. 

There has been a wide exploration of commercially available silicone elastomers; however, 

even today, many more possibilities have not been explored [258]. Silicone elastomers have 

many commercially available properties, including low force-displacement profiles, high 

dielectric constants, and high dielectric breakdown strength. The challenge is to find a silicone 

material with a good trade-off between the conflicting material properties for DE actuation. 

Silicones are also, in general, relatively insensitive to environmental conditions and much less 

viscoelastic compared to VHB. Some silicone elastomers that have shown potential for DE 

actuators are Elastosil, Silpuran, and RTV410 [51,249,266]. At the same time, there has been a 

wide exploration of creating custom silicones by doping base silicone materials with other 

materials to enhance their properties or change cross-link densities [51,257,267–270]. Silicone 

has properties that limit the ability of many materials to adhere to it, which poses challenges 

when fabricating a compliant electrode on the film's surface for a DE actuator [189]. However, 

the low viscosity, environmental insensitivity, and high actuation strain performance make 

silicone a promising material for DE actuators. 
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Polyurethane is an elastomer material explored in DEs, specifically for high-force 

applications that do not require large strains [258,259]. The high stiffness of polyurethane 

provides a high actuation force with the trade-off of a low actuation strain. The material 

properties are also generally insensitive to environmental conditions. 

2.1.4. Compliant Electrodes 

DEs can achieve large-strain actuation performance; one key component that enables this is 

their compliant electrodes. The conductive electrode must increase in area and maintain 

conductivity as a dielectric elastomer actuator strain, and the film surface area becomes larger. 

The primary electrode properties that affect the actuation strain are the conductivity of the 

electrodes as a function of strain and the stiffness and robustness of the electrodes. The 

Robustness of an electrode is defined in terms of the electrode's adherence to the elastomer and 

its functionality over repeated use. For conductive materials, a trade-off exists between electrode 

compliance and conductivity as a function of stretch so that as one improves, the other will be 

negatively affected. The compliant electrode material primarily controls these properties. 

However, the fabrication process can also influence the final properties when the electrode 

material is integrated into a dielectric elastomer actuator.  

Compliant electrodes can be most readily grouped into three general categories: carbon-

based, metallic, and other novel electrodes [189]. The carbon-based electrodes can be sorted into 

four subcategories: powders, viscous fluids or liquids, polymers, and other structures (single or 

multiwall carbon nanotubes). Metallic electrodes are typically very thin films or patterned in 

flexible shapes.  

Carbon powders are mainly composed of carbon black or graphite and are deposited on the 

film surface to form a conductive electrode. The advantage of carbon powder electrodes is that 

they do not significantly increase the actuator's stiffness when used as a compliant electrode. 

There are two main challenges when using powder as a compliant electrode for DE actuators: 

maintaining conductivity under actuation and the robustness of the electrode. As a DE actuator 

expands, the distance between particles will increase and eventually lose conductivity by falling 

below their percolation limit, where particles lose conductivity to adjacent particles, limiting 

further strain of the actuator. The electrode's robustness depends on the carbon particles' ability 

to remain attached to the film's surface [195,271]. If the elastomer has no sticky surface, the 
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carbon particles will sit on the surface and depend on Van der Wall forces to keep the particles 

attached. Since particles have a low surface area, they have low attractive forces to keep them 

attached to the elastomer.  

Conductive liquid or conductive viscous fluid electrodes consist of conductive carbon 

particles suspended in a viscous fluid. Fluid electrodes can maintain conductivity over a very 

large stretch range because of their ability to flow. Fluid electrodes typically have a negligible 

impact on the stiffness of the electrode, but this depends on selecting an appropriate viscosity for 

the fluid medium [272]. The most common form of fluid electrode for DEs is carbon grease. 

Moreover, the largest actuation with DEs, over 1000% strain, has been achieved using carbon 

grease [273]. Viscous fluids are a challenge to pattern because liquid flows, but it depends on the 

viscosity of the fluid medium [274]. The liquid can also evaporate or dry over time, affecting the 

conductive properties. Fluid electrodes are not robust because they can flow when not in use or 

be rubbed off with contact from another surface, which can cause failure of the actuator.  

Conductive polymer electrodes consist of conductive carbon particles suspended in a 

polymer matrix. The conductivity of the electrodes depends on the ratio of the conductive 

material to the polymer matrix and the surface area of the carbon black. The percolation limit for 

the conductive particles has been shown to vary from 1% to 24% [275]. The stiffness of the 

polymer electrodes depends on both the thickness of the polymer and the polymer matrix 

properties. The advantage of conductive polymer electrodes is that they are robust and can be 

patterned accurately [276]. By trapping the conductive particles in a polymer matrix, the 

electrodes become resistant to abrasion and electrode drift. The disadvantage of polymer 

electrodes is that they increase the stiffness of a DE actuator and are a challenge to attach to the 

dielectric film. The increased stiffness depends heavily on the type and thickness of the polymer 

[252]. The additional work required to stretch the electrodes detracts from the total possible work 

the actuator can perform.  

The carbon nanotube electrodes form a highly stretchable electrode because of their large 

aspect ratio of length to diameter. When deposited on a surface, the long tubes form a 

crisscrossing pattern that allows the tubes to pivot over each other when stretched and maintain 

conductivity. The electrode mat can have a low stiffness, but the stiffness of the electrode 

depends on its thickness and fabrication methods. The advantage of carbon nanotube electrodes 

is that they can maintain conductivity over a very large stretch range, greater than 700% while 
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having minimal impact on a DE actuator’s stiffness [277]. Another advantage of using carbon 

nanotubes as electrodes is that they can self-heal, enhancing the robustness of a DE actuator 

[278]. Self-healing occurs when an electrical breakdown in the elastomer causes a current to 

transfer through the film. The flowing current burns off the electrode around the electrical short's 

location, eliminating the conductive path through the dielectric film. A challenge of carbon 

nanotube electrodes is that they depend on surface attraction to maintain contact with the 

elastomer, similar to loose carbon particles, but because of their large surface area, they have 

better adhesion properties [251].  

Two main types of metal electrodes are used in dielectric elastomer actuators: thin films and 

patterned films. The thin metallic electrode films can have a maximum elastic strain in the range 

of 2% – 3%, after which they will crack and cease to function as an electrode [252]. This 

electrode type provides great conductivity and can be useful for very high speeds where the 

actuation strain is very low (for dielectric elastomers). Metal electrodes can be made to have 

much larger stretch ranges when they are patterned. There are two categories of patterns: ones 

that rely on an in-plane pattern to allow stretch and maintain conductivity and ones that use a 3-

D or out-of-plane patterning to allow conductivity over a large range [279,280]. Both pattern 

types typically consist of shapes that enable thin metal strips to bend and result in large stretch 

ranges without stretching or exceeding the elastic stretch limits of the metal. The advantage of 

metal electrodes is detailed patterning and adhering well to the film's surface, using fabrication 

techniques already developed for micro-electromechanical systems (MEMS) applications and 

other uses [189]. The electrode can also provide good conductivity and stretch ranges greater 

than 100%, but, again, the metal electrodes significantly limit maximum potential actuation 

strain since elastomers can produce much larger strains [281]. Another advantage is that if the 

electrodes are made small enough and thin enough, metal electrodes exhibit self-healing 

behavior [282,283]. The disadvantages of patterned metal electrodes are that they significantly 

increase the actuator's stiffness and limit the full range of a dielectric elastomer. 

2.1.5. Summary 

In the field of dielectric elastomers, there has been tremendous progress in advancing the 

underlying technologies that support DE architectures. These include innovative configurations, 

custom elastomers with modified chemical compositions for improved properties, and an 
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assortment of compliant electrodes that can be selected depending on the application 

requirements. Many of the advances have focused on individual aspects of the architecture; 

however, there are now opportunities to combine multiple advances into a new DE actuator 

architecture that can enhance DE's fundamental advantages while mitigating the disadvantages. 

2.2. Tape Actuator Architecture 

The principal inherent advantage of dielectric elastomer actuators is that they consist of 

large-strain actuation performing distributed external work in a conformal and compact package. 

One of the main challenges of a DE actuator is its low-force capabilities. One way that the low-

force attribute can be minimized is to use a larger architecture that uses multiple actuators acting 

in parallel to scale up the force, but the fundamental architecture must accommodate this aspect 

and enable it. Each type of current configuration enhances some of the essential advantages of 

DEs, but none fully uses all their potential benefits. There is a need for a DE actuator that uses 

moderate force levels while also being able to be used in a large architecture for enhanced force 

capabilities. This new actuator technology also needs to maintain the advantages of DE actuators, 

including being conformal and having distributed actuation.  

The rigid released frame actuator is The configuration closest to providing all these 

advantages. However, rigid release frame configuration actuators have rigid components that 

prevent them from taking advantage of the DE being soft and conformal, one of its most unique 

and important aspects. Also, modular scaling using rigid -release frame configurations rapidly 

increases total packaging size because the ridged frames typically have substantially more 

thickness than the film and electrode. This dissertation establishes a new architecture.  I have 

designed a DE tape actuator architecture that uses a new flexible release frame configuration and 

a new multifunctional tape connector (MTC). The flexible release frame configuration combines 

the advantages of the flexible full frame and rigid release frame configurations by replacing the 

stiff support in the rigid release frame with a thin, extensible support material. The new MTC is a 

composite structure that uses embedded conductive regions and tape to create a thin, 

inextensible, conformable connector that handles the DE tape architecture's external electrical 

and mechanical connectors. 
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2.2.1. Flexible Release Frame Configuration  

The flexible release frame configuration has many advantages that enhance the fundamental 

benefits of DE technology: it enables large-strain actuation, producing moderate distributed force 

while doing external work in a conformal and compact package. The flexible release frame 

configuration uses two thin, inextensible, and flexible frames to connect to two separate edges of 

a rectangular, active DE region while the other two remain free. The flexible release frame 

configuration can achieve large actuation strains by supporting a large film pre-stretching in the 

lateral direction (parallel to the support frames), while the externally applied load provides pre-

stretching in the axial direction (actuation direction). Thus, by delivering pre-stretch in both 

directions independently, achieving an effective pre-strain that enables large unidirectional 

motion is possible. The strain field and thickness of the entire film are relatively uniform, which 

allows the actuator to push the full mechanical or electrical performance limits. Using the 

external load to provide the pre-stretch in the axial direction allows for the direct actuation of the 

external load, which enables a maximum amount of the actuation authority to be used for 

external work. The DE tape actuator maintains the lateral pre-strain without rigid frames by 

using a thin, flexible, inextensible frame material bonded to two of the edges of the actuator. 

Although the frame material is inextensible, it is very thin, which allows the support material to 

be flexible out of the plane. The two independent edges can be easily attached to the external 

structure and provide external work capabilities. Both frames can also make external electrical 

connections, enabling scaling. One challenge of the flexible release frame configuration is that 

the free, unsupported edges of the actuator have nonuniform stress fields. To reduce the impact 

of these nonuniform stress fields on actuation and to minimize their size, the actuators must have 

a large aspect ratio for their lateral width to axial length. There is also the challenge of attaching 

the electrical connection to the flexible release frame configuration without any hard point that 

would reduce the conformal properties and introduce failure points. 

2.2.2. Flexible Release Frame Configuration  

Critical components that enable a DE's capabilities are the mechanical and electrical 

connections that link the actuator's active area to the external world. These connections are 

combined into a multifunctional tape connector (MTC) for a DE tape actuator. In addition to 

incorporating the mechanical and electrical connections, the MTC also supports the film's lateral 
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pre-stretch and enables larger architectures with multiple actuators while still allowing the 

conformability of the tape actuator. The MTC achieves its functionality by using thin, compliant, 

conductive materials for the electrical leads to maintain the conformability of the actuator while 

not significantly increasing the size of the actuator; employing an inextensible material with 

adhesive on both sides to provide the structural support and external mechanical connections, 

and providing a layout of the electrical leads that allows series and parallel electrical 

connections.  

The DE tape actuator requires different properties for the electrical connection on the film 

side from the external side. On the film side, the connection must be flexible and adhere well to 

the film while making a strong electrical connection to the compliant electrode. The MTC uses 

two conductive materials to form an electric path that joins the soft, compliant electrode on the 

surface to a stiffer external electrical connection. The internal conductive material is chosen to 

make a solid electrical connection to the compliant electrode and the base elastomer. The 

connector will be robust By mating well to the film and the complaint electrode while 

maintaining conformal properties. This first connector removes the electrical connection from 

the active material and transitions to the external conductive material, which is stiffer but still 

flexible because it is very thin. The external material has a very light conductive glue on the 

surface, which makes it capable of being used as a reusable external electrical connection. This 

connection must have conductivity on both the top and bottom surfaces to make an electrical 

connection from either direction.  

Robust internal and external mechanical connections are created using a thin, inextensible 

material with adhesive applied to both sides is used as the base support. The adhesive is matched 

in thickness and type to adhere well to the base elastomer and the external attachment. To 

minimize the peel forces, the MTC uses two support pieces that are individually attached to the 

top and bottom edges of the active DE region. The strength of the adhesive bond must exceed 

only the strength of the elastomer. The thickness of the supports is on the same scale as the 

elastomer, which maintains the actuator’s conformal properties and allows for minimizing the 

packaging size increase due to the supports. Access holes are cut into the supports above the 

locations of both the positive and negative external electrical connections on both the top and 

bottom support surfaces. This conductive path provides electrical access to the external electrical 

connection regardless of the orientation of the actuator.  
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The layout of the electrical leads on the MTC, the adhesive of both the support and the 

external electrical connections, and the inclusion of MTC on both edges of the release frame 

configuration enable the creation of a modular actuator that can be easily assembled into a larger 

architecture. The location of the electrical leads is aligned on the actuator such that the negative 

and positive electric leads on both ends of the release frame are aligned axially. This axial 

alignment allows modular actuators to be connected in series or stacked on each other. The fact 

that both the electrical and mechanical connections are made of tape and that it is flat and 

conformal means it becomes very easy to integrate the dielectric elastomer actuator into an 

existing application without substantial modification. 

2.2.3. Architecture Advantages of Dielectric Elastomer Tape Actuators 

One of the advantages that a DE tape actuator has over other actuators is that it is a 

distributed actuator. Conventional actuators typically achieve distributed actuation by using a 

support structure with a high bending stiffness to distribute a point of actuation across an edge. 

The total force required to actuate an entire edge of a surface with a single-point actuator may be 

large, but the local distributed force and stress will be substantially smaller. A DE tape actuator 

can be used in a distributed format where multiple actuators are distributed across an edge, and 

each one actuates a region. All the actuators act in parallel, increasing the total force. The distinct 

advantage of this format is that a stiff support structure is no longer needed to distribute the force 

across the entire edge of the moving material. This distributed actuation across multiple actuators 

also increases the fault tolerance, as the other actuators can still function if a single actuator fails. 

A DE tape actuator is a modular actuator designed to be used individually or in a larger 

architecture in parallel or series with other modules. A multi-module DE tape actuator 

architecture enables a larger application space by expanding the force and stroke performance 

while not substantially increasing the packaging size. Multi-module architecture improves the 

performance range and provides possible redundancy with the trade-off of increased complexity. 

If well-designed, it is possible to create a system with enough performance space to account for 

the failure of individual components. One challenge with using multiple actuators in a larger 

architecture is the need for assembly, which will have manufacturing tolerances. The 

manufacturing tolerance for DEs can be larger and more forgiving than traditional actuators 

because of the flexible nature of the DE actuators. Geometric misalignments can be overcome 
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with additional pre-stretch or reduced pre-stretch, depending on the fabrication error, without 

seriously affecting the actuation performance of the whole system. 

The advantages of the dielectric elastomer tape actuator architecture are conferred by the 

selection of elastomer and compliant electrode materials, a flexible release frame configuration, 

and multifunctional tape connectors. Each aspect of the architecture contributes to overall 

benefits, but these are typically closely related to or limited by one or more subcomponents. Due 

to its viscoelastic properties, the elastomer material limits the actuator's maximum speed. The 

frame configuration enables large-strain actuation while performing external work. The frame 

configuration and multifunctional tape connectors control the conformable properties and overall 

package compactness while enabling modularity. The elastomer and compliant electrodes 

significantly impact robust and repeatable actions over the actuator's lifespan. Predictable and 

controllable variable performance depends on the complete architecture, the characterization 

process, ease of modeling, and a model-based design process. 

In Chapter 3, experimental characterization tests demonstrate the performance advantages of 

fast, large-strain actuation and robust and repeatable action over the actuator's lifecycle. These 

benefits are attributed to the chosen silicone elastomer material and the pre-extended single-wall 

carbon nanotube compliant electrodes. Fast actuation is highlighted in Sections 3.3 and 3.6. 

Section 3.5.3.1 illustrates the robust and repeatable action through dielectric breakdown strength 

characterization and a full actuator characterization in Section 3.6. While no specific actuator 

lifetime characterization tests were conducted, the experimental characterization process ensured 

that many individual actuators were handled consistently and underwent more than 10,000 

actuation cycles. 

The flexible release frame configuration and multifunctional tape connector confer the 

actuation advantages of large-strain actuation while performing distributed external work in a 

conformable and compact package and with the potential to scale modularly. Each of these 

advantages is proven in the subsequent chapters. The properties of large-strain actuation 

producing moderate distributed force while doing external work are shown in an experimental 

study in Section 3.6 and proven in three validation case studies in Sections 6.1, 6.2, and 6.3. The 

frame configuration's conformal properties are visually demonstrated in Section  2.4 and 

validated in the active seal case study, Section 6.1. A brief experimental exploration of the impact 

on actuation performance indicated that higher curvatures produced smaller actuation strokes 
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when conformal properties were required. The compact package is visually shown in Section  

2.4, and the active seal case study is in Section 6.1. Compactness and modularity are proven in 

Section 3.7, where a stack actuator is assembled using seven tape actuator modules, and the 

actuation force scales while the actuator footprint remains the same. The full stack also occupies 

virtually the same packaging space. 

2.3. Tape Actuator Prototype Fabrication 

For a DE tape actuator to maintain many inherent advantages of dielectric elastomer 

technology, such as distributed conformal actuation in a tight package, the material choices and 

fabrication techniques used to create it are critical. For this research, a DE tape actuator 

prototype was fabricated using a flexible release frame configuration with a silicone elastomer, 

single-wall carbon nanotube compliant electrodes, and a multifunctional tape connector. The 

fabrication process of a dielectric elastomer tape actuator can be broken down into its constituent 

parts: film, electrodes, and MTC. 

2.3.1. Film Fabrication 

Dielectric elastomer actuators can fast large-strain actuation in a comformable and compact 

package. The elastomer film determines the actuation performance by transforming an applied 

electric field into mechanical work. This transformation depends on the film's properties, with 

the key properties being the force-displacement profile, viscoelasticity, dielectric permittivity, 

and dielectric breakdown strength. A low force-displacement profile enables a large stroke, low 

viscoelasticity enables fast actuation, large dielectric permittivity enables large actuation from a 

low electric field, and high dielectric breakdown strength allows a large electric field to be 

applied. These elastomer properties are inversely related to benefits for actuation stroke; 

improving one property will detrimentally impact the others [203,284–287]. Therefore, a design 

trade-off must be made when selecting the ideal properties. The elastomer properties are 

influenced by many factors, including the type of elastomer, the film's fabrication process, the 

state of strain, and the environmental conditions. The kind of elastomer, acrylic, polyurethane, or 

silicone, will control the general magnitude of the material properties. The fabrication process 

influences the material properties, including the liquid polymer preparation, the method used to 

create the thin film, and the film curing process. Finally, the material properties can vary with the 
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state of strain and the environmental conditions. Therefore, the desired actuation properties, 

strain, force, or work and the operating environment will determine the desired elastomer 

material, fabrication process, and strain state. 

A good elastomer film for a large-stroke dielectric elastomer actuator will have a low-slope 

force-displacement profile, low viscoelasticity, high relative dielectric permittivity, and high 

dielectric breakdown strength. The elastomer material should also be environmentally insensitive 

to make a robust actuator. The film should have limited defects/inclusions and a consistent 

thickness so that the actuator will have uniform stress and achieve maximum material properties. 

Although acrylic elastomers, typically 3M VHB, have been shown to have the largest actuation 

strain range, their performance is sensitive to environmental conditions and highly viscoelastic. 

While polyurethanes have shown good temperature insensitivity and low viscosity, they have 

low actuation strain. On the other hand, silicone-based elastomers have large, consistent 

actuation strains across a wide temperature range and low viscoelastic properties, making them a 

good choice for applications outside of a lab where conditions are not controlled [113]. 

To demonstrate the influence of the fabrication process on the elastomer film, a silicone 

film, Wacker Silpuran 6000/10, was chosen as the typical base elastomer material. Silpuran was 

selected as a base for the dielectric elastomer actuator because it has been shown to have a large 

actuation strain and low viscoelasticity, and it is relatively environmentally insensitive [288]. 

Silpuran is manufactured as a two-part silicone, Part A and Part B. Part A contains the high-

temperature activated cross-link. Both silicone components are combined with a solvent to create 

a low-viscosity liquid polymer mixture. The viscosity of the liquid polymer mixture affects the 

thickness and quality of the film and can be controlled by varying the proportion of the solvent to 

the silicone. Isopar G is an effective solvent for Silpuran [288,289]. One advantage of a custom-

made two-part silicone is that the proportion of cross-linking sites can be controlled by varying 

the amount of cross-linker in the liquid polymer mixture by Lowering the elastomer's cross-link 

density, resulting in a film with a softer force-displacement profile. Cross-linking sites must be 

distributed equally through the liquid polymer for consistent properties. The liquid polymer 

preparation should minimize foreign inclusion, including air bubbles or particulates that would 

lower the dielectric breakdown strength [215]. Drop-casting is an effective technique for creating 

soft, thin films for dielectric elastomer actuators. The solvent evaporation and film curing can 

influence the material properties [190]. In the following sections, the specific fabrication steps 
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for creating a thin Silpuran film will be reviewed; however, the techniques for determining 

fabrication impacts, general trends on the film properties, and dielectric elastomer actuation 

performance can be applied to the general fabrication of thin films for use in dielectric elastomer 

actuators.  

2.3.1.1. Liquid Silicone  

Fabrication of a thin elastomer film requires a low-viscosity liquid polymer solution. The 

liquid polymer solution combines the raw silicone with a solvent, mixes the resultant solution, 

and finally out-gasses the solution, as shown in Figure 10. Each of these fabrication steps 

influences the final film material properties.  

The viscosity of the liquid polymer is a key driver of the film thickness and thickness 

uniformity. A low-viscosity liquid polymer is needed to combine the two silicone components 

accurately and to enable drop-casting. The low-viscosity liquid silicone polymer solution is 

created by combining the raw silicone, which is highly viscous, with a low-viscosity solvent. Too 

low or too high a viscosity will harm final film properties. A high -viscosity mixture is 

incompatible with drop-casting because the liquid polymer will not distribute evenly over a 

deposition surface, thus creating a nonuniform thickness film. Too low a viscosity mixture 

creates very thin films, where defects can impact properties more. Very thin films also result in 

lower yield from the complete DE fabrication process because of the difficulty of working with 

very thin films. The thickness of the final film impacts the final film's electrical properties. 

Nonuniform films affect dielectric elastomer actuation performance because the actuation limits 

are related to the minimum film thickness. Isopar G is a good solvent for Silpuran. A liquid 

polymer solution with an effective viscosity can be created with a density of 20% Silpuran and 

80% Isopar G by weight [55,179,269,270,286,290]. Weighing the components is an effective 

method for accurately combining the silicone components and the solvent.  
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Effective mixing of the two liquid silicone components evenly distributes the cross-link sites 

through the mixture and results in consistent properties. The final film properties, both 

mechanical and electrical, are influenced by the number of cross-link sites in the final mix, 

which is controlled by the ratio of Silpuran Part B to Part A, which contains the chemical cross-

linker. The coupling of the electrical and mechanical properties determines actuation 

performance. Sensitivity experiments in the following chapter, Section 3.5.2.2, show that a lower 

cross-link density results in a lower-stiffness elastomer, which improves the actuation strain even 

though the dielectric permittivity is also decreased. A final ratio of 10% Part A to 90% Part B 

silicone was shown to have the largest actuation strain, which was determined from the 

sensitivity study in Section 3.5.2. The diluted liquid polymer components Part A and Part B, 20% 

silicone and 80% Isopar G by weight, can be accurately combined using a volume measurement 

with a pipet since the combined liquid has a low viscosity. A paint shaker, Blair Tornado II, was 

used for 30 minutes to mix the solvent and the raw silicone. The shaker was used a second time 

for 15 minutes to combine the liquid polymers Parts A and B. 

Inclusions in the liquid polymer, including foreign particles from contamination or air 

bubbles from mixing, when trapped in the final film, act as defects and lower the film's dielectric 

strength [190]. A clean working environment can minimize foreign particle contamination. The 

liquid polymer is held in a vacuum chamber, Yamato® Scientific Model DP-43, at a low pressure 

of 0.1 kPa for a minimum of 1 hour to eliminate trapped air bubbles. The liquid polymer will 

appear to boil for approximately 15 minutes as the air bubbles escape the liquid polymer.  
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Figure 10. Film Preparation. 

Silpuran components are combined with a solvent to create a low 
viscosity fluid usable for drop-casting. A paint shaker, Blair Tornado II, is 
used to fully mix the final solution.  
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2.3.1.2. Drop-Casting 

Drop-casting creates a thin film by depositing a low-viscosity liquid polymer mixture on a 

flat substrate. The mixture contains a solvent that evaporates, leaving a uniform polymer layer 

distributed across the substrate. Drop-casting relies on the volume of liquid deposited, liquid 

viscosity, liquid surface tension, and gravity to create a uniform -thickness film. Gravity causes 

the liquid to distribute over the surface of the substrate because the low-viscosity liquid cannot 

support shear forces. However, the liquid surface tension can limit the spread of the liquid. The 

surface tension increases when the fluid reaches the perimeter and prevents the liquid from 

flowing over the edges of the substrate. The surface of the liquid will curve down and attach 

itself to the perimeter of the substrate, which results in a different thickness on the perimeter. 

Due to this variation in thickness, the edge region should not be used in the final dielectric 

elastomer actuator. As discussed earlier in the liquid silicone section, a specific range of 

viscosities results in a uniform film. The final thickness of the film after the solvent evaporates 

depends on the volume of the liquid mixture deposited and the percentage of silicone in the 

liquid polymer. Too small a volume of deposited liquid allows the surface tension to limit the 

liquid's flow. If too large a volume of liquid polymer is used, the liquid can overcome the edge 

surface tension and cause the liquid to overflow the boundary of the substrate. Overflowing the 

boundary leaves an indeterminate amount of liquid on the surface, which causes a batch of films 

to have significant thickness variations. Inconsistent thickness reduces electrical breakdown 

strength and nonuniform stress in the film, which would lower the limits of a DE actuator.  

For a mixture of liquid polymer of 20%  Silpuran and 80% Isopar G by weight, a volume of 

2.5 ml deposited on a 2" by 2" glass slide will result in a uniformly thin film of approximately 

130 µm. A mechanical pipette, Fisherbrand Finnpipette II, can be used to accurately control the 

volume of the liquid polymer deposited, as shown in Figure 11. 
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2.3.1.3. Curing 

The curing process includes the evaporation of the solvent and the use of thermal energy to 

activate the cross-linking sites. Creating the cross-links transforms the liquid polymer into an 

elastomer. The evaporation process, curing temperature, and time at temperature can all affect 

the elastomer properties. The evaporation process uses a laminar flow hood to create a clean 

environment, which minimizes foreign inclusions while the solvent evaporates. The uncured film 

with the evaporated solvent is placed in a preheated oven to activate the cross-linking sites. The 

oven temperature and the duration at temperature affect the number of cross-links formed. The 

number of cross-links and any defects from inclusions affect both the mechanical and electrical 

properties, which control the actuation properties, as shown in Figure 12. 

An Iso 5 (Class 100) laminar flow hood, AirClean Systems model H-6595-2, was used to 

store the cast films for at least 48 hours to allow the solvent to evaporate. The films are then 

cured for 2 hours at 175°F. An experimental sensitivity study was conducted to determine the 

range of temperatures that can cure a Silpuran film and the impacts on actuation from changing 

the curing temperature, while the 2 hours is the manufacturer's recommended cure time. (See 

Section 3.5.2.) The experiments were inconclusive in determining an optimal temperature 

because the electrical and mechanical properties were affected. However, a range of 

temperatures, 170–200°F, was identified to enable good actuator strain results.  

 

Figure 11. Drop-Casting Films. 

Dielectric elastomer film fabrication  
using drop-casting. An automatic pipettor  
is used to cast an equal volume for  
each film sample. 
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2.3.2. Pre-Extended Compliant Electrodes 

Dielectric elastomers have demonstrated large-strain actuation performance, and one key 

component that enables this large actuation strain is their compliant electrodes. The conductive 

electrode must increase in area and maintain conductivity as a dielectric elastomer actuator 

strains, and the film surface area becomes larger. The primary electrode properties that affect the 

actuation strain are the conductivity of the electrodes as a function of strain, the electrodes' 

stiffness, and the electrodes' robustness. The robustness of an electrode can be defined in terms 

of the electrode's adherence to the elastomer and its functionality over repeated use. For 

conductive materials, a trade-off exists between electrode compliance and conductivity as a 

function of stretch so that as one improves, the other will be negatively impacted. The compliant 

electrode material primarily controls these properties. However, the fabrication process can also 

heavily influence the final properties when the electrode material is integrated into a dielectric 

elastomer actuator. The most common electrode materials are carbon -based, including carbon 

grease, carbon powder, conductive polymers with carbon particles, and carbon nanotubes. 

Carbon grease has the lowest trade-off between conductivity and stiffness because it is a viscous 

fluid and can maintain conductivity over a very large stretch range while having negligible 

stiffness. The electrode can flow, but the viscous medium can cause lowered robustness by 

flowing to undesired areas, drying out, or being removed by contact or abrasion. Carbon particles 

also have negligible stiffness; however, they will reach their percolation limit and lose 

conductivity. Conductive polymers can have great robustness and maintain conductivity over a 

large stretch range but can add significant stiffness. Carbon nanotubes have good robustness and 

a large conductivity range, but they have a range of stiffnesses that depend heavily on 

 

Figure 12. Film Curing with A Vacuum Oven. 

Dielectric elastomer film is cured using a 
vacuum oven. 
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fabrication. Each type of elastomer requires its fabrication process; however, the general 

requirements for all electrodes include preparation of the film, creation of a pattern mask to 

isolate the conductive region, preparation of the electrode material, and deposition of the 

electrode. Depending on the type of conductive material, the electrode fabrication process can 

substantially impact the trade-off between conductivity as a function of stretch and stiffness 

[54,55,189,202,269,291–294]. 

The fabrication process for creating a SWNT-compliant electrode is used to demonstrate the 

impacts of the compliant electrode on the performance of a dielectric elastomer actuator. The 

carbon nanotube electrodes were selected as the base material because they enable high actuation 

strain performance and they are self-healinghealing, providing a robustness advantage. The 

fabrication process for carbon nanotube compliant electrodes heavily influences the trade-off 

between conductivity as a function of stretch and stiffness. Each step in the fabrication process, 

film pre-stretch, pattern mask, electrode mixture, and electrode deposition, plays a role in 

determining the completed actuator's compliant electrode properties and robustness. The film 

preparation allows for the pre-stretching of the film to create a pre-extended electrode that 

provides an enhanced conductivity stretch range. The pattern mask is key to isolating the 

conductive region to prevent shorts, but it also enables conductive leads that be removed from 

the active area, further improving robustness. The electrode mixture, in combination with the 

deposition technique, controls the quality and thickness of the final electrode. The following 

section will describe the fabrication techniques for using SWNT electrodes as compliant 

electrodes; however, the impacts of the fabrication process can be translated to other materials 

for dielectric elastomers.  

2.3.2.1. Pre-Stretch 

The film pre-stretching is a key step in the fabrication process because it shifts the operating 

point of the dielectric elastomer on the force-displacement curve and enables the creation of pre-

extended electrodes. The film will be stretched biaxially, as shown in Figure 13, with a different 

stretch ratio for the axial stretch, the direction of motion of the actuator, and the lateral stretch, 

which is the stretch ratio that the multifunctional connectors will fix. The lateral stretch 

substantially impacts the strain actuation performance of the dielectric elastomer. A low lateral 

pre-stretch will result in high film thickness, which requires a higher voltage to operate. Part of 
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the Maxwell pressure will be needed to push the film laterally, decreasing the axial actuation, 

and the film will be susceptible to pull-in instability when actuated, which lowers the actuation 

strain range [46,295,296]. A large lateral pre-stretch causes the elastomer to be near the 

maximum stretch limit, impeding the actuator from achieving a large actuation strain because the 

elastomer will quickly approach the asymptotic stretch limit. An axial pre-stretch of the film 

before the creation of the electrode enables the fabrication of a pre-extended electrode, which 

improves the trade-off between electrode conductivity as a function of strain and stiffness. Pre-

extended electrodes are fabricated in an extended state. Therefore, when the electrodes are later 

stretched during actuation, they will experience a lower strain because they were initially 

fabricated at a larger strain state.  

The lateral pre-stretch strain, 150% strain, is chosen to provide good strain performance of 

the actuator over a broad range of axial loads when the actuator is released, as shown in Figure 

13. Comparing the strain actuation performance between 100%, 150%, and 200% lateral pre-

stretch showed that 150% showed good performance while being easy to manufacture. The axial 

pre-stain, 100% strain, is chosen to ensure that the electrodes are conductive throughout the 

entire actuation range without significantly increasing the overall stiffness. A paper scale is used 

to make a 1.5” x 1” box on the film that is then stretched to 3” x 2.5” onto an acrylic frame that 

has a 2” x 2” box cut out of the interior. The interior region eventually becomes the base of the 

actuator. Only the interior region of a film is used in the actuator to avoid any edge thickness 

variations. 

 

 

 

 

Figure 13. Film Markings for Fabrication for Pre-

Stretching. 

Axial and transverse pre-stretch of the elastomer film. 
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2.3.2.2. Pattern Mask 

The pattern mask isolates the actuation regions, separates the external electrical connection 

from the active region, and enables electrical connections to adjacent actuators. The actuation 

region is isolated to the areas with an electrode on both the top and bottom surfaces, as shown in 

Figure 14. Controlling the active region minimizes the area prone to electrical failures and limits 

the required conductive material. The mask blocks the film edges from being conductive, which 

prevents electrical shorts across the free-side edges. The electrical tabs are the conductive 

regions that extend from the active region, move the external electrical connection away from the 

active area, and exist in both frame components. The electrical tabs minimize electrical failures 

in the lead and allow a transition to the stiffer external electrical connections away from the 

active area. Minimizing the use of additional conductive materials enhances the conformal 

properties of the final actuator. All the electrical tabs are also accessible from both the upper and 

lower face of the frames, enabling the tape actuator to be easily connected in series and parallel, 

enhancing the force and stroke with a larger architecture.  

The masks are cut from a 0.03" polyethylene terephthalate (PET) sheet using a CO2 laser 

cutter. The masks are placed on the upper and lower surfaces of the thin film, with the electrical 

leads on opposite sides, left and right of the top and bottom surfaces. A clean surface of PET 

adheres well to the stretched film and keeps the mask fixed on the film.  

 

 

 

2.3.2.3. Mixture 

A mixture of SWNT in a solvent affects the properties of the compliant electrodes, which 

plays an important role in the actuation capabilities of a dielectric elastomer. The important 

 

Figure 14. Electrode Spray Masks. 

Upper and lower PET spray masks with electrical leads. 
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properties are the conductivity as a function of stretch and the stiffness of the compliant 

electrode, which are both affected by the density and quality of the mixture. The density of the 

mix is defined as the SWNT mass per solvent volume. The density, along with the volume of the 

mixture deposited on the compliant electrode, controls the thickness of the electrode. Although 

the same mass of conductive material deposited can be attained with any specific combination of 

the ratio between density and volume, the quality of the compliant electrode will decrease if the 

density is too high because it is difficult to evenly distribute the conductive material on the 

surface of the elastomer. A low-density mixture will require a greater mixture volume to be 

deposited, increasing the fabrication time. A high-quality mixture, or evenly distributed SWNT 

in the solvent, results in an evenly distributed mat of conductive material when deposited on the 

surface of the elastomer. A high-quality mixture is achieved by drying out any moisture from the 

electrode material before it is combined with the solvent and by vigorously shaking the mixture 

to distribute the conductive material in the solvent fully. An evenly distributed mat will have the 

best conductivity as a function of stretch and the lowest stiffness, which enables the best 

dielectric elastomer actuation performance.  

The SWNTs, Carbon Solutions P3-SWNT, are effective conductive materials and can be 

used with a solvent of isopropanol [54,55,269,293,294]. An effective mixture density of 1 mg/20 

mL was determined from an experimental sensitivity study of the effects of electrode density on 

a DE actuator's performance. (See Section 3.5.2.7.) The mass of SWNT is measured by placing 

the vial on a scale and then measuring the mass of SWNT added to the vial. After adding the 

desired amount of SWNT, the vial is placed in a 50°C oven for 24 hours. After drying, the 

solvent is added to the vial. The mixture is placed in an ultrasonic mixer, Fisher® Scientific; 13 

qt. (12.3 L) Capacity: 120 V 50/60 Hz, 4 A, 510 W, for a minimum of 8 hours to ensure good 

dispersion of the SWNT. After mixing, the solution looks black and has no large visible clumps.  

2.3.2.4. Depositions 

The deposition process, which consists of airbrushing a fixed volume of mixture onto the 

film's surface, affects the critical electrode material property, i.e., conductivity as a function of 

stretch and stiffness. The quality and thickness of the electrode are the two factors of the 

deposition process that affect the key compliant electrode properties. The quality of the electrode 

is mainly a function of the deposition process. A good process results in an even distribution of 
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conductive material on the film's surface, resulting in consistent conductive properties. The 

pressure of the airbrush, the nozzle diameter, and the spraying technique all together influence 

the deposition quality. These three factors need to be chosen such that the solvent evaporates 

quickly and does not pool on the film's surface, which would cause the SWNT to clump and not 

form a uniformly distributed electrode. A nonuniformly distributed electrode will negatively 

affect the conductivity as a function of the stretch and stiffness of the electrode. The volume of 

the conductive mixture deposited controls The thickness of the electrode. Too thin an electrode 

will have low stiffness but lose conductivity when stretched. Too thick an electrode, and the 

stiffness of the electrode will increase enough to limit the stretch range thereby limiting the 

conductivity as a function of stretch. There is an intermediate range that provides sufficient 

conductivity for the desired stretch range with a minimum stiffness.  

The deposition of the SWNT is performed with an airbrush, Iwata Eclipse HP-CS, with a 

0.35" nozzle and a supply pressure of 18 psi, which is a technique adopted from the literature  

[54,55,269,293,294]. A volume of 2 mL of the SWNT and solvent mixture at a density of 0.05 

mg/mL is used to create a single compliant electrode as determined experimentally, as discussed 

in Section 3.5.2.7. the airbrush nozzle is approximately 4 cm from the film's surface for 

deposition. The nozzle is moved in a slow circular pattern that traces the edge of the mask. A 

small circle is visible when the liquid mixture hits the surface but quickly evaporates. The circle's 

edge should remain inside the cutout region of the mask so that most of the SWNT will land on 

the film surface. The spray pattern masks are removed from the film after forming the compliant 

electrodes for the top and bottom surfaces. A composite structure remains with two compliant 

electrodes on the exterior surface and the dielectric film between them. 

2.3.3. Multifunctional Tape Connector Fabrication 

Dielectric elastomer actuators have unique properties because they are based on elastomers 

that make them conformable while capable of extremely large distributed actuation strains. The 

mechanical and electrical connections that link the actuator's active area to the external world are 

critical components that enable these capabilities. These connections are combined into a 

multifunctional tape connector (MTC) for a dielectric elastomer tape actuator. In addition to the 

mechanical and electrical connections, the MTC also supports the film lateral pre-stretch and 

enables larger architectures with multiple actuators while still allowing the conformability of the 
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tape actuator. The MTC needs to be more robust than the film, maintain functionality while 

matching the conformability of the film, and be thin to minimize the increase in the packaging 

size. There is a trade-off between the conformability of the multifunctional connector and the 

strength and robustness of the electrical and mechanical connection, which is required to support 

the lateral pre-stretch. However, the materials and fabrication process of the MTC can minimize 

the necessary trade-off between the strong robustness functions and the level of conformability 

of the tape actuator. The mechanical connection can be made with either a clamping force or a 

chemical bond. A clamping force requires a distributed force on the surface, which requires a 

stiff support material to distribute the clamping pressure. This stiff support material would 

eliminate the conformal advantages of the actuator. A chemical bond connection is stronger than 

the base elastomer and can be made to match the conformal properties of the elastomer. The type 

of elastomer film will dictate the material selection for the electrical and mechanical connectors 

since they must bond with the film. The electrical connection requires different properties on the 

film and external sides. On the film side, the connection must be flexible and adhere well to the 

film while making a strong electrical connection to the compliant electrode. On the external side, 

the connection must make strong reusable connections while being a good conductor. These two 

conductive property requirements can be fulfilled by using multiple materials. The lateral pre-

stretch can be supported with either a stiff support structure or an inextensible support. A stiff 

support structure would decrease the conformability of the actuator. A thin, inextensible material 

can maintain the lateral pre-stretch and, at the same time, enable conformal properties by having 

minimal out-of-plane stiffness. The modular properties of the actuator are supported by having 

electrical connections on each end of the actuator that are accessible on both the upper and lower 

surfaces. Multiple electrical connections enable the structure of the multifunctional tape 

connector to connect numerous actuators in parallel or series. The fabrication of the MTC can be 

separated into the subcomponents of the electrical connection, mechanical connection, and 

release of the actuator from the fabrication frame. Each of these components influences the final 

properties of the MTC.  

2.3.3.1. Electrical Connections 

The electrical connection makes a conductive path from the external electrical leads to the 

compliant electrode while having minimal impact on the conformal properties. The electrical 
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connection has different requirements on the film and external sides. The film side requires a 

permanent connection, while the external side requires a robust, reusable connection that is 

conductively accessible from both the top and bottom surfaces. These two roles are fulfilled by 

using two different materials: an electrically conductive silicone adhesive tape (3M™ XYZ-Axis 

Electrically Conductive Adhesive Transfer Tape 9719) and a conductive fabric tape (3M™ 

Fabric Tape CN-4490). The advantage of using a dual-material external electrical connection is 

that it creates a very strong and flexible connection at the joint with the SWNT and then gives a 

reusable electrical connection at the external connection site. The layout of the electrical and 

mechanical components that make up the MTC is shown in Figure 15. The silicone adhesive tape 

is placed on the electrically conductive tabs such that the edge of the tape is several millimeters 

(a minimum of 2 mm) from the active region and up to the edge of the windows in the flexible 

external support. The conductive fabric is then connected to the conductive silicone tape and the 

area beneath the windows in a flexible structural support. The fabric tape is conductive only on 

one surface, so it is folded over itself with the conductive material facing outward before 

placement. This folding allows a conductive path to both the upper and lower surfaces. Using 

two materials for the electrical connection allows selecting material properties to match the 

desired properties.  

 

 

 

2.3.3.2. Mechanical Connections 

The flexible external support is applied After the external electrical connections are made. 

The mechanical connection material needs to support the lateral pre-stretch, adhere well to the 

Figure 15. Fabrication of External 

Electrical and Mechanical Connections. 

Fabrication steps of the external 
electrical and mechanical connections. 
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silicone film, be flexible to maintain the conformal properties of a dielectric elastomer, adhere to 

external structures, and have conductive regions so that the external electrical connections can be 

made. The mechanical connections are made with double-sided polyimide tape, PPTDE-3, 

silicone adhesive, and windows cut out for the external electrical connection. The mechanical 

connector is created by laser cutting it from a large sheet. Four external support pieces are 

needed for a single tape actuator. Two connectors are sandwiched on each side of the tape 

actuator. They are all placed such that there is a 1-mm clearance between the edge of the 

connector and the compliant electrode. The electrical leads are then placed underneath the 

support material with the external electrical connection framed by the windows in the support 

material. The actuator now has two MTCs that provide external mechanical and electrical 

connections without sacrificing the conformal properties. 

2.3.4. Actuator Release from Fabrication Frame 

The final step in the manufacturing process is to release the actuator from the rigid frame. 

This process must be completed without damaging the edges because edge defects can propagate 

and cause the film to fail catastrophically. A fabric roll cutter cuts the edge in one smooth, fast 

motion, resulting in a clean and uniform cut. The film must also be cut out from the conductive 

windows to have a conductive path from the upper to the lower surface. The completed tape 

actuator has a typical thickness of 250 µm, as shown in Figure 16. 

 

2.4. Dielectric Elastomer Tape Actuator Conceptual Demonstration 

With the new DE tape actuator architecture conceived and assembled, a helpful next step is 

to confirm that it exhibits the desired material and actuation properties. The DE tape actuator 

 

Figure 16. Completed Tape Actuator.  

Tape actuator example with components and dimensions labeled. 

Reusable Power Supply Lead 
(3M™ Conductive Fabric Tape CN-4490)

Flexible Conductive Lead (3M™ XYZ-Axis Electrically 
Conductive Adhesive Transfer Tape 9719)

SWNT Compliant Electrodes (Carbon Solutions P3-SWNT)

Double Sided Kapton® 
1 mill thick w/ 1.5 mil Silicone adhesive

Multifunctional 
Tape Connection

Silicone Film (Wacker Silpuran® 6000/10 90%A/10%B)
125μm stretched to 25μm

50.8 mm

10.6 mm

25.4 mm

65 mm

Maximum Stack 
Thickness: 470 μm 

Typical Stack 
Thickness: ~250 μm 
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should be validated in a way that highlights the critical design features that enable it to fulfill 

needs not currently met by other DE actuators. The advantages of the DE tape actuator 

architecture derive from the flexible release frame configuration and multifunctional tape 

connectors (MTCs). This section provides a conceptual demonstration of the new DE tape 

actuator architecture’s properties and functionality. Key elements to be validated include the 

flexible release frame, which enables the actuator to conform to complex shapes, and the MTCs, 

which allow for compact packaging and modular scaling. While the following discussion of the 

various elements of the DE tape architecture is intended to confirm the material and actuation 

properties of the new architecture, they are strictly conceptual: this section is not intended to 

validate the research findings experimentally or numerically, rather it is meant to display the 

advantageous properties of the new architecture physically. 

The DE tape actuator is a large-strain, conformal, and compact actuator. The frame 

configuration and the MTCs enable these capabilities. The primary benefits of the flexible 

release frame in combination with the dielectric elastomer film are two-fold: effective and 

efficient use of external force and the ability to conform to complex shapes. The flexible release 

frame lets the actuator directly use external force to stretch the elastomer. Using the external 

force as part of the elastomer pre-stretch results in an extremely effective and efficient use of 

external force and maximizes the work potential. Likewise, the ability to conform to complex 

shapes directly results from using elastomer film in conjunction with the flexible release frame. 

While the flexible release frame is attached to the DE at either end, along the free edges, the 

elastomer matches whichever shape is presented. 

The multifunctional tape connectors also contribute to the conformable properties of the DE 

tape actuator while enabling the actuators to be compact and modularly scalable. The electrical 

and mechanical connections within the MFT are inherently flat since they are based on thin tape. 

Consequently, they enhance rather than prevent or interfere with the elastomer's conformability. 

Additionally, the mechanical connections adhere to complex shapes and support forces greater 

than the maximum strength of the elastomer film. The electrical connections easily adhere to 

external electrical connections and provide a transition from the film's stiffness to that of the 

external world. The tape supports easy electrical and mechanical connections to the external 

world from both sides of the actuator. 
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Both the active material and the frame configuration are compact, such that the length and 

width of the actuator are at least 50 times greater than its thickness. Therefore, stacking the 

actuators will have insignificant impacts on the overall actuator thickness. Similarly, the DE tape 

actuator's frame configuration, MTCs, and material properties allow it to be combined in series 

and parallel. The significant consequence of the DE tape actuator architecture's compact and 

modular properties is its scalability in series, parallel, and stacking. 

The configuration performance can be validated with the actuation force, displacement, and 

work, while the MTC can be validated in a basic manner by showing that it successfully fulfills 

the requirements for the electrical and mechanical connections in a conformal and compact 

package. 

The conformal and compact package properties are inherent properties of the tape actuator 

and are demonstrated through the repeated performance of many actuators tested over many 

cycles. The MTC is validated in the proof of its conformal properties and its thinness. After 

making over 90 actuators and testing them for tens of thousands of cycles, the MTC was robust 

and capable of performing without failures. Both the electrical and mechanical connections were 

consistent and robust. The conformal properties of the actuator are seen in Figure 17, where DE 

tape actuators are attached to an apple and a banana. 

 

 

The MTC is a key component of a DE tape actuator. It serves two important functions: it is 

responsible for electrical and mechanical connections and supports the elastomer pre-stretch. The 

Figure 17. Demonstration of Tape Actuator Packaging Properties. 

Tape actuator demonstrating conformality, compactness, and distributed properties. Thickness 
compared to a penny and quarter. Conformal properties demonstrated bridging flat and curved surfaces. 
Distributed actuation across whole surface. 
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electrical connections for DEs are challenging because they must bridge the soft, compliant 

nature of the DE and the harder, stiffer external world. The electrical connection must provide an 

electrical connectivity to the external power supply or the electrical connections to the adjacent 

actuators. The quality of the mechanical connection is measured by how well the MTC can 

attach to the thin, highly pre-stretched elastomer film and by how well it maintains the lateral 

pre-stretch. The strength of the external and internal connections should be greater than the 

strength of the elastomer so that the actuators are not limited to anything lower than their 

material strengths. The properties of the MTC were experimentally demonstrated in the external 

work performance of a DE tape actuator. The electrical and mechanical connections were 

validated implicitly by serving their purposes for electrical and mechanical connections in a 

compact package and not failing mechanically or electrically. The mechanical connection 

maintained the lateral pre-stretch, did not cause rips or tears in the elastomer, supported the 

external loads transferred through the actuator without failure, and allowed conformality of the 

actuator. The electrical connections maintained conduction between the external connector and 

the active DE material. They did not experience any typical issues with electrical connections, 

including localized shorts where the electrical connection connects to the active material or loss 

of connectivity over time as a function of time or as the actuator is bent. 

2.5. Dielectric Elastomer Tape Actuator Architecture Conclusion  

Dielectric elastomers are a new smart material actuator with great potential. As the 

technology progresses, they will eventually be able to compete with and surpass conventional 

actuator technology in certain applications. Soon, however, dielectric elastomer tape actuators 

will find industrial adoptions in applications that require lightweight, fast, large-strain actuators 

that perform external work in a conformable and compact package with the ability to scale 

modularly, exhibit robust and repeatable action over their lifetime and offer the design quality of 

having predictable and controllable performance that can be easily varied to accommodate 

changing application needs. 

Conventional actuator technology currently outperforms DE tape actuators in many existing 

generic applications. Dielectric elastomer tape actuators can be adopted Where conventional 

actuators are infeasible or extremely difficult to match due to size, packaging, or type of 

actuation. The near-term advantage of DE actuators is that they can perform types of actuation 
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that are virtually impossible for conventional technology. Tape actuators also have a flat form 

factor that allows them to be placed in locations not possible by other actuator technologies. The 

other main advantage of DEs is that they are flexible and can be used as conformal actuators. A 

DE tape actuator maintains the inherent benefits of elastomers while enabling easy integration as 

an actuator into devices. The distributed nature allows the use of the actuator for flexible 

actuation, where it is desirable to have no hard components. The distributed nature can also 

enable the removal of the support material required to distribute point actuators. 

Dielectric elastomer tape actuators have shown great promise because they enable large-

strain actuation. However, they have not achieved their full potential as large-strain actuators 

with conformal and distributed properties because the typical architectures required to achieve a 

large stroke use stiff frames. A DE actuator with a stiff supporting frame loses the conformability 

properties inherent in DEs and their thinness and compact packaging advantages. A DE tape 

actuator uses a released frame architecture with a silicone film, single-wall carbon nanotubes in 

pre-extended configuration for compliant electrodes, and a multifunctional tape connector for 

pre-stretch support and external electrical and mechanical connections. The multifunctional tape 

actuators enable the inherent conformal properties and allow large actuation stroke performance. 

Including the electrical connection within the MTC makes the whole actuator thin and enables 

performance scaling through multilayer actuators. Finally, their dimensions are inherent in the 

compactness, thinness, embedded electrodes, and the architecture of the multifunction tape 

actuator’s electrical connection. These properties may also be validated if used in a multilayer 

tape actuator.  
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Chapter 3  Application Context Approach to Dielectric Elastomer  

Actuator Characterization 

Reliable methods for characterizing actuators are crucial in developing new actuator 

technologies. Due to the complexity of their material and actuation properties, standard 

characterization procedures for smart materials often do not exist. Dielectric elastomer's research 

history is younger than many other smart materials, so, unsurprisingly, there is no systematic or 

standard experimentally characterized actuation performance. 

Establishing standard characterization processes is not just important, it is crucial and 

necessary for comparing actuator performance across different architectures and materials. In 

2015, dielectric elastomer researchers created a characterization standards guide. While it 

provided processes to measure and test material and electrical parameters, many of these are 

similar to material science tests where as many parameters as possible are fixed. These tests can 

result in a highly accurate measurement given all the testing conditions, but a single test point 

cannot accurately encapsulate the viscoelastic behavior when the parameters are known to 

change with the strain state. The standards guide explicitly highlights that electrical material 

parameters are known to change significantly. Therefore, typical material science 

characterization techniques cannot effectively capture all the viscoelastic actuation behavior of a 

dielectric elastomer actuator. 

Given the absence of standards for characterizing dielectric elastomer actuators, it may be 

necessary to resort to a characterization process from literature, an adaptation to an existing 

methodology, or an entirely new characterization process to gather all relevant performance data 

for a targeted application. However, a more efficient approach that avoids requiring a new 

characterization process for every application is to identify categories of actuators in applications 

that demand similar actuation performance. This categorization can be achieved by grouping 

actuators based on their intended applications and the performance metrics they must meet. 

This chapter introduces a practical and innovative system to characterize actuation 

performance, model it analytically, and design a process that uses similar information. The 

characterization of dielectric elastomer actuators can be made more straightforward by adopting 
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a new methodological approach: the application context. This approach includes required 

actuation performance metrics, the actuator's architecture, and the actuator situation, 

encompassing all other relevant information. This approach is not just a theoretical concept but a 

practical tool that can be readily applied. 

A literature search into dielectric elastomer actuator characterization processes revealed a 

common type of cyclical actuation in many applications and research papers. Focusing on 

cyclical actuation can reduce the information needed to capture the actuation performance fully. 

Further investigation revealed a consistent and repeatable subset of steady-state cyclical 

actuation. The application context characterization approach is demonstrated by applying it to 

dielectric elastomer cyclical actuation, which is discussed in detail throughout the rest of this 

chapter. 

This chapter's work encompasses the characterization methodology development and 

experimental demonstration for steady-state cyclical actuation. The fundamental behavior and 

characteristics of DE actuators undergoing cyclical actuation are explained, and an experimental 

methodology is developed to characterize the steady-state cyclical performance that captures the 

essential behavior. The resulting characterization methodology focuses on a DE actuator's 

capabilities and potentailly accelerates their adoption as potential solutions in evolving 

technologies. 

3.1. Application Context Approach to Steady-State Cyclical Actuation 

Characterization 

Dielectric elastomer actuators can be used in myriad applications, ranging from active 

weather stripping for automotive, aerospace, and buildings to prosthetics to medical research 

applications. Each use brings different actuation requirements, necessitating different materials 

and material properties to achieve the desired performance. Identifying the specific application 

context dictates the entire actuator design process, from material selection to characterization and 

validation throughout the development and design. Application context consists of three 

components: actuation situation, actuation requirements, and the specific dielectric elastomer 

actuator. Actuation situation refers to conditions that may affect actuator performance, such as 

environmental conditions during fabrication or actuation, factors associated with integrating the 

actuator into a system, frequency of actuation events (constant, continuously variable, etc.), and 

actuation type (one-time, rapid on-off, continual responding and varying to an external source, 
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etc.). Actuation requirements relate to standard basic numerical metrics for actuation, such as 

force, stroke, work speed, etc. Identifying the application context was the precursor to the design 

process activities associated with this dissertation. While the specific application context will 

dictate the actuator's performance requirements and, therefore, the characterization, the following 

characterization process can be used regardless of the application context. The process 

established and used here has five required components plus an optional step at the end: 

1. Identify a specific application context that considers various factors ranging from the 

actuator materials, to actuation requirements to environmental conditions. 

2. Use current state -of -the -art characterization techniques to identify any physics or 

performance metrics not fully captured by these techniques. 

3. Develop a characterization process that captures the essential actuation data. Identify an 

appropriate simplification method to condense the myriad variables into one or two 

effective material parameters that reflect the actuation performance. A binary actuation 

paradigm is one possible solution to simplifying the results data.  

4. Evaluate the actuator’s performance, limitations, and losses. Based on these findings,  

modify the actuator to improve performance and account for the losses and limitations. 

5. Fully characterize the actuator's performance. 

Bonus Step: Identify similar application contexts that can use the same characterization 

process. 

These steps are briefly described below, and the remainder of this chapter provides a 

detailed walkthrough of the characterization and validation process used in this research. 

Identifying the application context is the first step in this process. As noted above, the application 

context encompasses the actuator situation, actuation requirements, and the specific dielectric 

elastomer actuator. Steady -state cyclical actuation was selected as the application context for 

this research because it exemplifies the type of actuation found in many industrial applications. It 

can be used in applications such as a pumping or flapping motion, walking, or repeated for many 

cycles. Expanding the application space for dielectric elastomer tape actuators requires that their 

performance be characterized to predict these types of motion. Repeated actuation at a steady-

state simplifies the inherent complexity of the elastomer's material properties because transient 

viscoelastic effects will settle. Steady -state cycling is defined as maintaining the same cycle at a 

single frequency. Steady -state cycling is generally achieved after an initial period when cycle 
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variation gives way to the same cycle. The cycling for these actuation requirements can work at 

various frequencies, ranging from 10s Hz to slow transient creep-terminated frequencies. During 

steady-state cyclical actuation, the actuator switches repeatedly between two binary states where 

the actuator is either fully contracted or fully extended. With the proper characterization 

methodology, a dielectric elastomer's performance can be distilled to the minimum information 

needed to predict the performance for cyclical actuation, which is the identification of the fully 

contracted and fully extended lengths as a function of load and voltage. The advantage of 

distilling the characterizing method for a specific type of actuation is that one can effectively 

predict the actuator's performance for the kind of actuation desired while minimizing testing. 

Establishing that the application context is steady-state cyclic actuation leads to determining how 

the actuator will need to perform for this application context and to identify specific actuation 

properties. A thorough review of existing literature will help identify materials that will best meet 

actuation requirements for a particular application. For this dissertation, Silpuran was identified 

as a silicone elastomer material useful for large actuation strokes. This dissertation will be 

characterizing the DE tape architecture developed in Chapter 2. 

Once the application context is defined and the actuator architecture is selected, the second 

step involves using first principles and current state -of -the -art characterization techniques to 

evaluate actuation performance and identify any physics and component interactions that are not 

fully characterized. 

The third step consists of exploring the characterization performance in the specific 

application context to identify a simple characterization methodology that can mimic the 

behavior of the actuator for the given application context. This process consists of 

experimentally exploring the actuator's performance properties when used in the application 

context and then developing a theory on characterization methodology that will provide 

consistent results when used in the specific application context. For this research, experimental 

exploration included looking at single stretching, cyclical stretching to a fixed length, and 

repeated stretching to new greater lengths each time and smaller total lengths each time. 

The fourth step involves validating and refining the initial methodology identified in the 

exploratory phase. In particular, the fabrication methods require validation, and additional testing 

will refine the characterization and performance parameters. This research concludes that 

repeated cycling causes the performance of the DE tape actuator to become consistent and 
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repeatable after several initial cycles. The characterization methodology used many cycles to 

account for initial shakedown cycles and achieve consistent and predictable performance. When 

the actuator is stretched to its maximum potential length and cycled a certain number of times 

initially, this shakedown process will minimize the impact of the Mullins effect on performance 

for all smaller actuator lengths, or at least make the Mullins effects insignificant on the actuator’s 

performance. 

Based on the findings of this testing, refinement, and validation, the fifth step uses the new 

characterization process to characterize the actuator performance for the application context. 

This involves changing the control variables and actuator parameters to measure the performance 

for the entire desired range of actuation and evaluating the limits and losses of larger 

architectures that use multiple modules. For this dissertation, steady-state cyclic actuation is the 

resulting characterization of the DE tape actuator. 

An optional final step in the process is to use similarities and categorization to identify any 

larger family or category of actuation that encompasses the application context. If one is found, 

the newly developed characterization process may be used for broader applications with similar 

actuator requirements. 

This chapter will expand on the characterization process and detail the development of the 

characterization methodology for the DE tape actuator architecture for the application context of 

steady-state cyclical actuation. 

3.2. Experimental Characterization Test Setups 

A significant amount of testing was performed throughout the development and validation of 

the characterization methodology. The various test setups are detailed below and are referred to 

throughout this chapter. 

3.2.1. Dynamic Mechanical Analyzer Experimental Test Setup 

The function of the test setup is to enforce the displacement on the DE tape actuator at a 

fixed rate and to control an applied voltage to the actuator while also measuring the force as a 

function of the inputs. The force-displacement controlled portion of the experiment is done with 

a dynamic mechanical machine, TA Instruments RSA3 Dynamic Mechanical Analyzer (DMA). 

The machine is typically designed for material testing. Custom chunks are created to place a 
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released frame actuator into the system. The custom chunks consist of a stiff acrylic T-shaped 

frame. The horizontal or top part of the T is used to hold the lateral pre-stretch of the actuator and 

the vertical leg of the T is used to mount the support to the DMA machine. The acrylic frame also 

electrically isolates the actuator from the DMA machine. (See Figure 18.) 

 The high-voltage power supply is a custom power supply that can output a voltage of up to 

5000 V. The power circuit includes a 40.1 MOhm resistor in series on the negative side of the 

circuit to limit the current draw in case of an electrical short in the actuator. The power supply 

provides a constant voltage differential to the actuator. (See test setup in Figure 19.) 

 

 

 

Figure 18. Actuator Characterization with DMA 

Machine. 

Dynamic mechanical analyzer experimental test setup 
with a released frame actuator. 
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3.2.2. Custom Constant Force Experimental Test Setup 

A custom experimental setup was created to characterize the steady-state cyclical actuation 

of a dielectric elastomer tape actuator. The setup was used to apply a constant force and an 

applied voltage while measuring the displacement of the actuator and the supplied voltage and 

current. The setup is shown in Figure 20. The actuator was mounted so that the lateral direction 

would be parallel to the mount, normal to the direction of gravity, and centered on the first 

pulley. The multifunctional tape connectors were aligned to make electrical contact with the 

electrical leads embedded in the support structure. Both electrical and mechanical connections 

were made by simply attaching the actuator to the support frame with finger pressure since the 

electrical connections were reusable tape. A calibrated mass and gravity were used to create a 

constant external force. A Kevlar string is routed through two low-friction pulleys attached to the 

external load of the actuator. The lower pulley ensured the external load was pulled directly in 

line with the actuator and minimized swaying. A high-voltage power source, Trek High Voltage 

Amplifier model 10/10B HS, applied the voltage differential to activate the tape actuator. A 30-

Mohm resistor was put in series between the actuator and the electrical ground. The resister 

limited the current from the power supply when there was a short in the actuator, enabling the 

actuator to self-heal without causing severe damage. The actuator displacement was recorded 

with an optical encoder, US Digital B00-1000-9000 Rev B, attached to the lower pulley, which 

was transformed into an analog voltage with a US Digital Encoder Digital-to-Analog Converter 

(EDAC2). Although the encoder was capable of measuring relative displacement, it was not 

Figure 19. Electrical Schematic of Test Setup. 

The voltage level is manually controlled, and on the negative terminal, 
there is a 50 Mega ohm resistor in series to limit current in case of an electrical 
short. 
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capable of measuring the initial length of the actuator. Therefore, the initial length was measured 

optically before each experiment with a Cannon S90 camera by referencing a fixed dimension in 

the photo. The encoder and the high-voltage power supply were computer -controlled through a 

DAQ, NI USB-6341. 

 

 

 

3.2.3. Custom Displacement Controlled Experimental Setup 

A custom force-displacement setup was created to perform a blocking force test on the 

dielectric elastomer tape actuators, as shown in Figure 21. The function of the setup is to enforce 

displacement and measure the force response while a supply voltage is applied to the actuator 

installed in the test fixture. The displacement of the actuator is controlled with a stepper motor, 

Hayden 43L4Y-2.33-015ENG, with a chopper drive, Hayden micro stepper driver 

DCM8055/8028, which is used to drive a low-friction slide, LPSK-100A. The motor is driven 

with a computer-controlled drive amplifier. The grounded side of the actuator is attached to a 

Honeywell load cell, AL311AP,1M,2U,4A,6E,15C; the slide, the stepper motor, and the load cell 

are affixed to a machined metal plate to ensure alignment of the components. 

 

Figure 20. Experimental Setup. 

Constant force force-displacement 
experiment setup. 
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A diagram of the electrical setup is shown in Figure 22. The setup uses a LabView program 

to control and record the experimental results. The power is supplied to the actuator by sending 

an electrical signal to a high-voltage Trek Amplifier 10/10B-HS. The amplifier can source and 

sink current, enforcing the actuator's high- and low-voltage potential. A voltage limiting resistor, 

40.1 MΩ, is also in series with the actuator. This large resistance limits the current draw from the 

amplifier when there is an electrical short. Limiting the current allows for self-healing of the 

electrode around the short by burning away the electrodes locally. The limited current enables the 

burnoff of the electrode without enough current to heat the film and cause significant or 

permanent damage to it. 

 

 

 

Figure 21. Automated Film Characterization Experimental Setup.  

Custom test setup which using a stepper motor to contorl displacement and a 
load cell to meaure force controlled by a custom LabVIEW program. 

Figure 22. Circuit Diagram with Current Limiting Resistor. 

Electric circuit schematic. 
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3.3. Experimental Exploration of Steady-State Cyclical Actuation Performance 

Steady -state cyclical actuation is an important type of actuation that has many uses. It can 

be used in applications such as a pumping or flapping motion, walking, or repeated for many 

cycles. Expanding the application space for dielectric elastomers requires that their performance 

be characterized to predict these types of motion. Repeated actuation at a steady-state simplifies 

the inherent complexity of elastomers’ material properties because transient viscoelastic effects 

will settle. During steady-state cyclical actuation, the actuator switches repeatedly between two 

binary states where the actuator is either fully contracted or fully extended. With the proper 

characterization methodology, a dielectric elastomer's performance can be distilled to the 

minimum information needed to predict the performance for cyclical actuation, which is the 

identification of the fully contracted and fully extended lengths as a function of load and voltage. 

The advantage of distilling the characterizing method for a specific type of actuation is that one 

can effectively predict the actuator's performance for the kind of actuation desired while 

minimizing testing.  

Elastomers are challenging materials to characterize experimentally because of their large 

stretch, viscoelastic behavior, and complex material response in general [297]. There is an 

American Society for Testing and Materials (ASTM) industry standard for experimentally 

characterizing elastomer materials, ASTM D 1388-96. However, these methodologies are limited 

in capturing the important characteristics for use in DEs [298]. Many of the issues are caused by 

the materials moving with complex internal stresses rather than passively deforming. In 2016, 

the dielectric elastomer research community proposed guidelines for the characterization of 

generic dielectric elastomers, and the proposed standard methods work well to characterize 

elastomers for simple dielectric elastomer actuators and simple situations. However, they have 

limitations when characterizing a more complex actuation, such as steady-state cyclical actuation 

[297,299]. Therefore, there is a need for an experimental actuator characterization that is relevant 

to how a dielectric elastomer functions in cyclical operation.  

The following sections will review the standard material characterization techniques and the 

experimental modification needed to capture the steady-state cyclical actuation. A new 

methodology for characterizing the steady-state cycling behavior of dielectric elastomers will be 

explained. The performance characteristics of dielectric elastomers undergoing cyclical actuation 

will be theoretically explained along with the behavior of key metrics. A methodology is 



84 

proposed to summarize the complex steady-state cycling behavior into binary actuation and 

present the data in the force-displacement space. Creating a new DE actuator is to enable use in 

industrial applications. Requirements for industrial applications include stability over a wide 

range of environmental conditions, including temperature, humidity, and aging. Another industry 

consideration is which material makes the best actuator, and that will depend strongly on the 

application. Industrial application of dielectric elastomers currently occurs in places where the 

fundamental abilities of a DE provide functionality that is very difficult or impossible for current 

technology. The best application takes advantage of DE actuators' inherent properties, including 

their large distributed actuation. There is always a trade-off between speed, force, and stroke 

when dealing with actuators. DE actuators always struggle with force because they are based on 

polymers. Their advantage lies in their ability to create fast, large-strain actuators. Therefore, the 

two properties that should be maximized with elastomer material are large-strain actuation and 

speed of actuation.  

Although 3MTM VHBTM tapes 4905 and 4910 have been used as elastomer films that can 

achieve large performance, their high viscosity and large property changes with temperature 

make them less than ideal for industrial applications [133,300]. Searching for a material with 

relatively independent properties to temperature and low viscosity leads to the selection of 

silicone as a good candidate for the elastomer. There is active research into developing enhanced 

silicone materials for dielectric elastomers[113,301–306], but a commercially available 

elastomer material that has shown promise for DE actuators is Wacker Chemicals Silpuran 

6000\10 silicone. Silpuran is a polydimethylsiloxane (PDMS) in which methyl groups are used. 

It is the most common type of silicone elastomer. The material combines a two-part mixture, Part 

A and Part B, cross-linked with high-temperature vulcanization. This study aims to evaluate the 

force-displacement profile of a tape actuator when it is pulled to a certain stretch length for the 

first time compared to when it has been cycled multiple times at the same stretch length. 

Elastomers have one-time viscoelastic effects known as Mullins effects. The maximum stretch is 

the maximum length the actuator has been extended. When a polymer is stretched, it causes the 

polymer chains that make up the elastomer to unwind and interact, enabling the large stretch. As 

the elastomers return to the unstretched state, they will again interact. As the elastomers are 

subsequently stretched to the same length, the polymer chains will stretch out again; however, 

they do not move in the same manner as the first time, which results in a stress-softened material. 
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The stress-softening is when the elastomer has a lower force for the same displacement than the 

previous time it was stretched out. The stress-softening will continue to occur over several cycles 

but will eventually settle into a steady-state force-displacement profile after a certain number of 

cycles. The number of cycles will depend on the elastomer material. Although more stress-

softening may occur, it is likely small and insignificant. When an elastomer is stretched to a 

length greater than it has previously been stretched, the force in the new region of stretch will 

stiffen significantly and will match the previous first stretch to the last maximum length. If the 

elastomer is cycled to this new maximum length, the material will stress-soften again and settle 

into a steady-state force-displacement profile. This behavior is critical in evaluating dielectric 

elastomers because the first actuation will have a different performance level than the subsequent 

actuation. Most of the previous analysis with elastomers has been done with dog bone tensile 

specimens, so the effects of having a highly laterally pre-stretched elastomer from repeated 

cycling need to be understood. The hypothesis is that the highly stretched elastomer will 

experience the same shakedown behavior. The test is designed to help determine the number of 

cycles needed to achieve a repeated performance level.  

The test setup uses a dynamic mechanical analysis machine to experimentally determine the 

force-displacement profile of a dielectric elastomer tape actuator. The DMA machine enforces a 

displacement and measures the force response. The machine is computer -controlled, and the 

displacement rate can be controlled. The stretch length and the number of cycles can also be pre-

programmed into the machine to test various conditions. More details of the setup can be found 

in Section 3.2.1. 

The test setup uses a DE tape actuator to assess the impact of the first stretch cycle 

compared to multiple stretch cycles at the same maximum stretch ratio. Using a tape actuator 

ensures that the results include the effects of compliant electrodes. The details of the fabrication 

process can be found in Section 2.3. The elastomer material is Silpuran 6000/10 with 50% Part A 

and 50 % Part B. The film is made by drop-casting 2.0 ml of a solution made of 20% by weight 

silicone material and 80% by weight Isopar G. After waiting for 48 hours for the Isopar G to 

evaporate, the films are cured at 180° on a hotplate for 2 hours. The films are then pre-stretched 

onto a frame with 100%transverse pre-stretch and 50%axial pre-stretch. The compliant 

electrodes are each made with an 8 mL solution with a density of 0.4 mg/mL of SWNT in 

isopropanol. The test aims to determine the force-displacement profile for the first-time stretch to 
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a certain maximum length and compare it to the force-displacement profile of stretching to the 

next maximum length on the subsequent cycle. The actuator is first stretched to 12 mm, 17 mm, 

19 mm, 21 mm, 23 mm, 25 mm, 27 mm, and 29 mm. 

 

 

 

The results from the repeated pullout tests, with each test pulled to a greater maximum 

distance (as shown in Figure 23), show that stress-softening occurs when an actuator is 

repeatedly cycled. The force for a given distance is less than or equal to the performance from 

the previous cycles. Once the length of the actuator passes the previous maximum length, it 

returns to an approximate representation of the path of a single pullout test. Linking all the 

highest force regions from each cycle would produce a curve approximately equal to what would 

exist for a single pullout test at an equivalent rate of 1 mm/s. In the lower lengths of the actuator, 

the pullout curves converge in their force-displacement profiles. This path convergence is 

because the actuator has been repeatedly cycled to these lengths, so complete stress-softening has 

occurred, and the actuator has come to a consistent viscoelastic response to the pullout test. It is 

necessary to cycle the actuator to achieve repeatable performance; otherwise, a temporary 

viscoelastic effect will be captured.  

Figure 23. Repeated Pullout Characterization with Greater Displacement. 

Characterized using DMA test setup. 
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Inherent material properties cannot be changed with the manufacturing process; therefore, 

when selecting a material for the conductive electrode, the first step is to evaluate the inherent 

characteristics to see whether they match the final desired properties. Since the goal for a 

dielectric elastomer is to have a large, repeatable actuation strain, the use of carbon particles can 

be eliminated because they have a hard conductivity limit, and the use of carbon grease can be 

eliminated because, by its ability to flow, it is inherently a nonrobust material[190,220,307]. 

3.3.1. Determining Shakedown Cycles to Steady-State Cyclic Performance 

The Mullins effect characterization consists of stretching a test sample repeatedly, after 

which the number of cycles to steady-state performance can be determined. The test sample is 

placed into the DMA and cycled five times from a fully relaxed gap length of 2 mm to 7 mm. 

The test is performed at a displacement rate of 0.1 mm/s, a quasi-static rate that will be validated 

later. The results of the experiment can be seen in Figure 24. 

The testing sample is made using the fabrication process detailed in Section 2.3. The 

parameters used for fabricating the film are the following: The elastomer material is Silpuran 

6000/10 with 50% Part A and 50% Part B. The film is made by drop-casting 2.0 ml of a solution 

made of 20% silicone material and 80% by weight Isopar G. The films are drop-cast with a total 

liquid volume of 2 ml, which results in a characteristic film thickness of approximately 100 µm. 

After 48 hours for the Isopar G to evaporate, the films are cured at 180° on a hotplate for 2 hours. 

The films are then pre-stretched onto a frame with 100%transverse pre-stretch and 50% axial 

pre-stretch. A sonically mixed 8-mL solution of SWNT in isopropanol, with a density of 0.4 

mg/mL, is then airbrushed onto each side of the film to form the compliant electrodes. A rigid 

acrylic support frame is added to enable easy installation into a DMA machine. 
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The characteristic data for each test consists of a loop, as seen in Figure 24. The length of 

the actuator at the zero force represents the stress-free state in the axial direction of the actuator. 

Because of the Poisson effect, the lateral pre-stretch of the elastomer causes the actuator to have 

an initial length smaller than the analytical zero axial stress state. During a pullout test, the loop's 

top half represents the elastomers' stretching, and the bottom half represents the relaxation of the 

actuator. The difference in the stretching and relaxing curves is due to viscoelastic effects. An 

initial stiff region represents the initial untangling of the elastomer’s polymer chains. After 

approximately 1 mm of travel, the actuator starts to strain- soften, and the slope of the elastomer 

decreases. The decreased slope represents the middle stretch of the elastomer range. At the end of 

the stretch range, the elastomer starts to stiffen, which is caused by the elastomer entering the 

final region, where it reaches its hyperelastic limit.  

The first stretch cycle is stiffer than the subsequent cycles, which are all approximately the 

same within 5%. Pre-stretch cycling of the elastomer two times, a shakedown, to the maximum 

limit of testing should be performed to eliminate one-time effects like the Mullins effects.  

The second step is to start the relaxation experiment, which allows the actuator and the 

elastomer to come to a relaxed equilibrium before the start of the blocking force experiment. All 

the blocking force experiments are done at a length of an axial stretch ratio of lambda, a stretch 

ratio of current length over an initial length of 3, which is a 200%axial strain. Since the actuator 

is fabricated with an initial upstretched length of 4 mm, it is stretched to 12 mm. The actuator is 

moved at a rate of 10 mm/s to apply the force as quickly as possible. The actuator is then just 

 

Figure 24. Typical DMA Results. 

Typical force-length data from a dynamic mechanical 
analysis stretching the actuator for many cycles. 
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held at that length for 100 s to allow the relaxation of the viscoelastic forces in the elastomer. 

There are many different time constants in the viscoelastic forces of the Silpuran material. 

Several tests were executed to over 5,000 s to access the required time to come to a transient 

creep-terminated equilibrium, and it has been determined that at 100 seconds, the actuator has 

achieved 96%of the 5,000 s equilibrium position. The characteristic results for the strain 

relaxation test can be seen in Figure 25.  

3.3.2. Characterizing Viscoelastic Performance Data 

Comparing viscoelastic elastomer material stiffness properties is simplified when the testing 

for material stiffness is done quasi-statically. A quasi-static displacement rate will have to be 

determined experimentally for the test sample with a DE tape actuator and has been shaken down 

for Mullin's effects. An added complexity to tape actuators is that they sometimes contain an 

active electric field. The impact of an applied electric field and Maxwell stress on the transient 

creep-terminated displacement rate will also be investigated.  

The testing sample is made using the fabrication process detailed in Section 2.3. The 

parameters used for fabricating the film are the following: The elastomer material is Silpuran 

6000/10, with 50% Part A and 50% Part B. The film is made by drop-casting 2.0 ml of a solution 

made of 20% weight silicone material and 80% by weight Isopar G. The films are drop-cast with 

a total liquid volume of 2 ml, which results in a characteristic film thickness of approximately 

 

 

 

Figure 25. Relaxation Test Before Blocking Force Test. 

Viscoelastice relaxation from DMA characterization setup. 
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100 µm. The films are cured for 2 hours at 180° on a hotplate after 48 hours to allow the isopar 

G to evaporate. The films are then pre-stretched onto a frame with 100% transverse pre-stretch 

and 50% axial pre-stretch. A sonically mixed 8-mL solution of SWNT in isopropanol, with a 

density of 0.4 mg/mL, is then airbrushed onto each side of the film to form the compliant 

electrodes. A rigid acrylic support frame is added to enable easy installation into a DMA 

machine. 

The experimental displacement rate study consists of cycling the test sample at two rates 

with no voltage applied, followed by repeated cycling at the same rates but with a voltage 

applied. The test sample is placed into the DMA machine and shaken down by cycling the 

sample two times from 2mm to 7mm. The sample is then cycled from 2 mm to 7 mm at two 

rates, 0.1 mm/s, and 0.01 mm/s, with no voltage applied to the actuator. The same sample is then 

cycled again at the same two rates but with an applied voltage of 1600 V., Both sets of the results 

are plotted in Figure 26.  

 

 

 

The result of the pullout test is a loop with the material being stiffer on the pullout and softer 

on the relaxation of the sample. For a given displacement, the corresponding force level is higher 

for the pullout stroke than for the force level of the relaxation stroke. Comparing the force levels 

for the different displacement rates allows for determining the impact of the changing rate. The 

 

Figure 26. Pull-Out Characterization at Multiple Rates. 

Pull-out testing results at 0 V and 1600 V at 0.1 mm/s and 0.01 mm/s. 
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slower displacement has a lower corresponding force at the maximum displacement for the two 

OFF voltage curves at 0.1 mm/s and 0.01 mm/s, and The higher rate displacement, 0.1 mm/s, 

compared to the slower displacement rate, 0.01 mm/s,  results in a force that is at a maximum 

3%higher. The performance difference between the two curves is very similar for the two ON 

voltage curves, with an ON voltage of 1600 V. For the ON voltage pulled at a rate of 0.1 mm/s, 

the force level at the maximum displacement is 5% greater than the ON voltage curve with a 

displacement of 0.01 mm/s. With an experimental result within 5%, with an order of magnitude 

change in displacement rate from 0.01 mm/s to 0.1 mm/s, it is then possible to use a 

displacement rate of 0.1 mm/s. 

3.4. Develop Characterization Process and Simplify Complex Viscoelastic 

Performance 

The typical way to characterize elastomers is to stretch them constantly and measure the 

stress response. The constant stretch rate is often quasi-static but can be at any relevant strain rate 

for elastomer characterization [308]. Material tension tests are typically done to failure, but this 

is unnecessary in the context of dielectric elastomer because the material becomes very stiff near 

the breaking point and loses the capacity to stretch farther under action. Therefore, testing must 

only be performed when the elastomer becomes asymptotically stiffer. The typical specimen is a 

thin film with a large height-to-width aspect ratio, which gives a uniaxial tension test. However, 

a uniaxial tension test has limited value for DE actuators because they have complex internal 

stress states [297,299]. The complex internal stress is caused by the need for the material to be 

highly pre-stretched to achieve large actuation. Another issue with stretching the elastomers a 

single time to get the stress-stretch behavior is that elastomers experience strain-softening when 

they are repeatedly stretched to the same length [309]. The strain-softening and, therefore, the 

stress-stretch performance curve of the elastomer is a function of how far the elastomer has been 

stretched and how many times the elastomer has been stretched to that distance [309]. If the 

elastomer is repeatedly stretched to the same length, the stretch stress curve will eventually settle 

and behave the same way each time [309]. If the elastomer has reached steady-state stress-stretch 

curves for a length equal to or greater than the current stretch length, then the elastomer will have 

a steady-state repeatable performance.  

DE actuator performance is typically characterized by displacement or force control [298]. 

The current common method uses a displacement control test to determine the cyclical actuation 
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performance [248,250] experimentally. This method does not fully capture the transient 

viscoelastic behaviors when the actuator is force-controlled in applications. Missing the transient 

viscoelastic effects may significantly impact predicting an actuator's performance [270,310]. 

Although steady-state performance can be achieved with either technique, the actuator's 

viscoelastic complexities will be better captured with the force control method.  

Dielectric elastomers are complex materials, and their large stretch and use of surface 

Maxwell stress for actuation make the definitions of their dimensions important. The "length" of 

a dielectric elastomer tape actuator is the distance between the two multifunctional tape 

connectors. The terminology "length" is typically used for the initial characterizing of the 

actuators because experiments usually measure the actuator length versus time and voltage 

versus time. Actuators are typically defined in terms of force versus displacement. Therefore, 

when the tape actuator performance is discussed, the length will be described as the 

displacement. “length” and “displacement” are synonymous with dielectric elastomers. The term 

“displacement” for dielectric elastomers includes initial unstretched length so that the 

displacement is nonzero at zero applied force on a force-versus-deflection graph. Another 

important term to define is the "stroke" of the DE tape actuator. The "stroke" is the change in 

displacement due to the change in applied voltage. 

3.4.1. Characterizing Steady-State Cyclical Actuation 

Steady-state cyclical actuation for a Dielectric Elastomer (DE) actuator is defined as 

consistent actuation at a constant frequency long enough to conclude transient macro viscoelastic 

effects. This means each cycle has the same as the previous and following ones. The steady-state 

condition indicates that the measured performance from cyclical actuation will remain constant 

for a given set of inputs. Initially, when dielectric elastomers undergo cyclical actuation, their 

performance varies due to the material transitioning from a non-actuating to an actuating state—

This performance shift results from the viscoelastic properties of the elastomer. 

3.4.1.1. Characterization Process for Steady-State Cyclical Actuation 

In the literature on dielectric elastomer actuators, the author could not identify a generally 

applicable characterization process for the steady-state cyclical actuation for pure shear or strip 

frame configuration actuators. The following experimental investigations led to the developing 



93 

of a new general characterization process for shear actuators that effectively captures the critical 

behaviors during steady-state cycling. The definition of steady-state cycling from the previous 

section requires that the characterization process specify the following inputs: external load, 

desired LOW and HIGH voltage differentials, cycling frequency, duty cycle, and the rates for 

energizing and de-energizing the actuator. 

After cycling begins with constant input variables and parameters, the actuator will 

eventually achieve a steady-state where all cycles are identical. The onset of steady-state cyclical 

actuation can be identified either by the elapsed time from the start of the test or by the number 

of cycles needed to reach a steady-state condition after the start. Either measure can be used 

because their relationship remains constant due to the constant frequency. This dissertation will 

use the number of cycles for comparison purposes, as this non-dimensional measure simplifies 

comparisons across different frequencies. 

A diagram of characteristic inputs and outputs of a dielectric elastomer undergoing cyclical 

actuation under a constant external force is shown in Figure 27. The figure shows the system's 

electrical inputs on the top and the measured mechanical outputs on the bottom as a function of 

time. At time zero, the electrical input starts at an applied voltage in a LOW state, while the 

mechanical output begins at an initial length, 𝐿𝑜, from a constant external force and the LOW 

voltage differential. The input voltage difference across the dielectric elastomer film then 

alternates between the LOW, 𝑉𝐿, and HIGH, 𝑉𝐻, states as a function of time. This voltage 

differential between the LOW and HIGH states, ∆𝑉, creates an electric field that increases the 

stress on the elastomer, the maxwell stress. The increased stress causes the elastomer to lengthen, 

as shown in the bottom half of the figure. 

In this example, the voltage switches at a fixed frequency with a square wave and a 50%duty 

cycle. In the actuator displacement chart, the end of each half-cycle input at LOW and HIGH 

voltages are marked with a circle and a triangle, respectively. As the actuator is initially cycled, 

the length of the actuator at the end of each half-cycle is longer than the previous cycle. The 

length of the actuator at the end of each HIGH voltage input, triangles, increases on each cycle 

until the third cycle, where its length is repeated on the next cycle. The actuator length of the 

LOW voltage input also increases until the third cycle. The actuator has reached steady-state 

cyclical actuation in the third cycle since every subsequent cycle has the same displacement at 

the end of each LOW, circle, and HIGH triangle voltage input.  
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The number of cycles needed to reach steady-state cyclical actuation depends on the 

materials, initial conditions, and inputs. The steady-state length at the end of each LOW and 

HIGH voltage input also depends on the inputs. The example shown in Figure 27 has a 

frequency such that each switch in voltage allows the length to reach a maximum since the 

transient creep has ended. A higher frequency would result in lower actuator displacement 

lengths, while a lower frequency would yield the same nominal performance. The transient 

creep-terminated displacement is an important metric because it is the longest actuator length 

achievable, resulting in the largest actuation stroke.  

This steady-state cyclical test can be repeated with the same LOW voltage, 𝑉𝑜
𝐿, and a 

different HIGH voltage level, 𝑉2
𝐻, resulting in similar behavior, as shown in Figure 28. The 

actuator increases in length over the first few cycles and eventually reaches steady-state 

behavior. The same characteristic time-length curve results in the transient creep behavior ending 

in each cycle even though the actuator is increasing in length. With the HIGH state, 𝑉2
𝐻, now 

larger than the original HIGH state, 𝑉1
𝐻, the actuator increases in length for the HIGH state, as 

expected. Even though the actuator sees the same LOW voltage state during both tests, the 

actuator with the higher voltage state has a longer length for the LOW voltage state. Again, the 

changes in performance levels are caused by viscoelasticity in the elastomer. 

Figure 27. Typical Plots of Voltage and Length Versus 

Time.  

Typical electrical inputs into a dielectric elastomer for 
steady-state cyclical actuation and the corresponding 
mechanical outputs for the dielectric actuation. 
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3.4.1.2. Using a Binary Actuator Paradigm to Simplify Viscoelastic Actuation 

Performance 

There are many ways to analyze the performance of a dielectric elastomer, but the best 

method will depend on the application and how the information will be used. The DE tape 

actuators are intended for doing external work for an application that requires an actuator. Work 

is a function of the force and the displacement. Therefore, the best way to present the data would 

be in the force-displacement space. The cyclical length data in Figure 28 can be simplified by 

representing only the steady-state LOW and HIGH states for a given voltage. These two states 

can be graphed in a force-displacement space, as shown in Figure 29. The force is constant, as 

shown, while the length of the two states, LOW, 𝐿1
𝐿 , and HIGH, 𝐿1

𝐻, are plotted. When the steady-

state cyclical test is repeated at different force levels with the same LOW and HIGH voltage 

levels, the HIGH and LOW lengths will create a continuous curve. These LOW and HIGH states 

are represented by blue and red curves, respectively. The LOW voltage curve (in blue) resembles 

a typical hyperelastic material curve. It has an initially stiff region, after which its strain-softens 

and the actuator's stiffness decreases. As the actuator is farther stretched, the elastomer 

approaches its hyperelastic limit and stiffens. The HIGH voltage curve (in red) has the same 

appearance; however, the curve is shifted to the right, representing the additional displacement 

caused by the higher voltage.  

Figure 28. Time Plots Showing the Input 

Voltages and Actuator Lengths.  

Cyclical performance for multiple voltage 
levels. 
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This same force-displacement graph can also represent the data at multiple voltages. The 

result is a family of curves representing the steady-state cyclical behavior in a single graph, as 

shown in Figure 30 below. 

 

 

 

The summarized data in the force-displacement curves make it easy to predict the actuator's 

performance for a given force and voltage.  

Figure 29. Tape Actuator Plot in Force – 

Displacement Space.  

Plot summarized steady-state cyclical 
performance as binary LOW and HIGH lengths in 
a force-displacement graph for a given voltage. 

Figure 30. Tape Actuator Performance Plot at 

Multiple Voltage Levels. 

Summarized steady-state cyclical performance 
as binary LOW and HIGH lengths in a force-
displacement graph at multiple voltages. 
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3.4.2. Quasi-Static Actuator Performance Representing Steady-State Cyclical 

Actuation 

A simple way to summarize the actuation performance of a DE tape actuator undergoing 

steady-state cyclical actuation is to present it visually as a force-displacement graph, per the 

methodology described in Section 3.4.1.1. The steady-state cyclical experimental 

characterization procedure of Section 3.4.1.2 is used to produce the characterization data needed 

to summarize the actuation performance for a fixed voltage.  

The summarized characterization data are shown in Figure 31. The graph shows the 

performance data for forces from 10 gf to 50 gf at LOW (voltage OFF) and HIGH (voltage ON) 

voltage levels of 0 V and 2300 V, respectively. The experimental data are displayed as pink 

circles with a best-fit cubic spline fitted to the data. Both the OFF and ON performance curves 

display the typical hyperelastic material characteristics with an initial stiff region, followed by a 

strain-softened plateau, and finally stiffening when approaching the hyperelastic limit. The OFF 

and ON voltage curves are generally similar, except that the ON curve is shifted to the right. At 

low loads, the ON voltage curve has shifted less from the OFF curve than in the middle region. 

This larger shift is caused by having a fixed voltage, which results in a higher electric field in the 

middle region. The higher electric field is due to a thinner film caused by the higher stretch 

resulting from the high external force. At larger displacements, after the middle region, the ON 

voltage curve increases stiffness faster than the OFF voltage curve, causing the ON voltage curve 

to shift less to the right at higher loads. Although the electric field is higher at larger loads, the 

elastomer stiffening counteracts the additional Maxwell stress. Therefore, even with a larger 

electric field, the actuator cannot stretch as far as when the elastomer is in the middle region 

where the slope of the curves is relatively constant.  
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The data can be replotted as the force-stroke to simplify the results further, as shown in 

Figure 31. The stroke is the relative displacement between the OFF and ON curves. The force-

stroke data look approximately like a parabola rotated 90° counterclockwise. The stroke starts 

low at small loads and increases approximately linearly until it reaches a maximum value and 

then decreases until the maximum load is reached. With a peak stroke location, there is now an 

optimal location for the design and use of the actuator when a large stroke is required. Because a 

larger stroke is a key component of the successful application of a dielectric elastomer, the peak 

of the curve indicates the optimal load that should be used in its design.  

Another way that the data can be analyzed is to present it in the force-work space, as shown 

in Figure 32. The work is the force times the stroke and represents the amount of external work 

the actuator can perform. The curve is very similar to the force-stroke curve, where the work 

starts small at low loads and then increases to a peak, after which the work decreases. One 

significant difference is that the peak work location occurs at a higher external force than the 

peak stroke, 35 gf versus 40 gf. Therefore, a trade-off exists between a larger stroke and 

performing more external work.  

Figure 31. Force-Displacement and Force-Stroke Plots.  

Summarized steady-state cyclical performance in force-displacement and force-stroke of actuator 
space at 2300 V. 
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These performance results demonstrate the ability of DE tape actuators to do external work, 

and they show the large actuation stroke that can be achieved. Although a single DE tape actuator 

can perform a large stroke, it is limited by how much work it can perform because DE actuators' 

actuation is inherently based on a compliant elastomer. 

3.5. Steady-State Cyclical Actuator Characterization, Validation, and Actuation 

Performance 

When developing new technology that requires material and actuator component fabrication, 

basic validation tests are needed to ensure that the resulting product meets expectations and that 

the fabrication process yields consistent results. Although previous studies using spot actuators 

have shown the usefulness of Silpuran as a possible elastomer with the potential for dielectric 

elastomers, there is still a need to analyze the material in a released frame architecture further 

because the complex strain state can impact the performance [133,216,311]. It is necessary to 

examine the drop-casting process to evaluate the ability to fabricate consistently thin films to 

ensure repeatability and accuracy. The drop-casting process is an integral component of creating 

custom thin, soft films; therefore, an experiment is needed to analyze the thickness consistency 

of a single film and the consistency of film thicknesses across a batch of individual films. The 

compliant electrode fabrication process is another critical step that must be evaluated to ensure 

consistency and performance. After evaluating the film thickness and compliant electrodes, the 

performance variability of the entire actuator is measured when the cross-link density in the 

elastomer changes when characterized in a rigid released frame configuration. This study 

Figure 32. Force-Work Performance Plot.  

Steady-state cyclical tape actuator binary 
performance in the force-work space. 
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analyzes the macro influences of the cross-linking density on the actuator’s mechanical and 

electrical properties and actuation performance. Creating an effective and reliable DE tape 

actuator involves many fabrication parameters for the film and electrodes. Understanding these 

parameters and their relative impact on the function of the actuator will assist in determining 

how to maximize actuator performance. The sensitivity of the following parameters will be 

evaluated. Parameters impacting elastomer cross-linking density include static and dynamic 

mechanical material properties and dielectric permittivity. Also assessed will be the sensitivity of 

the DE tape actuator performance to the following parameters: elastomer cross-linking density, 

film curing temperature, and electrode density. Finally, the DE tape actuator performance 

properties in steady-state cyclic actuation will be characterized to facilitate maximum 

performance. The following DE tape actuator performance properties will be characterized: 

electric field breakdown strength, current leakage, actuator performance with SWNT self-healing 

electrodes, and the performance from pre-extended electrodes. These validation tests are detailed 

below, and a summary of the results is included at the end of this section. 

3.5.1. Fabrication Processes Validation 

When investigating technology that requires new or unvalidated fabrication techniques, it is 

critical to ascertain the reliability of the fabrication processes and ensure that the fabricated 

prototype has very similar properties. In future experimental studies, it will be known that any 

change in performance is caused by a purposeful shift in a variable or parameter and not the 

variability of the fabrication process. For DE actuators the two key components that control a DE 

actuator’s performance are the elastomer film and the compliant electrode. Therefore, the 

repeatability and accuracy of the fabrication of these two components must be evaluated. 
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3.5.1.1. Uniformity of Elastomer Film Thickness 

Film thickness is important because dielectric elastomers function as capacitors with a 

charge separated by the film to create an electric field. The region of the film with the lowest 

thickness will have the highest electric field. The area with the highest electric field will likely be 

the first to fail and represents total failure. The DE tape actuator fabrication process uses drop-

casting to create the thin custom film. It is, therefore, necessary to measure the film thickness 

and validate that the drop-cast films have a consistent thickness. For the elastomer film, 

thickness consistency is defined in two manners. One definition is the consistency of thickness in 

the film thickness uniformity across a single film. A second definition is the repeatability of the 

fabrication process to create consistent thickness films across a batch of films. The thickness 

uniformity is experimentally validated by measuring an array of points across a single film and 

comparing the thickness measurements. After validation of the thickness uniformity, the batch 

thickness consistency is experimentally studied by measuring the thickness of a set of samples. 

The thin films'’ thickness and consistency are vital to DE tape actuators’ performance. 

Measuring the film’s thickness after being removed from the glass fabrication substrate is 

difficult because the film is easily stretched and hard to handle. Therefore, the film is measured 

indirectly in two steps. The first measurement measures a stack's glass substrate, film, and mask. 

After removing the film from the glass substrate, a second measurement is taken at the same 

location with only the glass substrate and the mask. The film thickness is then the difference 

between these two measurements. A Mitutoyo 293-349 micrometer is used for the thickness 

measurements. 

 

Table 1. Film Fabrication Parameters for Film Uniformity Study. 

The following parameters were used to create all the samples for the film  
uniformity studies. 

Film Parameters 
Solvent Mixture 

Material Preparation Drop Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10 90 4 2 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT & Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

180 2 50 100 NA NA 
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Measuring a thin and soft film is challenging; special care is needed when measuring 

through contact. The thickness measurement is taken by placing the film and substrate vertically 

and tightening the micrometers until they barely touch the surface; the micrometers are then used 

to lift the stack of components. If there is insufficient pressure, the stack of components will not 

move. With the lightest pressure, the stacked components rotate around the micrometers. If the 

pressure is too great, the sample is lifted without rotation. This technique enables the 

measurement of the thickness of the stack without compressing the soft, thin film. 

A study of the thickness uniformity of the drop-cast films is performed to verify that high-

quality uniform-thickness films are being created. Table 1 contains the elastomer film fabrication 

parameters. The surface of the 2" by 2" glass slides and the film is divided into a grid pattern of 

five across and five down, which results in 25 possible measurement locations. The perimeter 

thickness measurements are ignored due to edge variations caused by the drop-casting process. 

The edges are not included in the final DE actuator. The 13 measurement locations are 

highlighted in pink in Figure 33 and labeled 3, 7, 8, 9, 11, 12, 13, 14, 15, 17, 18, 19, and 23.  

The experimental process consists of five rounds of measurement of the thickness of the 

film. Each location is measured once in a single pass with the thickness recorded. After all 

measurements are taken in a single round, the process is repeated four times for five independent 

measurements at each location. Between each measurement round, the micrometer’s zero gap 

length is verified to correspond to zero. The film is removed from the glass substrate after the 

five rounds of thickness measurement. The removed film can then be used to fabricate a 

dielectric elastomer actuator. After removing the slide, the thicknesses are measured. The mask 

 

 

 

Figure 33. Film Thickness Measurement 

Locations. 

Location for measurements on films 
while on glass fabrication substrate. 
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and the glass substrate are easy to measure accurately because they are relatively incompressible. 

The full results of these measurements can be seen in Figure 34.  

 

 
Figure 34. Film Thickness Consistency Comparison. 

Consistency of film thickness across samples. 

 

 

The total stack thickness measurements by location vary from 0.134 mm to 0.087 mm. The 

spread in the measurements is much larger than in the individual repeated measurements at each 

location, as shown in Figure 34. The maximum spread in the individual measurement is 4 μm. 

The average standard deviation at each measurement location is 1 μm. There is a strong trend of 

the thickness decreasing as a function of the distance from the top; this change in thickness 

results from the surface used in the evaporation stage not being level. There is no apparent 

unevenness in the horizontal direction. Replotting the thickness data for the middle nine points as 

a function of the distance from the top shows the variation in the thickness from not being 

perfectly level. (See Figure 35.) 
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The average thickness and the standard deviation as a function of the distance from the top 

are 104 𝜇𝑚 and 2 𝜇𝑚, 94 𝜇𝑚 and 3 𝜇𝑚, and 87 𝜇𝑚 and 2 𝜇𝑚. The change in thickness as a 

function of location is greater than the standard deviation of the measurements at a single 

distance. A linear regression of the data provides a slope of change in the thickness of 

−0.664 𝜇𝑚 𝑚𝑚⁄ . Using this slope and the height of a DE tape actuator, it is possible to 

determine the maximum variation caused by the uneven surface. The height, 5.3333 𝑚𝑚, times 

the slope is 3.8 𝜇𝑚. The impact of this thickness variation is that the electric field will vary. One 

way to analyze the importance of this variation in the thickness is to evaluate the effect on the 

actuator’s actuation authority caused by the electric field’s Maxwell pressure. The change in 

thickness from the center will then be half the thickness change due to unevenness, which is 

1.9 𝜇𝑚. The 1.9 𝜇𝑚 is equal to a 45 V difference if a 2300 V is applied to actuate a DE actuator. 

Because the force of actuation is related to the voltage squared, this results in a maximum of 

4%change in the actuation authority. In summary, the drop-casting technique can produce a high-

quality film with relatively uniform thickness. 

3.5.1.2. Batch Consistency of Elastomer Film Thickness  

The batch film thickness consistency was studied by measuring the thickness of a batch of 

nine films cast simultaneously; see Table 1 for actuator fabrication parameters. Each film’s 

thickness was measured at nine locations to validate the thickness uniformity fully. In F, the 

locations are labeled as 7, 8, 9, 12, 13, 14, 17, 18, and 19. The measurement technique used for 

 

Figure 35. Film Thickness as a Function of Thickness. 

Film Thickness as a function of the distance from the top of 
the sample. 
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the thickness is the contact measurement process described in Section 3.1.1. The results of the 

measurement are shown in Figure 36.  

 

 

 

From the volume control drop-cast process, the standard deviation in the thickness was 

calculated to be less than 4% of the average film thickness to assess the uniformity of the 

elastomer film thickness. The standard deviation of the thickness across the batch of nine films is 

calculated to be 1.1% of the mean film thickness. The result is a high-quality film that can create 

a reliable actuator with a potentially long life. Creating films with equal thickness is key to 

having the performance scale as they are used in larger architectures. 

3.5.1.3. Repeatability of Compliant Electrode Fabrication  

Repeatable and reliable performance is a requirement for any technology to advance. The 

main purpose of the compliant electrode is to conduct the differential voltage charge across the 

whole surface of the DE tape actuator without adding stiffness to the actuator. SWNT mats have 

been shown to have the necessary properties to be good compliant electrodes; however, there is 

currently no standard procedure for creating high-quality compliant electrodes. The density of 

the compliant electrode is controlled by the volume of the SWNT solution sprayed on the surface 

of the masked film, the pressure of the airbrush spray, and the spraying technique. Measuring the 

conductivity of the fabricated electrodes is one method to validate the fabrication process. See 

Table 2 for actuator fabrication parameters. These measurements enable the evaluation of the 

repeatability of the electrode fabrication process. 
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Figure 36. Film Thickness with Standard Deviation.  

Average thickness of all measurement points and standard deviation 
for nine film samples from one batch. 
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The conductivity of both compliant electrodes and the capacitance of the actuator is 

measured during the fabrication process. The resistance measurement is taken after the 

multifunctional tape connectors are assembled on the actuators and before the actuator is 

released from the frame. A DE tape actuator has two electrical leads embedded in the 

multifunctional tape connectors for each compliant electrode. These electrodes provide a simple 

and repeatable location to measure the resistance and capacitance across the actuator. A FLUKE 

287 multimeter is used to measure the resistance of the compliant electrode on both film 

surfaces. The capacitance of the actuators is measured using an AMPROBE LCR55A. The 

results of characterizing the electrode are shown in Table 3. 

 

 

 Mean σ σ/Mean × 100 

Capacitance (pF) 524 15 2.8 % 

Upper Electrode 
Resistance (KΩ) 

2.85 1.04 36.4 % 

Upper Electrode 
Resistance (KΩ) 

7.11 3.05 42.9 % 
 

 

The measurement of the capacitance of the actuator indicates that the electrode is forming an 

acceptable conductive mat. The low variation in the standard deviation, 2.8%indicates the 

consistency of the thickness of the film. The mean electrode resistance measurements for the two 

sides vary by 150% from 2.85 kΩ for the upper electrode to 7.11 kΩ for the lower electrode. The 

 

Table 2. Film Fabrication Parameters for Electrode Repeatability Study. 

The following parameters were used to create all the samples for the electrode repeatability 
study.  

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10 90 4 2 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

180 2 50 100 4.0 0.4 
 

 

Table 3. Capacitance and Electrode Resistance Characterization Results. 

A series of 18 films were fabricated and characterized for their 
capacitance and electrode resistance. 
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percent error of the standard deviation to the mean for the upper and lower surfaces is within 7 

percent from 36%to 43%In the broader context of compliant electrodes for a dielectric elastomer, 

the consistency of the electrodes ensures conductivity with low enough impedance that the 

resistance does not slow down the actuation. The 𝑅𝐶 time constant for the capacitor is 4 

microseconds. The short-time constant means that the variation in conductivity will not 

detrimentally slow the speed of the actuation. 

3.5.2. Performance Sensitivity to Architecture Parameters During Steady-State 

Cyclical Actuation  

Creating a DE actuator requires many fabrication parameters for the film and electrodes. 

Understanding a DE actuator’s performance sensitivity to key fabrication parameters is important 

for reliable performance. The key elastomer fabrication parameters are the cross-linking density 

and the curing temperature. Walker Chemical specifies certain material properties when the 

silicone parts are combined equally, and a film is cured within a specified temperature range. The 

actuation performance and performance sensitivity to variations in these fabrication parameters 

must be characterized to ensure that the best DE actuator performance is achieved for the desired 

actuator context. The density of the electrode material in isopropanol solution and the volume of 

the mixture used for each electrode control the electrode’s properties and characteristics. 

Characterizing the sensitivity of a DE actuator’s performance relative to the compliant electrode 

fabrication parameters must be understood to create the best compliant electrode. 

3.5.2.1. Static Mechanical Properties Sensitivity to Elastomer Cross-Link Density 

The actuation performance of a dielectric elastomer tape actuator is highly dependent on the 

thin elastomer film’s material properties. The film’s material properties depend on the type of 

polymer material, the fabrication process, and the strain state. The greatest effects on the 

properties come from the kind of polymer and the cross-link density. Cross-links are the 

chemical links that connect two adjacent polymer chains. The cross-link density controls the 

interaction of the long polymer chains and gives an elastomer film its fundamental mechanical 

properties. The chemical cross-links are formed in the film fabrication process and can be 

controlled by varying the number of chemical cross-linkers within one of the chemical parts of 

the raw silicone.  
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The following three studies experimentally characterize the sensitivity of material properties 

concerning the density of cross-links and evaluate the impacts on DE actuation performance. 

The material properties are the mechanical static and dynamic properties and the electrical 

material properties. For each study, three cross-linked densities are explored: 50% Part A and 

50% Part B, 30% Part A and 70% Part B, and 10% Part A and 90% Part B. See Table 4 for the 

actuator fabrication parameters. The results of these studies identify the tailorable and adjustable 

material properties range of a tape actuator made with Silpuran 6000/10 A/B. 

The appropriate material and actuator properties are determined by directly testing DE 

actuators. The experimental characterization procedure for determining the mechanical material 

properties is a multistep process that includes an initial shakedown, a mechanical 

characterization, and a combined electrical and mechanical characterization. The initial 

shakedown eliminates one-time effects, such as the Mullins effects. The actuators are 

characterized in both the OFF and ON voltage states to capture passive material properties 

compared to the ON voltage properties. 

The mechanical property characterization experiments consist of cycling the actuator test 

sample at a fixed rate with no voltage applied and subsequently with an array of voltages. A rigid 

acrylic support frame enables the easy installation of a DE actuator into the Dynamic Mechanical 

Analysis (DMA) machine. See Section 3.2.1 for details of the experimental test setup. A test 

sample is placed into the DMA machine and shaken down by cycling the sample two times from 

2mm to 7mm. The sample is then cycled from 2 mm to 7 mm at two rates, 0.1 mm/s, with no 

voltage applied to the actuator. The sample is subsequently tested with an array of applied 

 

Table 4. Film Fabrication Parameters for The Cross-Link Density Film Studies. 

The same fabrication parameters were used to create all the samples for the study except for 
changing the density of the cross-linking in the films by varying the proportion of Silpuran Parts A 
and B. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 50, 30, 10  50, 70, 90 4 2 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT & Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

175 2 50 100 4.0 0.4 
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voltages starting at 200 V and increasing to 1400 V in 200-V increments. Characteristic data for 

the pullout stretching data from the experiments are plotted in Figure 37. 

 

 

 

The mechanical and the active electrical data are plotted in Figure 13 for 0 V, 600 V, and 

1400 V for actuators with a 50% by weight Part A and 10% by weight of silicone. The 

mechanical change and impacts of cross-linker density can be derived from comparing the two 

OFF voltage curves. The two curves, dark red and dark blue, have fundamentally similar 

profiles: they both have an initial stiff region, after which they stress-0soften and have a lower 

stiffness. Initially, both materials have similar stiffness. This initial stiffness is driven by the 

uncoiling of the long polymer chains and is primarily dependent on the length of the chains. 

Because both films are based on the same components, they have the same size polymer chains 

and are expected to have the same initial stiffness. The stress-softening occurs because the 

polymer chains have uncoiled and are starting to be stretched out. The stiffness in this middle 

region is driven by the interaction of the adjacent polymer chains, which in turn is driven by the 

number of cross-links. The 50% Part A Silpuran has more cross-links than the 10% Part A. As 

expected, the 50% Part A stiffness is greater than the 10% Part A. There is an approximate 40% 

reduction in the stiffness of the elastomer with the change from 50% Part A to 10% Part A.  

The active force-displacement profile of a dielectric elastomer is a function of the applied 

voltage differential. The Maxwell stress supplied by the electric field reduces the stiffness or 

shifting of the OFF force-displacement curve down. The Maxwell stress goes with the square of 

Figure 37. Extension Data from Actuator Pullout Characterization. 

Pullout force displacement for 50% Part A and 10% Part A. 
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the electric field. Since the voltage is being held constant for each pullout test, the field will 

change as a function of the stretch. Elastomers can be assumed to be incompressible, and since 

the width is considered fixed for a released frame architecture, the increase in length corresponds 

to a decrease in the thickness. The differences in the performance curves for both cross-link 

densities have similar behavior. There is a shift down for the ON voltage curves. In the initial 

region, there is little separation between the ON and OFF voltage curves. The electric field goes 

with the square of the thickness. The material is relatively thick in the initial area, with a low 

electric field, which results in minimal differences between the ON and OFF voltage curves. 

After the stress-softening occurs and the elastomer is in the second middle region, there is a more 

significant difference between the ON and OFF voltage curves. Generally, the ON and OFF 

voltage curves are parallel but shifted down. 

One way to compare the static mechanical properties of the materials is to compare the local 

stiffness in the two approximately constant regions: the initial stiffness region and the stress-

softened region. The initial stiffness region is insensitive to the cross-link density; however, the 

stress-softened region substantially differs in stiffness. The stiffness for the stress-softened 

region, between 5 mm and 7 mm, is plotted below each voltage in Figure 38.  

 

 

 

The stiffness is independent of the applied voltage and is strongly dependent on the cross-

link density. There is a 33% stiffness reduction from 50% to 10% Part A cross-link density 

Figure 38. Custom Film Stiffness Comparison. 

Three custom films made with varying percentages of Silpuran Part 
A into the composition. The stiffness as measured in a DMA pullout test 
is compared at a range of voltages. 



111 

concentration. This reduced stiffness equates to a larger stroke for the actuator if the viscoelastic 

and electrical properties remain relatively constant.  

3.5.2.2. Derived Actuation Stroke Sensitivity to Elastomer Cross-Link Density and Voltage 

Another way to analyze the results from the previous study is to determine the sensitivity of 

the actuation stroke as a function of force from variable cross-link density. A constant force 

external system is chosen to evaluate the performance of a DE actuator. Using a constant force as 

the metric to judge performance will drive the preferential performance to an elastomer if 

everything else is constant due to the geometric relationship between the slope of the actuator 

and external system curves. Although there is an inherent bias to the choice of a constant force 

system, the preference for a softer material reinforces the primary advantages of a dielectric 

elastomer: large stroke and soft conformal properties.  

 

 

 

The force-stroke curves for a constant external force from the data plotted in Figure 38 are 

shown in Figure 39. Three voltage levels, 600 V, 1000 V, and 1400 V, are plotted for 50% Part A 

and 10% Part A. These curves are derived by finding the difference in length of the actuator’s 

curves in the force-displacement space between the OFF and ON voltage curves. Therefore, there 

is a stroke for each ON and OFF voltage curve, but, by definition, the OFF voltage stroke will be 

zero. The actuator’s stroke for both Part A concentrations increases as a function of voltage. For 

Figure 39. Custom Film Force-Stroke Comparison. 

Pullout force stroke graph for 50% Part A and 10% Part A at 600 
V, 1000 V, and 1400 V. 
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a given force level and voltage level, the stroke is greater for the softer elastomer. For the range 

of performance, a peak stroke is identifiable for the 10% Part A actuator and the 50% Part A 

actuator. The peak stroke for the 10% Part A is 0.5 mm, while the peak stroke for the 50% Part A 

is 0.4 mm. The 10% Part A elastomer has a 0.1 mm or 25% greater stroke than the stiffer 

material. The trade-off for the larger stroke is that the peak stroke for the 10% Part A occurs at a 

force level of 30 gf compared to 40 gf for the 50% Part A. Depending on the stroke and force 

requirements, it is possible to tailor elastomer properties to match the desired actuator 

performance. 

3.5.2.3. Viscoelastic Properties Sensitivity to Elastomer Cross-Link Density and Voltage 

The viscoelastic properties of an elastomer can substantially affect the performance of tape 

actuators because they change the force-displacement profile while also affecting the speed of 

actuation and the creep of the actuator when holding position. Silpuran, in the formulation with 

50 percent Part A, has low viscoelastic properties, making it useful for dielectric elastomer tape 

actuators. Decreasing the cross-link density has the positive actuation effect of lowering the 

stiffness. However, the effects on viscoelasticity are unknown. This study will experimentally 

characterize the force-displacement profile of a 10% Part A elastomer at different displacement 

rates. The results will be compared to the 50% Part A data, and the viscoelastic properties will be 

compared. The results of these experiments will allow the selection of the material properties as 

a function of cross-link density. See Table 4 for actuator fabrication parameters. 

The experimental displacement rate study involves cycling the test sample at three rates with 

no voltage applied using the test setup described in Section 3.2.1. The test sample is placed into 

the DMA machine and shaken down by cycling the sample two times from 2mm to 7mm. The 

sample is then cycled from 2 mm to 7 mm at three rates, 1.0 mm/s, 0.1 mm/s, and 0.01 mm/s, 

with no voltage applied to the actuator. The results are plotted in Figure 40.  
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The results of the pullout tests at the three rates of 1.0 mm/s (purple curve), 0.1 mm/s (green 

curve), and 0.01 mm/s (blue curve) for a Silpuran film with 10% Part A and 90% Part B are 

plotted in Figure 40. Each curve has the same basic shape. All the curves have an initial stiff 

region at the beginning of the pullout, and then they stress-soften and reach a second stiffness 

level that is less than the original stiff region. There is a 100-fold difference in the rates from 

0.01 mm/s to 1.00 mm/s, and the difference in the force response at 7 mm is approximately 5 gf, 

which, at a force level of 35.4 gf, equates to an increase of 14.2%of force caused by the 

increased strain rate. The 0.10 mm/s and the 0.01 mm/s rates for the Silpuran films with 10% 

Part A have a very similar performance with a difference of under 5%, with the increase over the 

35.4 gf being 1.6 gf. Both have an identical initial stiffness and stiffen in the second region after 

the stress-softening. 

 

 

 

Figure 40. Film Characterization at Multiple Displacement 

Rates. 

Pullout force displacement at rates 1mm/s, 0.1mm/s, and 
0.01mm/s. 

Figure 41. Force-Displacement Profiles (a) and Local Damping Coefficients (b). 

A comparison of the force displacement profiles and local damping of custom silicone films 
characterized at displacement rates of 0.1 mm/s and 0.01 mm/s. The term “Gap” is an alternate 
name for displacement.  

A) B) 
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The Silpuran films made with 10% Part A have a difference in the viscoelastic effects, but 

they are very similar to the impact of the 50% Part A from the results shown in Figure 41. The 

two different stiffness regions introduce the possibility of using the elastomer in the various 

strain ranges to give different damping effects. It is possible to tailor the rigidity of the whole 

structure by controlling the pre-stretch applied to the actuator. The local damping coefficient 

properties can be determined for each cross-link density for the 0.1mm/s pull rate, shown in 

Figure 41. The rates are virtually identical except at the maximum displacement. Varying the 

cross-link density from 50 percent Part A to 10% Part A does not detrimentally change the 

viscoelastic effects of the material. The elastomer’s stiffness can be changed by varying the 

cross-link density without causing detrimental effects. 

3.5.2.4. Dielectric Permittivity Sensitivity to Elastomer Cross-Link Density 

The stiffness and the dielectric permittivity mainly control the transient creep-terminated 

actuation stroke performance of a dielectric elastomer actuator. The elastomer stiffness has 

already been determined to decrease with lower cross-link density. The dielectric permittivity or 

dielectric constant is critical because it determines the Maxwell pressure from the applied 

voltage. In the previous section, the total actuator displacement increased with a decreased cross-

link density; however, separating the effects of change in stiffness and dielectric permittivity is 

challenging. Therefore, it is desirable to determine the impact of cross-link density on the 

dielectric permittivity. Although dielectric permittivity is often considered a constant, it has been 

shown to change with stretch, although the change is not typically large. The high pre-stretch of 

a dielectric elastomer tape actuator and using an electric field to stretch the elastomer further 

require a custom process to determine the dielectric permittivity while under a high pre-stretch 

and an applied electric field. This study will evaluate the dielectric permittivity sensitivity to 

cross-link density by measuring the force change in a DE tape actuator when a voltage is applied 

during a blocking force test. See Table 4 for actuator fabrication parameters. One advantage of 

testing the dielectric permittivity in the actuator configuration is that all components will be the 

same as when the actuator is in use. 

The function of the test setup is to enforce displacement and measure the force as a voltage 

is applied to the actuator. This test uses the same DMA setup detailed in Section 3.2.1; however, 

the experimental procedure differs. The test procedure for the blocking force consists of cycling 
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the actuator from 2 mm to 15 mm two times and then moving the actuator to 15 mm in length. 

The actuator then relaxes for 10 minutes before initiating the blocking force test. The test 

consists of cycling the voltage ON and OFF at 1/20 Hz, with a duty cycle of 50%. At each cycle, 

the voltage is increased by 100 V until failure is reached. For all portions of the cycle where the 

voltage is OFF, the voltage level is set to 0 V. The typical test results for the blocking test are 

shown in Figure 42. 

 

 

 

Each ON voltage step shows the force decreasing in a quadratic shape, which is expected 

because of the increasing electric field because the force is proportional to the voltage squared. 

During the blocking force test, the elastomer’s geometric dimensions are fixed, which means the 

change in the electric field is directly coupled to the change in force. Each ON voltage of the 

actuation experiences a small amount of creep. For each test, the data are summarized by taking 

the force at the end of the cycle. The dielectric permittivity is the constant that can be derived for 

each ON and OFF voltage step. The summary of the dielectric permittivity as a function of 

voltage and cross-link density is plotted below in Figure 43.  

Figure 42. Active Blocking Force Characterization. 

Active cyclical blocking force characterization: the applied 
voltage is cycled at a frequency of 1/20 Hz, with a duty cycle of 
50%. At each cycle, the voltage is increased by 100 V until failure.  
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The plot shows the dielectric permittivity as a function of the applied voltage for three cross-

linking densities: 50% Part A in grey triangles, 30% Part A in blue diamonds, and 10% Part A in 

orange squares. There is a trend of the dielectric constant decreasing as the voltage level is 

increased.  

The dielectric permittivity for the 10% Part A does appear to be less than for the 50 % Part 

A. The 30% Part A has a dielectric constant between the 10% and 50% Part A. If the values are 

averaged over the whole data set, then the dielectric permittivity for 10% Part A is 9.0% less than 

50% Part A, and 30% Part A is 3.8%less than 50% Part A. One source of error in the 

measurements is the small change in force at small voltage differences. As the voltage increases, 

a larger force differential lowers the error in the dielectric permittivity measurement. Although 

there is a small loss in the dielectric permittivity, it is not large enough to offset the advantages of 

decreasing the material’s stiffness. The actuation of a dielectric elastomer is a trade-off between 

the dielectric permittivity and the material’s stiffness. In the case of Silpuran, the decrease in 

stiffness is more important and advantageous to offset the small reduction in the dielectric 

permittivity. 

3.5.2.5. Performance Sensitivity to Elastomer Film Curing Temperature 

This study examines the effect of changing the curing temperature on the material properties 

of a Silpuran 6000/10 film. The Silpuran 600/10 manufacturer, Wacker Chemicals, recommends 

 

 

 

Figure 43. Custom Silicone Relative Dielectric Permittivity 

Constant Plotted. 

Results of deriving the elastomer relative dielectric permittivity 
constant from blocking force experiments at three densities of 
elastomer cross-links. 
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curing at a range of temperatures from 165°C to 200°C and from 5 minutes to 6 hours for both 

curing and post-curing. The curing temperature is the temperature at which the cross-links are 

formed, and the elastomer transforms from a polymer gel into an elastomer. The temperature and 

the time for curing can affect the material properties of the film because they affect the number 

of cross-links made and how they are made. Therefore, the curing temperature and time are 

important variables in fabricating a high-quality film for dielectric elastomers. Twenty-five films 

were fabricated at five different temperatures, 100°C, 140°C, 160°C, 170°C, 200°C, and 215°C, 

for the film curing temperature study. See Table 5 for the actuator fabrication parameters. 

While the fabrication processes can be reliable, there was a yield issue when manufacturing 

actuators. Although many actuators were manufactured at varying temperatures, there were 

issues with films cured at the lower and higher end of the temperature range. The 100°C films 

were extremely soft and tore during manufacturing, so none could be tested. The 140°C cured 

films also seemed to have a low tear resistance, and the yield from 12 films was a single actuator. 

The fabrication yield increased above 160°C and was good until 200°C. At 200°C and 215°C, 

the films started to adhere to the glass substrate and posed great difficulty in removing them and 

fabricating actuators. 

Determining the sensitivity of temperature on actuator performance required the 

characterization of the effect of curing temperature on the electrical and mechanical 

performance, which is a three-step process: The first step in testing is to shake down the actuator 

to remove one-time viscoelastic effects, followed by strain relaxation for the actuator to come to 

an equilibrium, followed by the active blocking force test to characterize the actuator’s 

performance. 

 

Table 5. Film Fabrication Parameters for Film Curing Temperature Study. 

The same fabrication parameters were used to create all the samples for the study except for 
changing the curing temperature. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 4 2 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT & Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

Variable 2 100 200 4.0 0.4 
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The initial step to shaking down the actuator is to make sure that the one-time viscoelastic 

effects have been eliminated. Actuator shakedown is done by cycling the actuator to a length 

greater than what will be tested for five cycles. The actuator is mounted into the force-

displacement testing rig and then stretched by 10 mm at 1 mm/s using the computer-controlled 

interface. The testing is manually directed to move the actuator apart. Then, the actuator is 

manually directed to relax the actuator by bringing the chuck back together 10 mm at 1 mm/s. 

Typical results can be seen in Figure 44.  

 

 

 

The next step is to perform the active blocking force test. The blocking force consists of 

holding the actuator at a fixed displacement and measuring the force as the actuator is activated. 

The actuator has already achieved an equilibrium through the previous relaxation test. The active 

portion of the blocking force consists of applying a voltage differential to the actuator. The 

voltage is cycled ON and OFF for 10 s, and after each cycle, the ON voltage is increased by 50 

V. The voltage rises from 0 V to 3000 V in increments of 50 V, with each cycle controlled by a 

1/20 Hz square wave at 50% duty cycle. The force is then measured as the voltage increases, and 

the test is stopped when the actuator experiences an electrical or mechanical failure, which can 

be either a dielectric breakdown or a tearing of the actuator. The typical results for these tests can 

be seen in Figure 45. 

Figure 44. Shakedown Cycling Before Experimental Characterization. 

Using automated testing setup. 
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The plot of the initial shakedown cycling of the actuator shows the force as a function of the 

time. Although the space is in the force-time space, the curves have the typical hyperplastic 

shape. Since the actuators are stretched at a constant rate, the curves, while under transition, are a 

scaled version of the force-displacement performance curves. The tension curves show an initial 

stiff region, a more softened stiffness, and increased stiffness as the actuator further lengthens. At 

each peak, before the actuator is cycled back, one can see the relaxation of the elastomer as some 

of the quick viscoelastic effects relax. The first cycle has a higher peak force than all subsequent 

cycles. The last two cycles have equivalent force levels. Since the cycles are all being directed 

manually, the time for relaxation at the stretched and unstretched configurations is not 

completely uniform. However, because the one-time viscoelastic effect is a function of the 

maximum stretch that the elastomer has experienced, the small inconsistencies in time do not 

impact the shakedown of the elastomer.  

The typical strain relaxation results are shown in Figure 25. The test starts with the force at 0 

and the actuator completely relaxed. Then, at a rate of 10 mm/s, the actuator is stretched to 12 

mm, which appears as a vertical line, representing the stretching of the actuator to the blocking 

force length of 12 mm. The force is substantially changed as the actuator is initially held at 12 

mm or lambda equals 3. Most of the strain relaxation occurs in the first 10 seconds. At the start, 

all the fast viscoelastic effects are relaxing. At longer time frames, the viscoelastic effects have 

longer time constants that are still active. Although the actuator will continue to relax as it is 

 

 

 

Figure 45. Active Blocking Force Experimental Characterization. 

Using custom film characterization setup to derive material 
electronal properties experimentally. 
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held, the percentage change in the force decreases substantially the longer the actuator is held, 

and eventually, it can be thought of as having reached a transient creep -terminated equilibrium 

position.  

The typical results for the blocking force experiment are shown in Figure 45. The typical 

result looks like a square wave, with each subsequent step having a lower force than the 

previous. The change in force is a quadratic function of the applied voltage. At all the OFF 

voltages, the force level returns to the relaxed force level where the voltage is OFF. If you zoom 

in on a single cycle, you can see some viscoelastic force drift on both the ON and the OFF sides. 

The change of force in the elastomer is a function of the applied voltage, as shown in Figure 45.  

The constant parameter that relates to that change is the dielectric permittivity. The dielectric 

permittivity can be derived from Figure 46. The maximum sustained electric field at failure can 

also be evaluated because the voltage is stepped up until a maximum mechanical or electrical 

strength is reached. However, because the maximum electric field strength relies on a statistical 

process, this single data point can give only a rough estimation of the failure and only at the 

given strain field. 

 

 

 

The dielectric permittivity can be plotted as a function of cure temperature. From the four 

samples at 170°C, there is a spread of over 25%in the calculated dielectric permittivity from the 

experimental results. The dielectric permittivity for the 140°C and the 160°C appears to be 

higher than the dielectric permittivity for the 200°C and the 220°C films. The four actuators at 

170°C have a dielectric permittivity spread larger than the spread between the lower and higher 

Figure 46. Relative Dielectric Permittivity Versus Curing Temperature Plot. 

Relative dielectric permittivity derived from blocking force actuator 
characterization. 

Temperature (C) 
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temperature data points. Therefore, the dielectric permittivity as a function of temperature 

remains relatively constant, while there is a spread due to the noise in the data. The dielectric 

permittivity is relevant for the actuator strain field tested.  

Another way to evaluate the performance is to check the maximum electric field before 

failure occurs. The failure field can be derived by determining the maximum voltage the actuator 

sustained before a failure occurs, as shown in Figure 47. The lateral and axial stretch ratios are 

known along with the initial thickness; therefore, it is possible to derive the failure field from the 

voltage over the current thickness.  

 

 

 

Another way to analyze the impact on the performance is to plot the stress in the elastomer 

right before failure. In Figure 48, the film stress during the OFF voltage is plotted as orange 

squares, and the ON voltage stress in the film is plotted as blue diamonds. The film cured at 

170°C shows a wide spread in the data. For the OFF voltage data in orange, there appears to be a 

trend where the elastomer cured at higher temperatures has a softer stiffness. Evaluating the ON 

stress level is challenging because the important aspect is the change in stress, not the absolute 

value. The change in stress under the maximum electric field is plotted in Figure 48.  

Figure 47. Maximum Electric Field Versus Film Curing 

Temperature. 

Derived from custom film characterization setup. 
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The induced actuation stress is important because it impacts the elastomer’s dielectric 

permittivity and stiffness. Including the induced actuation stress gives maximum stress achieved 

before failure, indicating the maximum achievable force levels. The maximum actuation stress as 

a function of the curing temperature is plotted in Figure 49. For the 175°C temperature data, 

there once again appears to be a sizable stress range induced at the maximum level. There seems 

to be a trend with a higher actuation strain at a lower curing temperature, but the noise in the data 

makes it difficult to confirm. 

This study aims to evaluate the effects of curing temperature on the performance of Silpuran 

films for use in dielectric elastomers. The dielectric permittivity for all the curing temperatures 

came about at similar levels. The stress level appears slightly higher for lower-temperature films, 

meaning the lower-temperature films are stiffer than higher-temperature films. However, the 

 

 

 

 

 

 

Figure 48. Stress at Maximum Electric Field. 

Derived from custom film characterization setup. 

Figure 49. Actuation Stress at Maximum Electric Field. 

Derived from custom film characterization setup. 
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actuation-induced stress in the elastomers is also higher at lower temperatures. Because of the 

noise in the manufacturing process, there is no curing temperature with optimal performance. 

On the other hand, there is an optimal range under which the curing process produces films 

that can be made into actuators. At low temperatures, the elastomer tends to lose some of its 

toughness, resulting in many torn actuators during the fabrication process, which means the total 

fabrication of the actuator from film cured below 170°C has toughness issues. Consistent 

actuator fabrication below 170°C was unsuccessful. The probable cause of failure was 

insufficient energy to fully cure (cross-link) the elastomer, which is supported by the easy tearing 

of these elastomers. Conversely, curing temperatures above 180°C also appear to have yield 

problems during manufacturing. These films start to adhere to the glass substrate under which the 

films are drop-cast. This film adherence results in a low yield of film for fabricating actuators. 

There is no strong performance drop due to the curing temperature, but there is a yield drop 

when the actuators are cured outside a specific temperature range. Therefore, a temperature of 

175°C was chosen to maximize the yield for the fabrication of dielectric elastomer actuators. 

3.5.2.6. Performance Sensitivity to Electrode Density 

Dielectric elastomer actuators must have compliant electrodes capable of maintaining 

conductivity over large strains. The SWNT electrodes enable large strain by allowing movement 

and flexing between carbon nanotubes that form a conductive mat. The electrode conductivity 

properties are proportional to the density of the SWNT electrodes, while the stiffness of the 

electrodes is inversely proportional to the density of the electrodes. Therefore, a trade-off exists 

for actuation strain between the larger density of SWNT electrodes for better conductivity and 

lower density electrodes for better flexibility and lower stiffness. The electrode density is 

determined by the fabrication parameters of the density of the solution of SWNT in isopropanol 

and the volume of the solution sprayed onto the actuator. A sensitivity study measures the 

actuation strain of a simple spot actuator with varying density electrodes to isolate the SWNT 

electrode density performance effect. A spot actuator is an elastomer stretched equally biaxially 

onto a fixed frame with a conductive circle in the middle that expands when a voltage is applied. 

These actuators are simple to fabricate, making them useful for exploring various parameters to 

determine general trends. 
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The spot-testing samples are made using the general fabrication process detailed in Section 

2.3 but with a few modifications. The film is pre-stretched equally biaxially, a circular electrode 

spraying mask is used, and the test samples do not use the MTCs because they are not released 

from the fabrication frame. The actuator fabrication parameters are shown in Table 6. The mask 

has a diameter of 12.7 mm. The volume of the solution sprayed was chosen such that the surface 

density of the electrodes would match the surface density used for the tape actuators. The final 

step is to apply the reusable external electrical connections. This is done using a soft silicone 

adhesive conductive tape, 3M™ XYZ Axis Tape 9719, that connects to a conductive fabric tape, 

3M™ Fabric Tape CN-4490, used for the external reusable electrical connection. 

 

Table 6. Actuator Fabrication Parameters Electrode Density Study. 

The same fabrication parameters were used to create all the samples for the study except for 
changing the density of the SWNT in isopropanol. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 04.0 2.5 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

175 2 125 125 4.0 0.03, 0.05, 0.1, 0.2, to 0.4 
 

 

The purpose of the experimental setup is to measure the displacement of the spot actuator as 

a function of voltage. The setup consists of mounting a camera, a Canon S90, above a spot 

actuator directly down for optical measurements and using a custom-made LabView computer 

program to control and measure the applied voltage to the actuator. The computer generates a 0-5 

volt signal amplified by a Trek 10/10B-HSA power amplifier to actuate the test sample. The 

amplifier also outputs the applied voltage and current through an output signal recorded by the 

same custom LabVIEW program that generates the output voltage signal. The spot actuators are 

tested by cycling the voltage level ON and OFF for five cycles, starting at a fixed voltage level, 

500 V, and increasing the voltage level by 100 V until failure is reached. The voltage is cycled 

using a square wave at a frequency of 1/40 Hz with a duty cycle of 50%. At the end of each 

cycle, when the voltage is ON, the actuation strain is measured optically. The results of the study 

are shown in Figure 50. 
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The experiment aims to identify trends in the actuation performance relative to the electrode 

density. In Figure 50, the thick electrode densities, 0.2 and 0.4 mg/mL, increase the actuator’s 

stiffness and substantially limit the actuation strain. With the thinner SWNT electrode densities, 

the actuator performs well initially but eventually reaches a point where it can no longer increase 

its strain. The performance limit is most likely caused by the electrodes reaching their 

percolation limit, meaning further stretching causes them to lose conductivity. Even though the 

actuator can support higher electric fields, it can no longer expand. The middle densities of 

electrodes are a good compromise between conductivity and stiffness, where they can achieve 

large actuation strain.  

This experiment provides good guidance on the possible thickness of electrodes that will 

function for tape actuators. There is no need to explore the thick electrodes further because they 

significantly impact the performance, limit the actuator stroke, and cause early failure. The 

interesting densities to explore are those of the medium to thin electrodes. The thin electrodes 

could maintain conductivity only through a certain range of stretch before losing conductivity. In 

the fabrication of the DE tape actuators, pre-extended electrodes are used, which means that the 

electrodes might maintain conductivity through the full possible actuation range. The very thin 

electrodes in the extended configuration may not be extended farther than their percolation limit. 

Figure 50. Spot Actuator Characterization with Variable SWNT Electrode 

Density. 

The plot shows a study of the effects of SWNT electrode density on 
actuation strain when the applied voltage is increased in 100 V increments until 
failure. 
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Thinner electrodes potentially save material cost and time because they use less material and are 

easier and faster to create. However, the medium electrodes also enable large performance. 

Therefore, a possible range of electrode densities provides reliable large-performance actuation. 

This range of electrode densities can be explored using the tape actuator architecture to see the 

impact of different electrode densities on a more complex actuation state. 

3.5.2.7. Performance Sensitivity to Pre-Extended Electrodes 

The compliant electrode for a dielectric elastomer actuator is a key component that can 

substantially impact the actuation performance. The challenge for the compliant electrode is that 

it must maintain conductivity through a larger stretch range without significantly increasing the 

stiffness. Using the minimum amount of material needed to maintain conductivity is one way to 

limit the stiffness. The percolation limit, the electrode density at which conductivity is lost, 

becomes a critical factor for low-density electrodes. The electrode density is a function of the 

initial electrode density and the amount the electrode is stretched. The electrode material 

distribution can significantly affect the percolation limit. Two electrodes with an equivalent mass 

of conductive material can reach their percolation limits at substantially different stretches 

depending on the material distribution. Dielectric elastomer tape actuators allow for the 

fabrication of pre-extended electrodes, which enables the formation of a compliant electrode 

with a new distribution of electrode material. Although there has been research on SWNTs for 

compliant electrodes for dielectric elastomers, pre-extended SWNT electrodes need to be 

explored for their ability to enhance actuation performance. Pre-extended electrodes are formed 

by creating the SWNT electrode mat in a stretched configuration. The electrode formation at a 

high axial strain state ensures that the electrodes are conductive in the extended state. 

The electrodes will return to the fabrication state when actuated rather than stretched beyond 

their fabrication state. The pre-extended electrodes may provide better distribution of material 

and enable conductivity at lower electrode densities. The pre-extended electrodes have the 

potential to shift the trade-off between conductivity and stiffness, allowing larger strain ranges 

with lower-stiffness electrodes. This study explores actuation performance impacts on a tape 

actuator fabricated with pre-extended electrodes at two different strains when the electrode 

density changes. The study uses a steady-state cyclical actuation characterization technique to 

evaluate the actuation performance across various external forces. The tape actuator performance 
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is modeled using a Gent strain energy model to derive material parameters. Gent model 

parameters are used to determine the sensitivity of electrode density on actuation performance. 

The normalized performance is also evaluated for the different electrode densities. 

The fabrication parameters of the DE actuators are shown in Table 7 and follow the steps 

detailed in Section 2.3, except for a variety of electrode density solutions. The 0.4 mg/mL 

solution has been discarded after the previous analysis with the spot actuators because of the 

poor performance. The experiment uses the custom-built force-displacement test setup that 

applies a constant force and measures the displacement as a voltage differential is applied to the 

actuator. The experimental setup is described in full detail in Section 3.2.3. 

The experiment uses the characterization methodology described in Section 3.4. The testing 

parameters are a 2300 V applied voltage at 1/40 Hz frequency and a 50% duty cycle square 

wave. The actuator is tested from 15 gf to 80 gf in 5 gf increments. The actuator is mounted and 

then shaken down with two cyclical tests to validate the actuator’s general performance before 

the experiment’s full characterization is performed. The actuator is cycled at 15 gf and then at 65 

gf using an applied voltage of 2300 V. After the shakedown process; the actuator is characterized 

across its whole load range starting with 15 gf and increasing by 5 gf until the characterization is 

finished at 80 gf. 

The characterization test data are in the form of displacement as a function of time. Typical 

results are shown below in Figure 51. The peaks in the data represent the times when the voltage 

is ON, and the valleys represent the data when the voltage is OFF.  

 

Table 7. Actuator Fabrication Parameters for the Pre-Extended Electrode Study. 

The same fabrication parameters were used to create all the samples in the pre-extended 
electrode characterization study. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 4 2.5 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

175 2 110, 150 150 1.0 0.03, 0.05, 0.105, 0.2 
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The data represent the five cycles of switching the voltage ON and OFF. The initial length is 

the shortest; after initiating voltage cycling, it never reaches that compressed length again. By the 

last cycle, the performance has reached steady-state cyclical performance, where the viscoelastic 

effects will be the same every cycle. After 20 seconds, the actuation has achieved most of the 

motion it will achieve, and it has reached a steady-state cyclical actuation. The cyclical 

experimental data are summarized as quasi-static performance in the force-displacement space 

by taking the maximum and minimum displacement during the last cycle to represent the cyclical 

data. The two data points become the length of the actuator at a constant force. All the cyclical 

experimental characterization data are shown in the force-displacement space in Figure 52. 

Figure 51. Typical Results from Cyclical Actuator 

Characterization. 

Typical displacement over time from cyclical 
characterization at multiple voltage levels. 
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The data points in Figure 52 represent the experimental data, and the lines represent the data 

fitted to a Gent strain energy equation-based model of the actuator. The circles are the OFF 

voltage lengths of the actuator, and the diamonds are the ON voltage lengths of the actuator with 

an applied voltage of 2300 V. Both curves have the typical hyperelastic behavior, where they are 

initially stiff and then the stiffness decreases, or stress-softens, and finally the stiffness again 

increases as the actuator is stretched out toward its hyperelastic limit. The stiffening is much less 

apparent in the OFF voltage curve than in the ON voltage curve, which increases more rapidly at 

the higher force levels than the OFF voltage curve. The Gent strain energy equation is used to 

model the force-displacement profile of the OFF voltage curve. The Gent strain energy equation 

uses two parameters: Mu, the small shear strain modules, and 𝐽𝑚, the maximum stretch limit of 

the elastomer, to define the hyperelastic force-displacement curve. The material parameters for 

the OFF voltage experimental data are determined using a least-squares error fit. The derived 

material parameters are plotted in Figure 53. 

Figure 52. Cyclical Characterization Summarized in a Force-

Displacement Plot.  

The summarized data form the shape of a typical hyperelastic curve.  
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The derived shear constant as a function of the density of the electrodes is plotted in Figure 

53. The blue circles represent the data from the actuators formed with a 100% axial pre-stretch, 

and the orange squares represent the actuators formed with a 150% axial stretch. Both data sets 

show a wide spread in the parameters, which makes drawing reliable conclusions challenging. 

For the actuators prepared with 150% axial pre-stretch, orange squares, the shear parameter is 

approximately 80 kPa, except for one actuator with a smaller shear modulus. The shear modulus 

for the actuators with 100% axial pre-stretch, blue circles, has a wide range, approximately 15 

kPa, of performance. There is a slight trend toward a softer shear modulus at lower densities; 

however, this may be an artifact of the variability of the data and may not be significant.  

The data in Figure 54 show the stretch limit property, 𝐽𝑚, as a function of electrode density. 

The blue circles represent the actuators fabricated with 100% axial strain, and the orange squares 

represent the actuators made with an axial pre-stretch of 150%. The Jm value varies between 30 

and 50. Jm is a challenging parameter to derive because the actuators are not taken to their 

hyperelastic limit, so the model is predicting beyond the experimental data what the best possible 

Jm parameter would be for the data. The electrodes with the highest density have a very clustered 

maximum stretch limit, even including the outlier in the shear modulus. The electrodes with an 

SWNT solution density of 4 mg/mL have a lower 𝐽𝑚 of around 30, which indicates that the 

increased electrode stiffness has the impact of decreasing the stretch range of the actuator. 

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

0 1 2 3 4 5

M
u

 (
P

a)

Electrode Density (SWNT mg/mL)

Figure 53. Derived Shear Modulus from Cyclic 

Characterization. 

Actuators with electrodes fabricated with 100% and 
150% pre-stretch and a range of electrode spray solutions 
from 0.5 to 4 mg/ml.  
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Ultimately, the difference does not have a very large effect on the performance because the 

actuators are not used near their stretch limits, which decreases the impact of this parameter on 

the overall performance of a dielectric elastomer tape actuator. 

 

 

 

Having determined that there is not insignificant variability in the material model parameters 

from the density of the electrodes, the next step is to investigate whether there is a significant 

impact on the actuation performance as a function of the density of the electrodes. The most 

relevant metrics for the performance of a DE tape actuator are the stroke, shown in Figure 55, of 

the actuator and the work, shown in Figure 56, that the actuator produces. 
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Figure 54. Stretch Limit as a Function of Electrode 

Density. 

Actuators with electrodes fabricated with 100% and 
150% pre-stretch and a range of electrode spray solutions from 
0.5 to 4 mg/ml.  
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Figure 55. Stroke Normalized as a Function of Electrode Density. 

Actuators with electrodes fabricated with 100% and 150% pre-stretch and a range of 
electrode spray solutions from 0.5 to 4 mg/ml.  
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An easy way to summarize the experimental data is to analyze the peak stroke location for 

each actuator and compare the performance as a function of the electrode density. The stroke of 

the actuator is normalized to the individual thicknesses. Because each actuation is evaluated at a 

fixed reference voltage, the different initial thicknesses of the films will cause them to have 

different electric fields. Therefore, the maximum stroke induced by the electric field caused by 

the applied 2300 V is normalized for each actuator to a reference geometry with a thickness of 

134 um. The spread of the stroke data at a specific density shows substantial variability. 

However, the 4 mg/mL density of electrodes has a shorter stroke than the thinner densities. The 

normalized stroke performance of the actuator with a density between 0.6 mg/mL and 2 mg/mL 

is good and produces large strokes.  

 

 

 

The impact of the electrode density on actuation work is another useful metric. The work is 

normalized, using the same normalization as the actuation stroke, to ensure that the comparison 

provides relevant data, as shown in Figure 56. The peak work is plotted as a function of electrode 

density, with the blue dots representing electrodes fabricated at 150% pre-strain and orange 

squares at 100% pre-strain. The impact of electrode density is inconclusive because there is a 

wide range of performance at individual density levels that is similar in size compared to 

different electrode densities. The impact of the pre-extended fabrication strain length has a 

stronger trend regarding the effect on work. Actuators with the highest density electrodes 

produce less work than thinner density electrodes, which appear to create more work.  
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Figure 56. Work Normalized as a Function of Electrode Density. 

Actuators with electrodes fabricated with 100% and 150% pre-stretch and a range of 
electrode spray solutions from 0.5 to 4 mg/ml.  



133 

This study aims to determine the impact of pre-extended electrodes and SWNT electrode 

density on tape actuator performance. One problem with dielectric elastomers is the complexity 

of the behavior and the fact that the performance is a statistical result of the interaction of the 

individual polymers forming the elastomer. A large variation in performance can only be truly 

understood with a large statistically significant sample size. This study determined experimental 

techniques for measuring the impact of electrode density and the fabrication pre-extended strain 

length on performance. There are a few general conclusions that can be drawn from the data. For 

the spot actuators, light electrode densities could not match the strain performance of higher-

density electrodes. However, with pre-extended electrodes, the performance of the lighter 

electrode is comparable to heavier electrodes. Therefore, the pre-extended electrodes change the 

inherent trade-off between thicker electrodes with better conductivity and thinner electrodes with 

less stiffness. Pre-extended electrodes enable lighter electrodes to match the actuation 

performance of thicker electrodes.  

The comparison of actuation performance with different pre-strains, 100%, and 150%, 

provide inconclusive results due to the range of the results. The pre-extended electrode with 

150% axial strain did not perform better than actuators with 100% axial pre-stretch during 

fabrication. The performance difference may be because of a difference in the mechanical 

properties of the elastomers themselves, or it could be how the electrodes are attached to the 

highly stretched elastomer, increasing the total stiffness of the elastomer, which negatively 

affects both the stroke and the work of the actuator. For the actuators fabricated with 100% axial 

prestretch, the stroke and work performance do not show a significant difference between the 0.6 

mg and the 2 mg density of electrodes. The study concludes that 100% axial pre-stretch gives 

good actuation performance, while any lighter-density electrodes with 100% axial pre-stretch 

may have good DE actuators. 

3.5.3. Performance Limits and Losses During Steady-State Cycling Actuation 

Characterizing the limits and losses of DE tape actuator properties for the specific 

application context of steady-state cycling actuation is important for achieving robust and 

repeatable performance. The effectiveness of the self-healing electrodes is characterized to 

ensure that operation near dielectric breakdown will be unaffected by small fabrication errors. 

Establishing a safe voltage operating range for a DE tape actuator during steady-state cyclical 
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operation requires that the dielectric field breakdown strength be characterized during steady-

state cyclical operation. Finally, the leakage current is measured to validate that a DE tape 

actuator requires low power to hold in the ON voltage state.  

3.5.3.1. Dielectric Breakdown Strength Characterization 

One of the main advantages of a dielectric elastomer tape actuator is that it is a large-strain 

actuator enabled by a large electric field. The magnitude of the electric field that the actuator 

supports controls the maximum actuation performance, given that no other limitations are 

reached. The maximum electric field is the elastomer’s dielectric breakdown strength. Although 

there are standard ASTM tests, for example, ASTM D3755-14, to determine an elastomer’s 

maximum electric field, they do not account for the complexities of a dielectric elastomer 

actuator, including the large stretch, stretching under an active electric field, and the interaction 

of the compliant electrode and elastomer, which have all been shown to affect breakdown 

strength. On top of the inherent complexities of DE actuators, a tape actuator uses SWNT 

electrodes capable of self-healing. This self-healing issue makes identifying the true electric field 

breakdown strength more complex.  

A custom testing procedure was created to experimentally determine the maximum electric 

field supported by a cyclical actuating dielectric elastomer tape actuator working against a 

constant force. To account for the large pre-strain, the actuation under voltage, and the 

interaction of the compliant electrode and the silicon film, a dielectric elastomer actuator is used 

to determine the electric field breakdown limit. See Table 8 for the actuator fabrication 

parameters. With self-healing electrodes, the dielectric field breakdown strength test for a given 

voltage is repeated until no failures occur or until the actuator fails.  

It can be challenging to distinguish temporary failure from total failure for a dielectric 

elastomer that self-heals. A temporary failure for a self-healing electrode occurs when the event 

eliminates the electrode material in the region of the fault, and the actuator proceeds to sustain a 

stronger electric field. An unsteady current draw typically identifies temporary failure events. 

The unsteady current is caused by an electrical short, conducting current through the film—the 

flowing current causes the local electrode material to self-heal self-healing. The electrode region 

around the short loses conductivity, eliminating the electrical short since there is no conductive 

path around the initial short in the film. This process may repeat rapidly for a single failure, 
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which causes an unsteady current draw. Total failure occurs when a tape actuator can no longer 

move. The easiest total failure to identify is a catastrophic failure, where the external load has 

torn the elastomer in two. Another type of total failure occurs when a steady current, 

significantly larger than the typical leakage current, is needed to maintain actuation. For this type 

of failure, an electrically conductive path has formed through the actuator, which can sustain the 

full current. Visually, this type of failure typically has minimal actuation, and there is either no 

visual evidence of self-healing or a strong spark at a fixed location. Total failure can also be 

identified when many self-healing events occur sequentially across the entire surface. In this 

case, the maximum electric field breakdown strength of the whole film has been reached, and as 

soon as one location self-heals, another location breaks down. 

The test setup uses a custom-built force-displacement setup that applies a constant force 

while measuring the displacement and can provide an applied voltage to the actuator. The test 

setup is detailed in Section 3.2.2. The test procedure consists of two initial shakedown tests and 

testing the actuator at increasing voltages until failure. The initial cycles are used to eliminate 

Mullins effects and are done at 15 gf and 65 gf at 2300 V. Each test consists of cycling the 

voltage applied to the actuator while loaded with a constant load. The voltage is cycled in a 

square wave pattern at a frequency of 1/40 Hz with a duty cycle of 50% for five cycles starting 

with the voltage off. A square wave is chosen for the test because it results in the fastest 

actuation, which is one of the advantages of dielectric elastomers—a square voltage input wave 

results in lower breakdown voltages than ramped voltages in literature. The testing frequency 

was chosen because the ASTM D3755-14 standard uses 20-second tests to validate that an 

elastomer can support a given electric field. The 20-second test also results in transient creep-

 

Table 8. Actuator Fabrication Parameters for Electric Field Breakdown Study. 

The same fabrication parameters were used to create all the samples for the electric field 
breakdown study. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 4 2.5 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

175 2 150 100 1.0 0.05 
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terminated actuation, where the viscoelastic effects have settled. The five cycles enable the 

actuator to achieve a steady-state cyclical actuation, repeatedly alternating between two states. 

The voltage steps for the breakdown strength tests start at 1500 V and proceed to 2000 V, 

followed by increases of 100 V until failure is reached anytime during the five actuation cycles. 

If the actuator self-heals, the test is repeated at the failure voltage until the test is completed 

without any electric field breakdowns or total failure. The last voltage fully supported for a full 

test is then determined to be the maximum electric field the actuator can support. 

DE tape actuator samples at constant force levels of 30, 40, 45, 50, 60, and 65 gf were 

successfully tested for dielectric breakdown strength. The measured outcome of each test is the 

maximum voltage level for a given force level and actuator displacement. Using the initial length 

and thickness, it is then possible to calculate the electric field from the displacement and the 

applied voltage level. Determining the elastomer’s stress and total material strain is also possible. 

The results of the test are plotted in Figure 57. 

 

 

 

The electric fields and engineering strains are calculated from the initial conditions, applied 

voltage, and measured displacement. Each line represents a constant force applied to the actuator 

while the voltage increases. 

Figure 57. Maximum Electric Field Shown on a Strain 

versus Electric Field Plot.  

The electric field and engineering strain are 
calculated from the initial conditions, applied voltage, and 
measured displacement. Each line represents a different 
constant force applied to the actuator while the applied 
voltage is increased. 
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The results of this preliminary study indicate the trends and importance of the electric field 

breakdown of dielectric elastomer actuators. The engineering strain versus the electric field is 

plotted in Figure 57. The engineering strain is defined using the theoretical initial axial length of 

5.3333 mm. This length corresponds to Lambda equals one for the axial stretch. The electric 

field is calculated using the initial thickness, the current strain state, and the incompressibility 

assumption for the elastomer. For each test of a different force level, the strain and the electric 

field increase with an increasing voltage. The total failure points are shown with black Xs. 

Although the data are noisy with the limited number of points, there is a strong trend of the 

maximum electric field increasing with increasing strain. The maximum supported electric field 

increased by 35% from 100% strain to 200% strain. These results demonstrate the importance of 

using a variable breakdown strength that is a function of strain rather than the traditional notion 

of a fixed breakdown strength. The high strains cause a substantial change in the maximum 

electric field supported. 

This study demonstrated a new methodology for determining the electric field strength of an 

elastomer. A failure criteria for a DE actuator with self-healing electrodes was created to identify 

complete versus temporary failures. The self-healing electrodes enable the support of a larger 

electric field than for non-self-healing electrodes. The study shows a strong increase in electric 

field strength with strain. Determination of the maximum breakdown voltage of a dielectric 

elastomer is a complex process, but it is very important because the maximum supported electric 

fields control the limit of the actuation authority for a dielectric elastomer actuator. 

3.5.3.2. Current Leakage Losses 

An important aspect of dielectric elastomer actuators is that they are low-power actuators 

since they are fundamentally compliant capacitors. Energy is transferred from a source to the 

actuator to create the voltage differential that provides the actuation authority. The energy is 

stored while the actuator is ON and then can be transferred back to the source when the actuator 

is turned OFF. The actuator is not a perfect capacitor, which means that some of the electrical 

charge on the surface is lost as the actuator maintains the voltage differential. The power source 

must replace the lost electrical energy. This lost energy is known as the dielectric leakage 

current, and the power lost is the leakage current times the voltage differential. The strain state 

impacts the leakage current in elastomers. The purpose of the experiment is to evaluate the 
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current leakage of a tape actuator under actuation. See Table 9 for the actuator fabrication 

parameters. A dielectric elastomer tape actuator is cyclically actuated at a fixed voltage level 

against a constant external force while the displacement, applied voltage, and supplied current 

are measured. A tape actuator’s leakage current and power loss data can be determined using the 

resulting data. 

The leakage current experiment involves activating the tape actuator and measuring the 

resultant current. The test is performed by mounting an actuator to the force-displacement setup. 

A constant force, 35 gf, is then applied to the actuator. Immediately after the force is used, the 

initial length is captured optically, and the cyclical test is initiated. In this case, the cyclical test 

consists of cycling ON and OFF from a preset voltage level, 2300 V. The test frequency is at 1/20 

Hz with a duty cycle of 50%. During the active test, the relative displacement of the actuator is 

measured along with the applied voltage and resultant current. The typical results of the current 

can be seen in Figure 58. 

 

Table 9. Actuator Fabrication Parameters for Current Leakage Loss Study. 

The same fabrication parameters were used to create all the samples for the current leakage loss 
characterization study. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 4 2.5 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

175 2 150 100 1.0 0.05 
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The results show the expected behavior for the current with four regions: voltage OFF, 

actuator charging, voltage ON current draw, and sinking actuator charge. There is zero current 

drawn when the voltage is OFF. When the voltage is turned ON, the current draw has a vertical 

spike, representing the capacitor’s charging. After the spike in current, the current draw settles 

into a relatively flat section, which is the leakage current of the actuator. At the end of the cycle, 

there is another spike in the negative direction, representing the current sinking back into the 

power supply. After the current has been sunk, the current draw returns to zero in the voltage 

OFF state. The leakage current is approximately 0.6 𝜇𝐴. Therefore, the power draw for the 

actuator is 1.4 𝑚𝑊 for a single tape actuator with an area of 0.0005 𝑚2. If the actuator is scaled 

to 1 𝑚2, then the actuator would lift 70 kg and would use 2.76 𝑊. There is noise in the current 

data because the current being measured during the ON state is less than 1 𝜇𝐴, which is at the 

limit of what the power supply can measure. At such a low current draw, the electrical signal 

from the current sensor can be impacted by the high-voltage power supply or adjacent electrical 

signals. The low leakage current draw means the actuator will function well as a low-powered 

actuator. 

3.5.3.3. Actuator Robustness and Repeatability with Self-Healing Electrodes 

The extremely large actuation strain is one of the principal advantages of dielectric 

elastomer actuators. One limiting factor of large actuation strain is the maximum electric field 
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Figure 58. Measured Current During Voltage Cycling. 

The supplied current is measured while a 35 gf is applied to the actuator and a 
2300 voltage is cycled at 1/20 Hz with a 50% duty cycle. 
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the elastomer can support before dielectric breakdown failure. Actuation strain is related to the 

square of the electric field, meaning that much of the total actuation will come from applying an 

electric field close to the breakdown limits. One issue with operating near the breakdown limit is 

that elastomers are complex materials that are hard to make and can easily include fabrication 

defects. These defects may have the effect of lowering the electric field breakdown strength in 

the defect region. Without a way to increase the lower local breakdown strength in the region of 

the defects, this breakdown strength becomes the effective breakdown strength of the whole film. 

With many types of compliant electrodes, the only way to avoid actuator failure around a local 

defect is to operate below the local breakdown field strength. However, this would result in an 

actuator with a reduced performance range. Another way to allow for local defects without 

compromising the performance range is to use a compliant electrode material capable of self-

healing. Self-healing electrodes use the current that flows through the dielectric short to burn off 

the local conductive material. The reduced conductivity caused by the self-healing effect causes 

the electric field to be reduced below the local electric field breakdown strength in the defect 

region. Thus, the film can now support a higher maximum electric field with a local defect.  

The SWNT electrodes used in the fabrication of the dielectric elastomer tape actuators have 

been shown to have a self-healing effect [55,179,269,270,286,290]. However, in Section 3.5.2.6, 

low-density electrodes had better strain performance but, at higher strain, would lose 

conductivity. In contrast, higher-density electrodes had worse comparative performance but 

could achieve high overall strains. Using pre-extended compliant electrodes is another complex 

factor yet to be explored. See Table 10 for the actuator fabrication parameters. This experiment 

aims to validate the self-healing ability of the pre-extended electrodes. The self-healing 

effectiveness will be evaluated by comparing the leakage current, actuation stroke, and actuation 

work between tape actuators that experience a fully cleared self-healing event and actuators that 

do not experience any self-healing events.  

The setup uses the basic constant force setup detailed in Section 3.2.2. The general purpose 

of the setup is to apply a continuous force and an applied cyclical voltage to the actuator and 

measure the displacement. Both the supplied voltage and current are measured during the 

experiment. Self-healing electrodes require a resistor in series to limit the current draw when 

there is a short. The spike in current should be enough to burn off electrodes around the short 
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locally, but there should not be too much current. Too much current would cause a catastrophic 

failure of the actuator. 

The purpose of the experiment is to cyclically test an elastomer and measure the response 

before and after a short. The basic experimental procedure is to mount the actuator to the testing 

frame, add the external constant force, and, at the same time, take a photograph to measure the 

initial displacement and start the testing program. The testing program cyclically turns the 

voltage ON and OFF at a fixed frequency of 1/20 Hz with a 50% duty cycle. It has been shown 

that ramping the voltage increases the maximum electric field that can be supported [312]. 

Therefore, the square wave input ensures that the actuator has the most conservative result 

regarding electric field breakdown. The test program actuates a 1/20 Hz square wave and 

continues for 30 cycles. Typical results without any self-healing events are shown in Figure 59. 

 

Table 10. Actuator Fabrication Parameters for the Self-Healing Electrodes Study. 

The same fabrication parameters were used to create all the samples for self-healing electrodes 
under constant force loading study. 

Actuator 

Parameters 

Solvent Mixture 

Material Preparation Drop-Cast 

Silpuran ID 
% Silicone  

in Isopar G 

Part A 

(%) 

Part B 

(%) 

Area 

(in2) 

Volume 

(ml) 

Evaporation 

(Hr) 

6000/10 80 10  90 4 2.5 48 
 

Film Preparation Each Electrode 

Curing Film Pre-Stretch SWNT and Isopropanol 

Temp 

(°) 
Time 

(Hr) 

Axial 

(%) 

Transverse  

(%) 

Volume 

(mL) 

Density 

(mg/mL) 

180 2 150 100 4.0 0.4 
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The data from each test are simplified and summarized by determining the displacement and 

actuation stroke for the final cycle when the actuator performance has reached a steady-state 

cyclical performance. The test applies a constant force to characterize the full performance 

envelope and is repeated at various force levels. This external force is varied from 10 gf to 50 gf 

by increments of 5 gf while cycling the 2300 V ON and OFF. A more detailed explanation of the 

procedure is given in Section 3.4. The DE tape actuator's relative displacement, the supplied 

voltage, and the resultant current are all measured for each test. The whole test must be 

completed without a short, or the experiment is repeated until a full iteration is completed. Eight 

actuators are tested and categorized into two groups: with and without self-healing events. 

Typical results of each category with and without self-healing are shown in Figure 60 below and 

Figure 59 above. Each experiment is then summarized by determining the peak stroke, work, and 

leakage current.  

 

 

 

Figure 59. Typical Results from Cyclical Characterization. 

Typical characterization results when there are no electrical shorts. 
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The typical results when a short has occurred look like Figure 60, and the typical results 

when there are no shorts are shown in Figure 59.  

 

 

 

The leakage data are summarized in Figure 61, with the average current across all cycles 

plotted along with the standard deviation for both actuators with and without self-healing events. 

The mean leakage current for both types of actuators, with and without self-healing events, is 

approximately the same. The differences in the averages are well within the standard deviation 

from the last five cycles of each actuator. The return to a low-leakage current after a self-healing 
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Figure 60. Full Performance After Electrode Self-healing. 

Full performance after self-healing Silpuran 10% Part A 90% 
Part B lateral: 150% axial: 100% 0.4 mg/mL at 4 mL, 50 mm x 
5.333 cyclical actuation 30 cycles at 1/20 Hz.  

Figure 61. Actuator Leakage Current with and without 

Self-healing Events. 

Low-leakage current Silpuran 10% Part A and 90% 
Part B, lateral: 150% axial: 100%, 0.4 mg/mL,50 mm x 
5.333, cyclical actuation 30 cycles at 1/20 Hz. 
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event is important because it indicates that the dielectric breakdown in the elastomer has been 

eliminated, as shown in Figure 62. The temporary electrical breakdown does not cause a residual 

power drain after self-healing. Thus, the actuator is returned to normal electrical performance.  

Although the electrical performance has returned to baseline after a self-healing event, the 

actuator's stroke and work must be evaluated. The peak stroke from each of the eight actuators is 

plotted along with the average and the standard deviation. The average peak stroke of both 

categories of actuators is approximately the same, and the difference is within the standard 

deviation of the samples. Similar to the peak stroke, the peak work from each actuator is plotted 

along with the average and the standard deviation. The average maximum work of the actuators 

is approximately the same, and the difference is within the standard deviation of the samples, as 

shown in Figure 63.  

 

 

 

Figure 62. Actuator Peak Stroke with and without Self-healing 

Events. 

Peak stroke recovered after burn-off, Silpuran 10% Part A and 
90% Part B, lateral: 150% axial: 100%, 0.4 mg/mL, 50 mm x 
5.333, cyclical actuation 30 cycles at 1/20 Hz. 
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This experimental characterization evaluated the impact of self-healing events on DE tape 

actuators with pre-extended electrodes. The current leakage, peak stroke, and peak work analysis 

show that the actuator’s performance remains approximately the same after self-healing events. 

Differences in the fabrication process may have caused the variation in the performance of the 

actuators without self-healing events. The impacts of fabrication variation appear larger than 

those due to self-healing events. Using SWNT as pre-extended electrodes enables the actuator to 

be exercised near its performance limits without having small defects compromising 

performance since the local defects are eliminated through self-healing electrodes. Pre-extended 

electrodes improve the actuation range and durability of DE tape actuators. 

3.5.4. Summary and Conclusion for the Steady-State Cyclical Actuator 

Characterization 

The technology developed through this research depends on new materials and fabrication 

processes. Validation tests are therefore necessary to ensure that the new actuator achieves 

performance expectations and that the fabrication process yields consistent results. This research 

required validation tests to verify the quality of the DE tape actuator's key components, namely 

the film and the electrode. In addition, an assessment of the DE tape actuator was required to 

determine which fabrication parameters are most critical to ensuring the actuator performs 

Figure 63. Actuator Peak Work with and without Self-healing 

Events. 

Peak work recovered after burn-off, Silpuran 10% Part A and 
90% Part B, lateral: 150% axial:100%, 0.4 mg/mL, 50 mm x 5.333, 
cyclical actuation 30 cycles at 1/20 Hz. 
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reliably and effectively. Finally, the validation considered actuator performance properties under 

steady-state cyclic conditions to maximize performance. The key components of the DE tape 

actuator controlling its performance are the film and the electrode. The film thickness is a key 

indicator of film quality. Tests were conducted to evaluate the uniformity of thickness of an 

individual film, i.e., whether the film maintains its thickness across its entire area. The validation 

test found that the uniformity of the film thickness is adequate so that any thickness variation 

will not significantly affect actuation performance. The average standard deviation at each 

measurement location is 1 μm. Even at the worst thickness fabrication, the actuation performance 

was impacted by less than 4%. Therefore, the variance within the standard deviation will have 

negligible impacts on the actuator performance. In addition, film thickness across an entire batch 

of films was evaluated to verify that the film fabrication process produces similar films In terms 

of thickness. The validation test for batch consistency found that the films were virtually 

identical in thickness across the entire batch. The standard deviation of the thickness across the 

films was 1.1% of the thickness, which is an insignificant contribution to the variation in the 

performance of the actuator. 

A compliant electrode must be repeatably and reliably fabricated on both elastomer surfaces 

to create a functional DE tape actuator. The fabrication process was evaluated by looking at the 

consistency of the electrode conductivity. Although the standard deviation of the electrode 

resistance varied up to 46% of the mean resistance, this variation is insignificant since several 

kilovolts are used to move the actuator. A higher resistance will potentially slow the actuation 

rate, but since the RC time constant is 4 μs and the actuation events of interest are in the tens of 

milliseconds, the impact on actuation speed is negligible. Measuring the capacitance will 

demonstrate whether the combination of film and electrode will result in a functional DE tape 

actuator. The capacitance measurement had a standard deviation of 2.8% of the average 

capacitance. Therefore, the validation tests showed that the film and compliant electrode 

fabrication process produces an actuator with consistent performance. Several fabrication 

parameters related to the film and electrodes impact actuator performance. The validation 

process requires understanding these parameters and their relative impact on the function of the 

actuator. Tests to determine the sensitivity of several parameters were conducted. The sensitivity 

of static mechanical material properties to elastomer cross-linking density was evaluated. The 

validation determined that cross-link density has a significant impact on film stiffness. When the 
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cross-link density of Part A was reduced from 50% to 10%, film stiffness dropped by 33%. The 

change does not necessarily lead to improved actuation performance. Similarly, the sensitivity of 

dynamic mechanical material properties to elastomer cross-linking density was evaluated. In this 

case, the cross-link density does not significantly affect the elastomer's viscoelastic properties, 

but the elastomer strain state significantly affects the elastomer's viscoelastic properties. Testing 

determined a correlation between the cross-link sensitivity and the dielectric permittivity, but the 

change from 50% Part A to 10% resulted in only a 10% reduction in the dielectric permittivity. 

Additional tests considered the sensitivity of DE tape actuator performance to three parameters: 

elastomer cross-linking density, film curing temperature, and electrode density. Regarding DE 

tape actuator performance sensitivity to elastomer cross-linking density, when cross-link density 

decreased from 50% Part A to 10%, the actuation stroke increased by 25%. The film reduction in 

stiffness caused by the change in cross-link density more than offset the reduced dielectric 

permittivity. As a result, 10% Part A was selected as the film that provides the largest actuation 

stroke without significantly compromising other properties. When looking at the sensitivity of 

DE tape actuator performance to film curing temperature, no significant actuation performance 

change was measured for different curing temperatures. However, actuator fabrication yield is 

significantly higher when the curing temperature is between 170C and 180C. As a result of these 

tests, 175C was selected as the standard curing temperature. The sensitivity of the DE tape 

actuator performance to electrode density was evaluated, and it was determined that the SWNT 

electrode density significantly affects actuation strain. Extremely high density electrodes, 0.4 

mg/mL, substantially reduce actuation strain performance. High density electrodes, 0.2 mg/mL 

and 0.1 mg/mL, achieved the largest actuation strain. However, the performance of lower density 

electrodes matches that of high density electrodes until they reach a particular strain where they 

cannot expand further. The thinner electrodes may have reached their percolation limits when 

they stop expanding. Thinner electrodes are preferable if they achieve the same maximum 

actuation strain because they use less material and contribute less to the actuator stiffness. 

Finally, the performance properties of the DE tape actuator in steady-state cyclic action were 

characterized in terms of electric field breakdown strength, current leakage, SWNT self-healing 

electrodes, and pre-extended electrodes. The characterization of DE tape actuators’ electric field 

breakdown strength found that the maximum supported electric field increased by 35% when 

strain increased from 100% to 200%. The recorded dielectric breakdown strength is 
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approximately double what is currently found in the literature for Silpuran with a 50/50 

component mix. The significant increase in dielectric breakdown strength with actuation strain 

indicates that dielectric breakdown strength should always be characterized in an application 

context. Otherwise, a substantial portion of the possible actuation strain will be unachievable by 

an artificially assumed dielectric breakdown strength. Characterization of DE tape actuator 

current leakage showed that when the actuator is scaled to 1 m2, the actuator would lift 70 kg 

and use 2.76 W power to hold ON the actuator. This very low leakage current means that this is 

an efficient actuator and will be well-suited for low power holding applications. In characterizing 

the DE tape actuator performance with SWNT self-healing electrodes, the current leakage, peak 

stroke, and peak work analysis demonstrated that the actuator's performance remains 

approximately the same post self-healing events. These are very effective electrodes, and even 

when defects exist in the fabrication process, they will allow the actuator to be used near the 

breakdown voltage. The self-healing electrodes mean that the quality control of fabrication does 

not need to be maintained at an extremely high level to produce high performance actuators, 

lowering the cost of producing DE tape actuators. The characterization of DE tape actuator 

performance from pre-extended electrodes found that the pre-extended electrodes made with 

150% axial strain did not provide enhanced performance over actuators with 100% axial pre-

stretch during fabrication. For the actuators fabricated with 100% axial pre-stretch, the stroke 

and work performance did not show a significant difference between the 0.6 mg and the 2 mg 

density of electrodes. The study concluded that an axial pre-stretch of 100% gives strong 

actuation performance, while any of the lower density electrodes with 100% axial pre-stretch 

may achieve good DE actuation. Using less material is less expensive, pointing to a lower 

density. However, these require more time to fabricate. Therefore, the 0.05 mg/mL density was 

selected since the fabrication time was approximately 50% less than 0.03 mg/mL. 

3.6. Transient Creep-Terminated Steady-State Cyclical Actuation Characterization 

Primary creep-terminated steady-state cycling is defined as steady-state cycling at a 

frequency such that the primary viscoelastic creep ends during each half period, as seen in Figure 

27. The experimental characterization of the steady-state cyclical actuation required an 

experimental setup to identify the testing parameters. The experimental test setup was designed 

to control the external force and input voltage while measuring the length of the actuator. The 



149 

test setup was then used to identify the time required for transient creep-terminated actuation and 

to characterize the cyclical actuation performance. A testing procedure was then developed to 

characterize the transient creep-terminated steady-state cyclic performance. The dielectric tape 

actuators for the following test were fabricated using an early version of the fabrication method 

described in Section 2.3. The fabrication of the following actuator used a larger volume of 

SWNT, 8 ml versus 2 ml, to create the compliant electrodes compared to what is listed in Section 

2.3.2. 

3.6.1. Creep Displacement and Transient Creep-Terminated Characterization 

Creep in hyperelastic elastomers has three phases: primary, secondary, and tertiary. 

Primary Creep. Primary creep starts when stress is applied. The primary creep is a transient 

phenomenon that ends relatively quickly after the start of creep. The precise material will dictate 

the duration of the primary creep phase and can range from seconds and minutes to hours and 

days. The primary creep phase ends when the rapidly decreasing creep rate appears to reach a 

constant rate, which starts the secondary creep. 

Secondary Creep. The secondary creep works on a very slow constant strain rate which is 

significantly smaller than the primary creep. The secondary creep may not affect the length of 

the elastomer. The lack of noticeable change in length is because the secondary constant strain 

rate is so slow that it causes insignificant changes in length in the time frame of the primary 

creep rate. The secondary creep phase ends when the elastomer has reached its elastic limit. 

Tertiary Creep. Tertiary creep is a plastic deformation mostly caused by the slipping of the 

polymer chains and is also associated with necking and void forming. Secondary and tertiary 

creep are important phenomena to understand the long-term life but can also be on a time scale 

that they are irrelevant to the life of a dielectric elastomer actuator. 

An active creep test determined the appropriate time frame for a transient creep-terminated 

cyclical actuation. The test consists of applying a constant external force and a Maxwell stress 

from an applied voltage differential and measuring the displacement as a function of time. The 

custom experimental characterization apparatus described in the previous section was used for 

this test. The external constant force was the median force level of the characterization range, 40 

gf. The applied voltage differential was selected to match the characterization voltage level of 

2300 V. This voltage level was chosen because it is approximately 90% of the lowest breakdown 
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voltage experimentally determined. The 90% level allowed the actuators to be consistently 

characterized without reaching the breakdown voltage limit. The typical results of one of the 

experimental runs are shown in Figure 64 below.  

 
 

 

 

The results of the active creep test had three distinct regions: initial actuation, fast 

viscoelastic effects, and slow viscoelastic effects. The Maxwell stress caused The initial 

displacement within the first 50 ms, accounting for 62% of the actuation. At 10 seconds, the fast 

time constant viscoelastic effects had expired, and the displacement achieved 95% of the steady-

state actuation. After 50 seconds, the actuation achieved a stable, steady-state displacement. 

There may be a much longer viscoelastic time constant that causes the actuator to continue to 

stretch; however, due to the desire for steady-state actuation over an intermediate time frame, the 

longer time constant does not matter. For intermediate time scales, the tape actuation can be 

assumed to have achieved transient creep-terminated displacement at 10 seconds when it has 

achieved 95% of the long-term displacement. 

3.6.2. Experimental Determination of Characterization Process Parameters 

The characterization procedure consisted of two initial shakedown tests followed by testing 

at discrete constant force levels across the actuator's whole operating range. The shakedown and 

the individual force level tests used the same procedure to characterize the actuator's steady-state 

cyclical performance. Each test consisted of the external cycling of the actuator for a fixed 

number of cycles at a constant frequency and external force.  

The experimental procedure for a single test included applying the external load, 

documenting the initial displacement, and running the custom LabVIEW program that controlled 

Figure 64. Creep Characterization with High Voltage 

Applied. 

Active creep results showing displacement as a function 
of time. Different regions of the creep displacement are 
identified. 
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the experiment. In each test, the voltage was cycled in a square wave pattern at a frequency of 

1/10 Hz with a duty cycle of 50% for 30 cycles, starting with the voltage off. A square wave was 

chosen for the test because it results in the fastest actuation, one of the advantages of dielectric 

elastomers. The square wave has also resulted in lower breakdown voltages than ramped 

voltages, making for a rigorous actuation[312]. The frequency was chosen because an 

experimental characterization showed that the tape actuation would achieve 95% of the complete 

actuation in under 10 seconds.  

The shakedown tests eliminated the transient viscoelastic effects and ensured that the 

actuator could operate at the highest applied electric field and lowest film breakdown strength. 

The use of shakedown cycles to better achieve steady-state cyclical results was experimentally 

validated and is detailed in the Appendix. The shakedown tests were done at 15 gf and 65 gf at 

2300 V, the minimum and maximum force range to be tested. The 15 gf cutoff is the lowest force 

that provides enough axial pre-stretch so that the applied 2300 V causes the actuator to have a 

useful displacement. The lowest force applies the lowest pre-stretch on the film, which correlates 

to the lowest breakdown field strength. The 65 gf level provides a large axial pre-stretch, which 

causes the elastomer to approach its hyperelastic limit before actuation. Therefore, the actuator's 

stroke is small because the applied Maxwell stress works against a highly stiffening film. The 

maximum force level also results in the largest applied electric field because the film has its 

lowest thickness. 

After the actuator was mounted and the shakedown tests completed, the actuator was ready 

to be characterized. The general characterization of the actuator was done by characterizing the 

performance from 15 gf to 65 gf in increments of 5 gf at a fixed voltage of 2300 V. After each 

test, the applied external load was removed from the actuator and used again at the start of the 

next individual test. The typical inputs and outputs of the experimental test are shown in Figure 

65. 
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Figure 65 shows the measured electrical outputs of the voltage and current. The current plot 

shows a positive spike when the voltage is turned on and a negative spike when the voltage is 

turned off, which correlates to charging and discharging the actuator. The ON state current shifts 

from 0 𝐴 when the voltage is OFF to less than 1 𝜇𝐴 when the voltage is ON. The small current 

level when the voltage is ON represents the leakage current of the actuator, which can be used to 

determine the holding power required to keep the actuator energized.  

Figure 66 shows the displacement as a function of time. When the high voltage differential 

is applied, the actuator increases in length during the first cycle. During the subsequent cycles, 

the actuator continues to creep in length at the end of each LOW and HIGH voltage input. At 

around 400 seconds, the actuator appears to reach steady-state cyclical performance. By 

Zooming in on a single cycle, it is possible to see the bouncing that occurs as the actuator 

changes voltage state, which is the fast transient viscoelastic effect. The length at each state 

reaches a transient creep-terminated equilibrium length.  

Figure 65. Typical Time Plots of Input Voltage and 

Current. 

Voltage and current versus input voltage and current for 
cyclical actuation. The voltage is a square wave with a 
frequency of 1/10 Hz and a duty cycle of 50%. The peaks 
reach 2300 V while the valleys are at 0 V. 
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The length results can be further analyzed determining the stroke of the actuator as a 

function of each cycle. The binary LOW and HIGH states can be extracted from the cyclical data 

by selecting the length at the end of each LOW and HIGH state. The difference between the two 

extracted lengths can be plotted for each cycle, which is the stroke. The stroke as a function of 

cycle number is plotted in Figure 67.  

 

 

 

 

The stroke of the first cycle is significantly larger than the subsequent cycles. The actuator 

continues to lose some strokes over the next few cycles. After five cycles, the actuator reaches a 

steady-state stroke. Even though the stroke becomes constant after five cycles, the actuator 

increases in length slightly. The impact of the change in length is highly dependent on the 

external application and can vary from insignificant to impactful. 

 

 

 

Figure 66. Cyclical Actuation Displacement.  

Actuator length as a function of time during cyclical 
actuation. 

Figure 67. Cyclical Actuation Stroke.  

The actuation stroke settles to approximately 
steady stroke after 5 cycles. Short-term viscoelastic 
effects have completed their processes. 
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3.6.3. Transient Creep-Terminated Steady-State Cyclical Actuator Performance 

The actuation performance for different applications can have changing requirements. A 

pump may need to increase or decrease its pumping rate, or a flapping machine may need to 

increase the rate to go higher or decrease the rate to go lower, and finally, the walking pace may 

need to be sped up or slowed down. Therefore, knowing the steady-state cyclical performance 

across a wide performance range is desirable. One easy way to change the performance metrics 

for a DE actuator is to change the driving voltage. The performance of DE actuators is directly 

related to the driving voltage, which creates the electric field that drives the Maxwell stress, 

causing the actuation. To fully characterize the performance of a DE tape actuator, the 

performance should be evaluated across its entire range of possible voltages and loads. The 

steady-state cyclical characterization method, explained in Section 3.4, can be repeated at a range 

of fixed HIGH voltage levels to capture the whole performance.  

The development of a consistent performance characterization methodology enabled the 

discovery of limitations of the existing fabrication process. The discovery of the fabrication 

limitations enabled modification of the fabrication process, resulting in the final fabrication 

parameters described in Section 2.3. The steady-state cyclical experimental methodology 

parameters, cycle time, and number of cycles to reach a steady-state changed from what is 

described in Section 3.3.1 because of the enhanced performance caused by the refined 

fabrication parameters. The experimental methodology described in Section 3.4.1.1 was repeated 

to determine the number of cycles and time to achieve steady-state cyclical actuation. The 

refined tape actuator test sample needed five cycles to achieve steady-state equilibrium, using 41 

seconds to reach transient creep-terminated performance. Each cycle had a 50% duty cycle and 

included a 0.5-second ramp in each direction to eliminate transient bouncing, which is irrelevant 

to the steady-state performance. The actuator was tested with an external force from 15 gf to 65 

gf in 5-gf increments. 

The typical results of the displacement of the actuator as a function of time are shown in 

Figure 68 for a fixed-force level of 40 gf and four different ON voltage levels: 0 V, 1500 V, 2100 

V, and 2500 V. There are two rates of viscoelasticity that the cycling testing allows to settle out: 

fast and slow. When Looking at a single cycle, it is possible to see that the 20-second 

characteristic time allows the settling out of 96% of the fast viscoelastic effects. A slower term 

viscoelastic effect settles out by the fifth voltage cycle, and displacement is achieved within 5% 
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of steady-state behavior. All voltages tested reached a steady-state cyclical length by the fifth 

cycle. The individual test for each voltage and load level is reduced to two data points: OFF state 

displacement and ON state displacement. Both data points are taken within the fifth cycle, one 

when the slow viscoelastic effects have settled out and one at the end of the cycle time when fast 

viscoelastic effects have settled out, as shown in Figure 68.  

 

 

 

The 0 V test data represent a creep test that shows the long viscoelastic effects. The OFF 

voltage curves all end up at significantly different lengths after starting at the approximate same 

length. With the higher voltage, curves have a longer length. However, the difference between 

the OFF lengths decreases as the voltage increases. The small increase in length occurs at both 

the OFF and ON voltages, which means that the stroke remains relatively constant in each cycle.  

The simplification of the performance characterization data into a force-displacement graph 

is shown in Figure 69 for a characteristic set of voltages. Each curve has the same basic 

hyperelastic shape; however, The displacement curves for the ON state move to the right (i.e., 

increase in length) with higher voltages. The largest separation between the OFF and ON curves 

occurs in the middle stretch range of the actuator. These performance curves represent the 

performance capabilities of a DE actuator across a wide range of external forces and voltages. A 

DE tape actuator can reliably actuate more than 25% strain for cyclical actuation. The stroke and 

work performance can be tailored to the desired performance by adjusting the external load and 

the applied voltage. The actuator can be easily adjusted by changing the driving voltage. 

 

Figure 68. Typical Displacement Versus Time. 

Typical displacement versus time for 
cyclically actuated tape actuators.  
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3.7. Tape Actuator Modules in a Stack Architecture with Performance 

Characterized for Transient Creep-Terminated Steady-State Cyclical 

Actuation 

The final step in the application context characterization methodology is Step 5: thoroughly 

characterizing the actuator performance. A significant attribute of dielectric elastomer tape 

actuators is their compact package and modularity. To fully comprehend these benefits, multiple 

modules must be assembled into a larger architecture and characterized using the process 

previously employed for steady-state cyclical actuation. 

A notable challenge for dielectric elastomer (DE) actuators is their low force output. One 

solution is to use multiple actuators to improve performance. This study investigates the 

performance scaling of multilayer DE tape actuators and explores the losses associated with the 

assembly and use of multiple modules. It also highlights the capabilities of the multifunctional 

tape connectors in enabling modularity. Stacking DE tape actuators can enhance actuation 

performance by increasing the external force output without enlarging the footprint. 

The experimental characterization must capture the information required to determine 

actuation losses from the architecture assembly process to evaluate the modular scaling 

effectively. It should also demonstrate the efficiency of the multifunctional tape connectors when 

stacked. 
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Figure 69. Summary of Cyclical Characterization Data. 

Summary of cyclical characterization data into a force-displacement graph. The left figure show the 
full data set range and the right figure shows an expanded view of the red square region of the graph 
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DE tape actuators are modular and when stacked, the force output should scale with the 

number of layers. The stroke of the actuators should stay constant as the number of layers 

increases, although some losses from stacking are anticipated. The stroke should not alter with 

additional layers if the alignment is perfect. Misalignments are inevitable, but dielectric 

elastomers should handle these well owing to their compliant nature. Consequently, the force and 

work are expected to scale with the number of layers, and the stroke will slightly decrease as the 

number of layers increases. 

3.7.1. Stack Actuator Experimental Characterization Procedure 

The experimental characterization of the multilayer tape actuator performance used the 

steady-state cyclical actuation characterization method, described in Section 3.4, to determine the 

actuator performance as individual elements and then combine these into a stack. Each actuator 

was created following the methods described in Section 2.3. The multilayer actuators were 

created by assembling individual actuators on top of each other. Subsequently, the multilayer 

actuators are layered on each other to produce a larger stack actuator.  

The initial set of actuators started with eight single-layer actuators, producing four 2-layer 

actuators. The four 2-layer actuators led to the creation of two 4-layer actuators. The two 4-layer 

actuators were then assembled into a larger stack. However, a single actuator was torn and 

removed during stacking, leaving a final 7-layer stack actuator for testing. The individual 

actuators were randomly paired to assemble the multilayer actuators. At each assembly stage, 

each actuator was experimentally characterized.  

A constant external stress was applied to each actuator for easy performance comparison. 

The external force applied to each actuator was scaled by the number of layers, which resulted in 

each actuator reacting against a constant force per layer. The external force parameters for the 

test varied from 10 gf x (number of layers) to 60 gf x (number of layers) by increments of 5 gf x 

(number of layers) while cycling the voltage ON and OFF at 2300 V.  

3.7.2. Quasi-Static Stack Actuator Performance Results Simplified from Transient 

Creep-Terminated Steady-State Cyclical Actuation 

The steady-state cyclical actuation experimental results are summarized into a single force-

stroke graph, as shown in Figure 70. The results from the testing show the typical shape for the 

force-stroke curves for each multilayer actuator. The blue circle represents the single-layer 
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actuator performance, the red triangles represent the 2-layer actuators; the green squares 

represent the 4-layer actuators, and the black circles represent the 7-layer actuators. The 

performance curves all have the same characteristic shape, a rotated parabola, as seen in the 

typical force stroke in the previous section, as shown in Figure 31. The stroke is initially small at 

low loads and grows with the external force as the electric field grows from the constant applied 

voltage. After the peak stroke level, the stroke decreases until the maximum load is reached.  

 

 

 

 

These results demonstrate that the force roughly scales linearly with the number of layers, as 

expected. The multifunctional tape connectors can maintain electrical and mechanical 

connections in a stack actuator. The bond between the frame and the film had sufficient strength 

to support at least 7 times the maximum force level for a single actuator. The stroke of the 

actuators at the maximum force level increases from the 1-layer actuators to 2-layer actuators 

and from the 2-layer actuators to the 4- and 7-layer actuators. By distributing the load among 

multiple layers, each film may not stretch as far toward its hyperelastic limit. Limiting the stretch 

would cause the total actuator stroke to increase at higher loads because the film is not 

constraining the higher electric field as much. There appears to be a decrease in the peak stroke 

as the number of layers increases, which may be caused by misalignment of the actuators when 

stacked; this would mean that the films are not as fully stressed in actuators with fewer layers.  

These same data can also be replotted into the force-work plot to verify the scaling of the 

work performance, as shown in Figure 71. The shapes of the curves are similar except scaled. 

The work is small at low forces because the actuator has a low force and a small stroke. As the 

Figure 70. Multilayer Force-Stroke Comparison. 

Force-stroke for 1, 2, 4, and 7 layers. The peak 
stroke decreases as the number of layers in the 
actuator increases. As more layers are added, the 
loss of stroke decreases. 
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force is increased, the stroke also increases, which causes the work to increase until a peak is 

reached. At peak work, the stroke has decreased faster than the corresponding increase in force 

levels. The peak work level has shifted higher toward the maximum load of the actuator. When 

compared, the force-stroke and force-work graphs have different peaks, so a trade-off must be 

made when selecting the level to operate a DE tape actuator. The scaling of the work and the 

force levels with a DE tape actuator demonstrate how to compensate for the low-force challenge 

inherent in dielectric elastomer actuators.  

 

 

 

 

Although these two charts exemplify multiplying the performance by the number of layers, 

it is difficult to analyze the performance losses caused by the layering of the actuators. Another 

way to present the same data is to analyze the performance on a per-layer basis. The force-

displacement and force-stroke performance normalized by the number of layers is shown in 

Figure 72 and Figure 73. 

Figure 71. Multilayer Force-Work Results. 

Force-work of 1, 2, 4, and 7 layers. The force and the 
work of the actuator both increase as the number of layers 
increases. 



160 

 

 

 

 

The pink circle data represent the 2-layer actuators, the blue triangle data represent the 4-

layer actuators, and the red circles represent the 7-layer actuators. The normalized performance 

for the force-displacement curves all exhibit the typical force-displacement curve for a DE 

actuator's voltage OFF and voltage ON curves. They all have an initially stiff region followed by 

a strain-softening region until the material stiffens as the hyperelastic limit approaches. The 

normalized force-stroke data also show that the stroke performance is similar; however, there is a 

noticeable drop in the peak stroke from the 2-layer actuators to the 4-layer actuators. There is a 

smaller drop in performance between the 4-layer actuators and the 7-layer actuators.  

 

 

 

 

Figure 72. Force-Displacement Performance Curve 

per Layer.  

Force-displacement per layer at 0 V and 2300 V. 
When the force-displacement is normalized by the 
number of layers, the actuation performance is similar. 

Figure 73. Force-Stroke per Layer at 2300 V.  

Force-stroke per layer at 2300 V. When the force-
displacement is normalized by the number of layers, 
the actuation performance is similar. 
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Quantifying the drop in performance for stroke and work should be done numerically per-

layer basis. The average performance level and the deviation are plotted in Figure 74. There is an 

8% loss in the average stroke, from 1.76 mm to 1.62 mm, between the single-layer actuators and 

the 7-layer actuators. The average work lost from the single-layer actuators to the 7-layer 

actuator is 6%, from 0.70 mJ to 0.66 mJ. 

 

 

Figure 74. Dielectric Elastomer Actuator Work Loss 

per Layer.  

Dielectric elastomer actuator work loss per layer in 
a stack architecture. 

 

This qualitative study of multilayer dielectric elastomers demonstrates the advantages of 

larger architectures to mitigate the challenge of DEs being low-force actuators. The fabrication 

of the stacked actuators demonstrates The capabilities of the multifunctional tape connectors 

without any additional materials required besides multiple tape actuators. Since only a limited 

number of stacked actuators was used to verify the scaling of the performance and measurement 

of the losses, the performance and losses presented here are a qualitative representation or a very 

rough quantitative representation of the stacking potential of tape actuators. Elastomers are 

inherently variable in their performance because they comprise an enormous number of polymer 

chains, and their macro performance level is based on the statistical average of all the polymer 

chain interactions. Therefore, there is some statistical variation in the performance of DE tape 

actuators. A much larger study is required to completely validate the performance losses to 

determine a statistical variation in the performance levels. The theory is that DE actuators can be 

scaled through stacking, which is proven by the results of this study. The general scaling has 

been validated, and the losses have been characterized, with the results being limited to losses in 

stroke and work caused by the stacking. Fundamentally, DEs are thin and flat, and the whole 

package remains thin and flat with multifunctional tape connectors. Therefore, stacking actuators 
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increases the performance without increasing the footprint of the package, and the package 

remains thin and flat. 

3.8. Conclusion for Application Context Approach to Dielectric Elastomer 

Actuator Characterization 

Following the creation of the new DE tape actuator architecture, it became imperative to 

develop an accompanying characterization methodology.  Fundamentally, this new 

methodological approach uses application context to characterize DE actuators. The power of 

this new characterization process was demonstrated using the steady-state cyclic application 

context. The elegance of this methodology is that it simplifies the characterization data using a 

binary paradigm to easily present it as force-displacement information to predict the performance 

for binary actuation. The new characterization methodology was demonstrated with two versions 

of the DE tape actuators possessing different performance properties.  

In addition, the methodology displays the conformal, compact, and distributive properties of 

the DE tape actuator while verifying the actuator’s large-strain actuation performance. The DE 

tape actuators have demonstrated that it is possible to take full advantage of the unique properties 

of DEs while at the same time minimizing the challenges of working with soft polymers. The 

multifunctional tape connectors were robust, thin, conformal, and capable of creating larger, 

multilayer architectures. While a significant potential drawback for DE actuators is that they are 

low in force, this research revealed that the challenge of low-force actuation can be overcome 

using a multilayer actuator, and it illustrated the potential for these multilayer actuators to 

enhance actuation force while maintaining a compact package. Finally, the research 

demonstrated that the performance of DE tape actuators can be easily tailored by varying the 

external force and the applied voltage.  

The outcomes of this work creating a characterization methodology, ascertaining that steady-

state cyclical actuation can be portrayed as binary actuation, determining that DE tape actuators 

can be used in multilayer configurations, and identifying how external force and applied voltage 

impact DE tape actuators are significant contributions that promise to simplify the task of 

understanding DE tape actuation performance as it pertains to industrial applications. 
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Chapter 4  Modeling of Cyclical Dielectric Elastomer Actuation 

The advancement of dielectric actuator technology calls for the creation of analytical models 

capable of predicting an actuator's performance and aiding in actuator, device, and system 

design. These models should allow for easy identification of calibration data points and 

accurately predict actuation performance. An effective design model will also help develop an 

intuitive understanding of how model parameters influence performance. 

Effective material parameters are often used to encapsulate complex behavior and properties 

In modeling smart material actuators, which frequently exhibit complex behaviors like hysteresis 

and viscoelasticity. The performance of a dielectric elastomer actuator depends on its base 

elastomer's material properties, including its hyperelastic curves, viscoelastic effects, and 

history-dependent properties. 

Creating analytical models for dielectric actuators can be challenging due to their inherent 

viscoelastic nature, often necessitating complex, time-dependent models. However, this 

complexity can potentially be mitigated by adopting the application context methodological 

approach outlined in the previous chapter, Chapter 4. focusing on the desired actuation 

performance can simplify complex viscoelastic performance data into quasi-static Force-Length 

space. Viewing the actuation performance data through the lens of a binary actuator is one way to 

achieve this simplification which then allows the capturing of complex viscoelastic actuation 

performance using a simple, time-independent model. 

The initial decision in modeling dielectric elastomer actuators involves choosing between a 

hyperelastic, time-invariant model and a viscoelastic model. This choice represents a trade-off 

between prediction accuracy over a broad performance range and model simplicity. While easier 

to understand and accurate at their calibration points, time-invariant models lose significant 

accuracy when variables and parameters change from the calibration point. Conversely, 

viscoelastic models, although more accurate and complex, require more calibration data and 

expertise to use effectively. 
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A system-based modeling approach that considers the application context can simplify 

model development. Developing simple, time-invariant models that accurately predict actuation 

performance across a broad actuation range is possible. The application context encompasses the 

actuator's usage, the type of actuation required, and the actuator architecture, thereby controlling 

and limiting actuation performance. 

Once an application context has been defined, the selected actuator should be fully 

characterized, as outlined in chapter 3. The process of model development commences with 

application context characterization data. If the performance data has been simplified into the 

quasi-static Force-Length space, identify an existing time-invariant model that aligns with the 

actuation performance characterization data. All parameters and variable combinations should be 

plotted, focusing on identifying patterns. If no patterns or trends are found or simplification is 

possible, alternative models may be necessary. 

4.1. Review of Dielectric Elastomers and Elastomer Mechanics Modeling 

This section contains a basic review of the operation of DE actuators, elastomer material 

modeling, and DE actuator modeling. The operation section covers how a DE actuator functions 

and how it can be represented graphically. The elastomer modeling covers both simple quasi-

static hyperelastic material models and full transient viscoelastic models, including the 

limitations of both models. The DE modeling covers the advantages and disadvantages of using 

each model to represent steady-state cyclical actuation. 

4.1.1. Overview of Dielectric Elastomer Modeling Approaches 

Dielectric elastomer actuator models are based on elastomer material behavior models on 

top of which the effects of the electric field are added. The basic models use a hyperelastic 

constitutive model to represent the quasi-static stress-stretch behavior of the elastomer and a 

Maxwell stress boundary to define the impacts of the electric field [33,35]. More complex 

models add more time-dependent elements than hyperelastic models to capture the viscoelastic 

effects. The Standard Linear Model is one such model that can capture the full transient 

properties. However, many transient effects have settled out in steady-state cyclical actuation and 

are unnecessary to predict the binary actuating states. For binary actuation, switching between 

two states using a simple hyperelastic material model to represent the performance is possible.  
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The simple modeling approach using hyperelastic material models is most accurate when the 

binary states are steady-state and not changing between cycles. However, if the operating voltage 

changes for the same operating frequency, the steady-state viscoelastic effects will also change, 

causing this simple model to lose accuracy. Another simple hyperelastic model can be calibrated 

to the new operating condition, but this limits the utility of a simple model if it needs to be 

recalibrated for many operating voltages. This change in actuation performance can be captured 

with a fully transient model and a single set of parameters. However, the increased complexity of 

a fully transient model increases the number of needed parameters over a simple model and 

increases the difficulty of using the model for design. Therefore, current models have limitations 

when trying to represent the performance of a steady-state cyclical operation of a DE actuator. It 

would be preferable to have a simple, non-transient model that could accurately represent the 

steady-state cyclical actuation when operating at different actuation authorities.  

This chapter derives a simple quasi-static model that captures the steady-state cyclical 

performance operating at a fixed frequency and the changing viscoelastic effects of operating at 

different driving voltages. The DE actuator model predicts the steady-state cyclical actuation 

performance using a single additional term, variable shear, in the Gent strain energy equation. 

The new term captures the impacts of the steady-state viscoelastic effects of being cyclically 

driven at a range of fixed forces and voltages. A general variable shear Gent DE actuator model 

is derived from the first principles under steady-state cyclic operation. The model is applied to a 

particular actuator architecture with appropriate assumptions and boundary conditions. The new 

parameter in the Gent model is derived from the phenomenological effects. Therefore, every 

parameter has phenomenological meaning. The steady-state cyclical characterization 

methodology at two ON voltage levels is used to characterize the actuator's performance and 

identify the mechanical model parameters. A different experimental test is required to determine 

the electrical model parameter. Minimizing the required number of parameters in the model to 

capture all the relevant features enables a simple parameter identification process and reduces the 

number of experimental test results needed for parameter identification. Simple model validation 

is done to validate the performance at a single voltage level, after which the model with a single 

set of model parameters is used to compare the performance to experimental data across a wide 

range of forces and voltages. Finally, the assumption of a variable shear term is validated, and 

the complete model's performance is shown to significantly increase the model's accuracy across 
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a wide range of operating conditions compared to a standard Gent model. The result is a model 

and characterization methodology that captures all the salient behaviors of steady-state cycling 

with minimal complexity.  

4.1.2. Elastomer Material Models  

Dielectric elastomer modeling typically uses the stress-stretch performance of the elastomer 

as the basis for determining the actuator's performance. A hyperelastic curve defines The stress-

stretch behavior of an elastomer. Elastomer materials are intrinsically viscoelastic but can have a 

wide range of viscoelastic properties, from mostly elastic to very viscous. Depending on the type 

of actuation, the model accuracy desired, and the viscoelastic behavior of the elastomer, it is 

possible to model the elastomer performance using either a quasi-static hyperelastic material 

model or a fully transient viscoelastic model. Dielectric elastomer actuator modeling adds the 

impacts of the applied voltage difference, Maxwell stress, the actuator configuration, and the 

type of actuation. While both types of models can be used to demonstrate steady-state cyclical 

actuation, they each have trade-offs of accuracy versus complexity that need to be balanced for 

the desired application. 

4.1.2.1. Hyperelastic Material Properties 

Elastomers are formed from many long polymer chains. The connections and interactions 

between these polymer chains enable the large elastic stretching of elastomers. The polymer 

chains' base materials are monomers typically made of silicone, oxygen, carbon, or hydrogen. 

The monomers are combined in a polymerization process to create polymer chains. Elastomers 

are formed by creating chemical cross-links between the individual polymer chains. The length 

of the polymer chains and the number of chemical cross-links between the chains are the factors 

that control the behavior of the elastomers. The macro behavior of the elastomer is an average of 

the individual interactions between polymer chains. The elastic properties of the polymer are due 

to the changes in the configuration of the polymer chains. They are initially configured in some 

amorphous, non-straight shape where the polymer chains can be considered coiled. As the 

polymer chains are stretched, they straighten out, and upon relaxation, they return to an 

amorphous coiled state. Since chemical bonds are not being broken in the stretching process, it is 

possible to return to the initial configuration without any permanent changes. The mechanical 



167 

properties of the elastomer are related to the forces needed to stretch the polymer chains. As an 

elastomer is initially stretched, the material's stiffness is correlated to the required forces to 

uncoil the polymers. The stiffness decreases Upon further stretching because the forces needed 

for stretching correlate to the straightening of the non-straight polymer chains. The ultimate 

stiffness of the elastomer is reached when the polymer chains have been fully straightened and 

can no longer be stretched without breaking chemical bonds [217,313,314]. 

4.1.2.2. Hyperelastic Material Models 

Hyperelastic material models capture the essential quasi-static elastomer material behavior. 

Three classifications of models are used to represent elastomer materials: phenomenological, 

mechanistic, and hybrid. Phenomenological models statistically describe the behavior of a 

hyperelastic curve and often use many parameters to capture the essential behavior. Mechanistic 

models use the underlying behavior and interaction of the polymer chains to describe the 

behavior. The hybrid models combine the properties of the other two model types. Three 

phenomenological models often used in DE models are the Ogden, Mooney-Rivlin, and Yeoh 

[52,249,314–316]. Polynomials enable these models to represent the hyperelastic curve of any 

elastomer accurately. The earliest DE models used a Neo-Hookean mechanistic model 

[33,195,317] These models captured the initial and strain-softened stiffness but could not 

represent the increase in stiffness as an elastomer approached its hyperelastic limits. The Gent 

strain energy equation is A common hybrid model used for elastomer modeling [318]. A simple 

two-parameter model captures the full basic hyperelastic material profile. The parameters also 

have phenomenological meaning, which aids in the intuitive understanding of the model. All 

these models are used to represent the elastic behavior of polymers but are incapable of 

representing the more complex time-dependent elastomer behavior, which includes 

viscoelasticity.  

4.1.2.3. Viscoelastic Properties 

Polymer chains, the base of all elastomers, form a viscous fluid before cross-linking. The 

resulting polymers' viscosity depends on the length of the individual polymer chains. Longer 

polymer chains form a more viscous fluid, and shorter polymer chains form a less viscous fluid. 

After cross-linking, the elastomer material will retain some viscous properties. For an elastomer, 
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viscoelasticity is defined by the change in performance as a function of time. Viscolasticity 

presents itself in two main ways when dealing with elastomers in DEs. A simple manifestation is 

the elastomer creep response to increased stress on the elastomer. A change in stress causes the 

elastomer to change length. Initially, there is an instantaneous response, the elastic response, 

after which the elastomer will keep lengthening at a decreasing strain rate, which is the viscous 

response. A position-controlled experiment also exhibits the viscoelastic response, increasing the 

material stiffness as the strain stretching rate increases [319]. 

4.1.2.4. Viscoelastic Material Models 

Capturing an elastomer's full transient viscoelastic behavior requires a more complicated 

model than the basic hyperelastic material models. The Standard Linear Model is a relatively 

simple transient model that can capture the viscoelastic behavior of an elastomer. This model 

comprises a hyperelastic spring in parallel with a spring and dashpot in series. The spring and 

dashpot in series is called a Maxwell material model. The simplest Standard Linear Model uses 

linear elements in the Maxwell material model to capture the viscoelastic effects. When dealing 

with multiple time scales, it is required to increase the complexity of the model further. The 

additional time scales can incorporate nonlinear viscoelastic elements or add additional terms. A 

more generalized model that can capture the transient properties in any time frame is the 

Generalized Maxwell Model, also known as the Maxwell–Wiechert model. The Maxwell–

Wiechert model adds more Maxwell material elements in parallel to capture the viscoelastic 

effects at different time scales. DE actuator models have used the Standard Linear Model and 

Maxwell–Wiechert models [58]. These models can be used with control algorithms to create 

fully transient control of a DE actuator [320–324].  

4.1.3. Quasi-Static Design Modeling Using Steady-State Cyclical Actuation 

Performance 

When modeling this cyclical steady-state performance, defining the critical point during a 

cycle where the performance will be evaluated is first necessary. The essential points of interest 

for binary actuation are the force and displacement values at the end of each half-cycle. Figure 

75 shows the HIGH -state points as squares and triangles, while circles and stars represent the 

LOW -state points. The points can only be measured for transient creep-terminated steady-state 

actuation after the actuator has achieved steady-state actuation. In the example in Figure 75, this 
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occurs after the start of the third cycle. Limiting the data that needs to be predicted simplifies and 

limits the performance data that the model predicts. The steady-state force-displacement 

positions at the end of each half-cycle can be replotted in the force-displacement space shown in 

Figure 76. If this experiment is repeated at a range of force levels, then a HIGH and LOW state 

force-displacement curve can be derived for each operating voltage. A quasi-static zero voltage 

line, 𝑉𝑜, is also plotted. This line represents the steady-state performance when there is no 

actuation. The curves' separation depends on the viscoelastic properties of the base elastomer 

material and the characteristic time scale of interest. For a fixed external force level, the steady-

state cyclical length of the actuator for each of the two binary states lengthens as the applied 

cyclical voltage increases. 

Hyperelastic material models can accurately capture the performance of the LOW and HIGH 

force-displacement curves at a single voltage level. The advantage of using a simple hyperelastic 

material model is that it is possible to capture the behavior using a simple low-term model. One 

of the simplest and most often used in DE modeling is the Gent strain energy model, a hybrid 

hyperelastic model. This model uses only two terms to capture the essential properties of the 

hyperelastic stress-stretch curve. Another advantage of the Gent model is that there is 

phenomenological meaning to the two terms: one represents the small-strain shear modulus, and 

the other represents the hyperelastic limit of the material. The model parameters can be identified 

from a single force-displacement curve. However, any hyperelastic material model will have an 

 

Figure 75. Schematic Graphs of Cyclical Actuation. 

Schematic graphs of cyclical actuation results at 
multiple voltages with maximum and minimum 
locations for each cycle identified and marked. 

 

Figure 76. Steady-State Cyclical Actuation Force-

Displacement Curves.  

Steady-state cyclical actuation force-
displacement curves at multiple voltage differences. 
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increasing error the farther it is used from the calibration voltage. The error is caused by the 

shifting curves, which are caused by the viscoelastic properties of the elastomer. Because the 

actuation of a DE is a coupled system between the base elastomer force-displacement curve and 

the Maxwell stress from the electrodes, this increasing error can limit the usefulness of a simple 

hyperelastic-based model. 

If more accuracy is required than a hyperelastic material curve model can achieve, then a 

viscoelastic material model must be used. A viscoelastic model such as the Standard Linear 

Model can accurately model all the viscoelastic properties. However, a viscoelastic model 

significantly increases the complexity because time dependency is in the model and additional 

parameters are introduced. A full viscoelastic model can capture the performance at any time 

scale, but these models require a complicated process to determine the parameters' values. 

Deriving the model parameters for the Standard Linear Model requires the force-displacement 

profile and creep or frequency tests to derive the viscoelastic model parameters within the 

Maxwell material model. Full transient models are very powerful and can accurately capture all 

the actuator's features and predict the performance at any time frame, initial condition, and 

history, but the power comes at the cost of complexity. Although the fully transient model can 

capture the behavior, the ultimate force-displacement curves are for a single time frame, so the 

time complexity will be eliminated once the material effects are determined. Therefore, a 

significant model and parameters identification complexity are introduced to capture the 

viscoelastic effects of steady-state cyclical operation, which are then simplified to a single force-

displacement curve. It would be desirable if a simple hyperelastic model included an additional 

parameter that could account for the change in performance as a function of operating at different 

voltages. 

4.2. Variable Shear Gent Strain Energy Model 

The goal of the variable shear Gent model is to predict the force-displacement performance 

of an actuator for steady-state cyclical actuation with the minimum number of parameters. The 

model is based on the Gent strain energy equation, which uses two parameters to represent a 

hyperelastic material curve: 𝜇, the small-shear strain, and 𝐽𝑚, the hyperelastic stretch limit. The 

variable shear Gent model is developed by introducing a new variable shear term to replace the 

fixed shear term in the standard Gent model. The new variable shear term is a function of the 



171 

driving voltage and is added to capture the viscoelastic effects on the transient creep-terminated 

steady-state cycling behavior. This model captures the essential behavior of the entire stress-

stretch curve of a hyperelastic material for steady-state cyclic actuation. The Gent material model 

has been previously applied to represent differential elements of dielectric elastomer actuators 

[12–14]. The new model is developed from first engineering principles with appropriate 

assumptions and then applied to a particular actuator architecture with the correct boundary 

conditions. 

When modeling DE actuators, there are assumptions based on the fundamental properties of 

a DE, the geometric properties of the actuator architecture, and the fabrication materials and 

methods. The variable shear Gent model adds an assumption that the steady-state viscoelastic 

effects can be modeled as a function of the driving voltage of a DE actuator.  

4.2.1. Gent Strain Energy Equation 

While there are many advanced models for elastomeric materials [20] to predict the force-

displacement performance of the dielectric elastomer actuator, a simple two-parameter Gent 

strain energy model is used to represent the stress-stretch behavior of the actuator: 

 𝑈(𝜆1, 𝜆2, 𝜆3) =  
−𝜇𝐽𝑚

2
ln (1 −

𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3

𝐽𝑚
) (1) 

Where 𝑈 is the strain energy of the elastomer, 𝜇 is the small-strain shear modulus, 𝐽𝑚 is the 

asymptotic stretching limit, and 𝜆1, 𝜆2, and 𝜆3 represent the principal stretch ratios, as shown in 

Equation 1. The stretch ratios are identified in Figure 77, repeated from Chapter 1, where it is 

fully defined. 

 

 

 

 

Figure 77. Dielectric Elastomer in the Initial and Current States. 

Dielectric elastomer in the initial state and the current state with 
a differential voltage applied. 
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4.2.2. Constitutive Law for Incompressible Materials  

A basic assumption in modeling DE actuators is that the elastomer itself is assumed to be 

incompressible, which is equivalent to a Poisson’s ratio, 𝑣, of 1 2⁄  [13]. The constitutive law 

relating the principal Cauchy stress of an incompressible material to the strain energy is: 

 𝜎𝑖 =  𝜆𝑖

𝜕𝑈

𝜕𝜆𝑖
+ 𝑃∗, No sum ( 2 ) 

where 𝜎𝑖 is stress in the principal directions and 𝑃∗ is a hydrostatic pressure applied to the 

elastomer, which can be determined from boundary conditions.  

4.2.3. Electrical Boundary Condition 

Two basic assumptions are typically made regarding the elastomer’s electrical behavior 

when modeling DEs. One is that the elastomer dielectric permittivity is assumed to be constant 

[13]. Another assumption is that the Maxwell stress applied to the film by the electric field can 

be represented as a simple Maxwell stress in a single direction. The result of the applied electric 

field is to create a stress on the dielectric material as defined by Maxwell’s equation [15-16]:  

 𝜎𝑖𝑗
(𝑒𝑙𝑒𝑐)

=  휀𝐸𝑖𝐸𝑗 −
1

2
휀𝐸2𝛿𝑖𝑗 (3) 

where 𝜎(𝑒𝑙𝑒𝑐) is the Maxwell stress tensor, 휀 is the elastomer dielectric permittivity, 𝐸 is the 

electric field, and 𝛿 is the Kronecker delta function.  

Since DE actuators have an electric field in only the 3-direction, the Maxwell stress tensor is 

reduced to 𝜎11
(𝑒𝑙𝑒𝑐)

=  − 1 2⁄ 휀𝐸2, 𝜎22
(𝑒𝑙𝑒𝑐)

=  − 1 2⁄ 휀𝐸2, and 𝜎33
(𝑒𝑙𝑒𝑐)

=  1 2⁄ 휀𝐸2. By adding an 

external stress of 1 2⁄ 휀𝐸2 to all components, it is assumed that this tri-axial stress state for an 

incompressible elastomer is equivalent to and can be represented by a Maxwell stress [13,17] 

only in the 3-direction by 

 𝜎33
(𝑒𝑙𝑒𝑐)

=  휀𝐸2. (4) 

This single boundary condition representing the electrified field's complete impact simplifies 

the derivation of the DE actuator models. Using the assumption that the electric field effects can 

be represented by a Maxwell pressure in the 3-direction, as shown in Equation (4), then the 

boundary condition on the three surfaces results in  

 𝜎3 =  −휀𝐸2. (5) 
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Using the stress-strain constitutive relationship for an incompressible material, Equation (5), 

in the 3-direction, and the boundary constraint, Equation (4), it is possible to determine that the 

hydrostatic pressure, 𝑃∗, is 

 𝑃∗ = −𝜆3

𝜕𝑈(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆3
− 휀𝐸2. (6) 

4.2.4. Principal Stress Derivation 

Once the hydrostatic pressure is determined, the true Cauchy stress, shown in Equation ( 2 ), 

in the 1- direction, 𝜎1, which is correlated to the external load, 𝐹𝑎, can be derived by substituting 

in the hydrostatic pressure equations derived from the boundary conditions, as shown in 

Equation (6). The result is an equation that relates the principal true Cauchy stress in the 1-

direction, 𝜎1, to the principal stretches, 𝜆𝑖, and the electric field, 𝐸, resulting in  

 𝜎1 =  𝜆1

𝜕𝑈(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆1
− 𝜆3

𝜕𝑈(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆3
− 휀𝐸2. (7) 

using the isochoric assumption, 

 𝜆1𝜆2𝜆3 = 1, (8) 

and substituting the Gent strain energy equation, Equation (1), into the Cauchy stress equation, 

Equation (7), it is then possible to derive the principal stress, 𝜎1, as a function of the principal 

stretches in terms of only 𝜆1, 𝜆2,  and the electric field, 𝐸, such that  

 
𝜎1 =  

𝜇(𝜆1
2 − 𝜆1

−2𝜆2
−2)

1 −
𝜆1

2 + 𝜆2
2 + 𝜆1

−2𝜆2
−2 − 3

𝐽𝑚

− 휀𝐸2, 
(9) 

which is equivalent to the results of previous work [12,14]. 

4.2.5. Phenomenological Derived Variable Shear Parameter 

Since the literature shows that DE materials cyclically actuated have repeated displacement 

performance for a fixed performance [269,310,325], the shear modulus term is modified to 

account for the actuator actuating at different voltages, which leads to different displacements. 

The shakedown of elastomers is known to vary with the length the materials have been 

stretched and is often referred to as a Mullins effect [203,218,219,309,326–328]. When an 

elastomer is initially stretched and then allowed to return to an unstretched length, it returns to 
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some length longer than the initial length [133]. This change in length is caused by the polymer 

chains in the elastomer uncoiling and recoiling to some new configuration. With cyclical 

stretching, the performance eventually settles down to a consistent force-displacement profile. 

Because of Maxwell's equation, a DE actuator's actuation stroke depends on the driving voltage's 

square. Therefore, it can be assumed that the form of the variable shear is a function of the 

voltage squared,  

 
1

μ(V)
=

1

μ0
+ μVV2, (10) 

where μ(V) is the variable shear parameter, μ0 is the shear parameter at 0 volts, μV is the 

variable shear constant, and 𝑉 is the applied voltage.  

The assumed form of this relationship will later be validated using experimental data. The 

final step in deriving the variable shear Gent actuator equation is to introduce the variable shear 

parameter term that accounts for the viscoelastic effects as a function of the driving voltage. 

Substituting the variable shear term, μ(V), into the standard DE Gent equation, Equation (10), to 

replace the fixed shear term, 𝜇, results in the final variable shear Gent actuator equation:  

 
𝜎1 =  

𝜇(𝑉)(𝜆1
2 − 𝜆1

−2𝜆2
−2)

1 −
𝜆1

2 + 𝜆2
2 + 𝜆1

−2𝜆2
−2 − 3

𝐽𝑚

− 휀𝐸2, 
(11) 

4.2.6. Application Model for Released Frame Actuator 

Extending the stress-stretch equation, Equation (9), into an equation that represents the 

force-displacement of an actuator requires a change of variables. For DE actuators, the free 

variables are the axial stretch, 𝜆𝑎, the external axial load, 𝐹𝑎, and the applied voltage, 𝑉. It is 

assumed that the transverse pre-stretch, 𝜆2, is a constant called 𝜆𝑡. The axial stretch, 𝜆𝑎, is equal 

to the stretch in the 1-direction,  

 𝜆1 = 𝜆𝑎. (12) 

The axial load, 𝐹𝑎, is equal to the Cauchy stress in the 1-direction, 𝜎1, times the current 

width, 𝑊𝜆𝑡, and current thickness, 
𝑡0

𝜆𝑎𝜆𝑡
, with 𝑡0 defined as the initial thickness, which results in  

 𝐹𝑎 = 𝜎1 (𝑊𝜆𝑡

𝑡0

𝜆𝑎𝜆𝑡
). (13) 
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The electric field, 𝐸, is the applied voltage, 𝑉, over the current thickness, 
𝑡0

𝜆𝑎𝜆𝑡
, which results 

in 

 
𝐸 =

𝑉
𝑡0

𝜆𝑎𝜆𝑡

. 
(14) 

Performing a change of variable to the axial stretch, as well as substituting in the stress to 

force and electric field to voltage, Equations (12), (13), and (14), into the true Cauchy stress 

equation, Equation (11), results in an equation that relates the axial force, 𝐹𝑎, to the axial 

deformation, 𝜆𝑎, and the applied voltage, 𝑉, such that  

 𝐹𝑎 =  
𝑊

𝑡0

𝜆𝑎
𝜇(𝑉)(𝜆𝑎

2 − 𝜆𝑎
−2𝜆𝑡

−2)

1 −
𝜆𝑎

2 + 𝜆𝑡
2 + 𝜆𝑎

−2𝜆𝑡
−2 − 3

𝐽𝑚

−
𝑊𝜆𝑎𝜆𝑡

𝑡0
휀𝑉2. (15) 

This final equation has three mechanical parameters, μ0, 𝜇𝑉,  𝐽𝑚, and a single electrical 

parameter, 휀, that must all be determined experimentally and that are the minimum data needed 

to capture the essential behavior of an actuator in an analytical model. Knowing the force as a 

function of displacement and voltage for an actuator enables the design of actuators for systems 

where the force-displacement curves of the system are known. 

4.3. Parameter Identification for Variable Shear Gent Strain Energy Model 

The performance of any actuator depends on the base material properties, and an analytical 

model prediction of this performance will enable a faster, more robust device design. Although 

performance can be fully characterized experientially over a complete range of forces and 

voltages, it is more efficient to use a minimal set of experimental tests to identify the model 

parameters to do analytical prediction. The variable shear cyclical Gent actuator model allows 

the prediction of performance, but it requires the experimental identification of three mechanical 

parameters: two for the shear as a function of voltage (𝜇0 and 𝜇𝑉) and one for the maximum 

stretch limit (𝐽𝑚). The model uses one electrical parameter, dielectric permittivity (휀), which 

must also be experimentally determined. Since the variable shear is a function of the voltage, the 

actuator must be characterized at two voltage levels across the whole load range, which allows 

for the determination of 𝜇0 and 𝜇𝑉, while the maximum stretch limit parameter, 𝐽𝑚, can be 

derived from data for a single voltage level. The dielectric permittivity of elastomers is known to 
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change with the stretch ratio [29,198,203], so a separate electrical test is required to determine 

the parameters in the range of tape stretch utilized. 

The experimental characterization is based on the need of applications and the test sample 

and will always have two components: the experimental test setup and the characterization 

methodology. The model has three variables: length, force, and applied voltage, and the 

experimental setup needs to control two while measuring the third. The desired use as an actuator 

and the complexity of the viscoelastic effects lead to a choice of displacement as the dependent 

variable in the testing setup. The cyclical actuation characterization methodology is designed to 

represent the actual use the actuator will see when used in the steady-state cyclical configuration 

when performance has become repeatable.  

4.3.1. Mechanical Model Parameters Identification 

The mechanical parameter identification requires the LOW state force-displacement curve 

for two voltage levels. The test sample's force-displacement curves are captured by testing the 

sample in 5 gf increments from 15 gf to 65 gf, using the transient creep-terminated steady-state 

cyclical procedure described in Section 3.6. The two voltage levels selected are 2500 V and 0 V. 

The 0 V voltage cyclical test is, in fact, just a creep test where the summarized data are extracted 

at the standard times for the transient creep-terminated cyclical testing procedure. The 

experimental LOW force-displacement data are plotted in Figure 78, where dark blue circles 

represent the 0 V cyclic data, and the 2500 V cyclic data are represented as light blue diamonds. 

These two experimental data curves are generally parallel and show the typical hyperelastic 

behavior with an initial stiff region followed by a strain-softened region and finally with a 

stiffening caused by approaching the hyperelastic stretch limit. The LOW 2500 V data (light blue 

diamonds) are longer than the 0 V data (dark blue circles). This difference in length can be seen 

as a shift to the right of the higher voltage curve. The 2500 V data are increasingly shifted to the 

right as loads are increased, which is expected from the variable shear Gent tape actuator model's 

μ, which softens under increasing applied voltage.  

The least squares method is used to identify the variable shear Gent tape actuator model 

mechanical parameters. The experimental LOW 2500 V data are fit with the model to determine 

the mechanical parameters, 𝜇(2500 𝑉) and 𝐽𝑚, while a second least squares fit is used to identify 

the 𝜇(0 𝑉) from the 0 V LOW experimental data. The μ identified at the two voltages (2500 V 
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and 0 V) is used in the variable shear equation, Equation (10), to determine the constants 𝜇0 and 

𝜇𝑉 algebraically. Finally, the two model calibration curves, using the parameters identified, are 

plotted with the experimental data in Figure 78. 

Using the following parameters in the model, 𝐽𝑚 =  38.9, μ0 = 84,049 𝑃𝑎, and μ𝑉 =

1.6038 ∗ 10−13 𝑃𝑎 results in a model prediction with an average error of 4.74% across the 

whole load range. The model does not predict the low force-displacement as well as it does at 

higher loads because of the wrinkling of the actuator. The out-of-plane wrinkles form on the two 

free edges and are caused by the high lateral pre-stretch. The wrinkles reduce the actuator's 

effective width and increase the film axial stress. The increased stress causes the actuator to 

achieve equilibrium at a longer length than the model predicts. This phenomenon is eliminated at 

loads above 25 g, where the load causes the actuator to become flat. The low load inaccuracy is 

relatively unimportant because the tape actuator does more useful work at higher loads. For the 

load region above 25 gf, where the actuator is without wrinkles, the average error between the 

model calibration curves and the experimental data is 1%. 

 

 

 

 

4.3.2. Electrical Model Parameters Identification 

The standard test for measuring dielectric permittivity, 휀𝑟, uses a capacitance measurement 

of a relaxed film sandwiched by two metal plates with a known separation distance [216]. 

Figure 78. Model Calibration Plots. 

Model calibration at cyclical voltage of 2500 V. 
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However, the standard test requires modification because the dielectric permittivity for many 

elastomers is known to decrease as a function of stretch. Instead, the capacitance of a pre-

stretched film must be measured. The film stretch ratios of a DE actuator change as it actuates. 

Therefore, useful pre-stretch ratios that represent the regime where the actuator functions best 

should be chosen for the dielectric permittivity test. The capacitance, 𝐶, is directly related to the 

dielectric permittivity, or the relative dielectric permittivity times the dielectric permittivity of 

vacuum, 휀𝑟 ∗ 휀0, the area of the overlap of two conductive electrodes, 𝐴, and inversely 

proportional to the distance between the two plates, 𝑑:  

 𝐶 = 휀
𝐴

𝑑
= 휀𝑟휀0

𝐴

𝑑
 (16) 

A separate simple capacitor was fabricated using the thin film fabrication and pre-stretching 

steps described in Section 2.3.1 and carbon grease electrodes. The transverse pre-stretch, 𝜆𝑡, was 

chosen to be 150% strain, and an axial pre-stretch, 𝜆𝑎, was chosen to be 200% strain because the 

tape actuators are most useful at high forces, which correlate to high strains. The thickness 

separating the conductive electrodes is controlled by the thickness of the pre-stretched film, 

which can be related to the unstretched measured thickness through  

 𝑑 =
𝑡0

𝜆𝑎𝜆𝑡 
. (17) 

Carbon grease rather than SWNT was used as a conductor because it forms electrodes with 

low resistance, which is required for high-frequency capacitance measurement. The carbon 

grease electrodes are brushed onto both sides of the stretched film through a circular mask with a 

diameter of 35 mm to control the area. The capacitance was measured by an LCR meter, 

AMPROBE LCR55A. Since the initial thickness, 𝑡0 = 125 𝜇𝑚, the stretching ratios, 𝜆𝑡 = 2.5 

and 𝜆𝑎 = 3, and the diameter, 𝑑 = 35 𝑚𝑚, are known, as is the dielectric permittivity of 

vacuum, 휀0 = 8.8510−12 𝐹/𝑚 , it was possible to use Equation (16) to compute the relative 

dielectric permittivity, 휀𝑟, from the measured capacitance. A test sample's capacitance is 

measured, resulting in a capacitance of 0.625 nF. The measured capacitance is used to derive the 

relative dielectric permittivity, 휀𝑟, of 1.4. 
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4.4. Validation of Variable Shear Gent Strain Energy Model 

The accuracy and utility of the variable shear Gent DE actuator model are validated and 

proven against a larger set of experimental data. A simple model validation evaluates how well 

the model captures the basic behavior of the HIGH voltage curve at a single voltage level and 

enables the evaluation of the basic limitation of model assumptions to capture the actual 

configuration of the experimental prototype. The model's power is derived from its ability to 

predict the performance over a wide range of voltages and forces from a minimum of model 

calibration data, shown over the full operating range. From the experimental data, it is possible to 

identify the optimal shear parameter for each voltage level, which can then be used to validate 

how well the variable shear equation assumption does at capturing the effects of the actuator 

being driven at different voltages. To evaluate the improvements of the variable shear Gent DE 

equation and determine whether added parameters significantly improve the accuracy, the 

variable shear Gent model is compared to the standard Gent model.  

4.4.1. Simple Actuation Model Validation 

A simple validation is performed by comparing the model prediction for the 2500 V HIGH-

voltage force-displacement curve from the variable shear Gent tape actuator model using the 

previously identified parameter values with the experimental data, as shown in Figure 79. 

Although the 2500 V HIGH voltage was gathered in the previous experiment to get the 2500 V 

LOW-voltage data, it was not used in the parameter identification and calibration, allowing its 

use in model validation. The model prediction performance accurately matches the experiential 

values within 4% across all loads. Contrary to the problem of model fit of the LOW curves in the 

low-force region, the model accurately predicts the HIGH displacement because the high voltage 

causes the actuator to become planar such that the model accurately predicts the displacement. 

Because of the shape of the force-displacement curves and the tight performance envelope, an 

accurate design of the external force-displacement profile will allow the design of devices to take 

the best advantage of the dielectric elastomer tape performance.  

As loads become very large, the experiential results become overpredicted. This length over 

prediction could be due to an inaccuracy in the stretch limit parameter, 𝐽𝑚, because the 

mechanical model parameters are identified without taking the sample near this limit. A 

secondary edge effect could also cause inaccuracy at high loads. The model assumes the film 
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edges are straight, but the experimental sample has edges curved inward in arcs and reaches the 

narrowest point in the middle of the actuator length, as shown in Figure 79. These curved edges 

change the effective electrode area and the thickness near the curved regions. For the LOW-

voltage curves, this discrepancy between the model and the test sample is accommodated in the 

parameter identification process because the process fits the experimental data from the LOW-

voltage curves. This accommodation no longer applies to the HIGH voltages because the edges 

become less curved. For the HIGH voltage, the length of the actuator depends on the dielectric 

permittivity, the electric field, which is a function of the voltage and film thickness, and the 

force-displacement of the elastomer material. The effect of any thickness discrepancies is 

magnified for the HIGH-voltage curves because there is an inverse square relationship to the 

thickness. A second source of error is the dielectric permittivity, which is assumed to be fixed but 

is known to vary with stretch.  

 

 

 

 

4.4.2. Model Validation over the Whole Operating Range 

Analytical models are most efficient if they can predict the performance across the entire 

actuation range from minimal experimental data. The experimental characterization of the tape 

actuator's force-displacement performance was validated across a range of voltages, 0 V to 2700 

Figure 79. Variable Shear Gent Model Validation. 

Variable shear Gent model validation at 2500 V 
with model calibration curves at two LOW voltage 
levels, 0 V and 2500 V. 
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V, and forces, 15 gf to 80 gf. This experimental data and the tape actuator model predictions 

using the previously identified parameters are plotted together in Figure 80. The model 

accurately predicts the force-displacement profile with an average error of 4% across all voltage 

and force levels above 25 gf. The out-of-plane folding of the dielectric elastomer actuator caused 

by the high lateral pre-stretch causes the displacement to be underpredicted below 30 gf. 

However, the LOW-force performance is not matched for the OFF curves; the HIGH 

displacement is once again much better represented by the model because the electric field 

causes the actuator to flatten and become planar, matching the model's assumption. The new 

variable shear terms are validated using all the LOW curve experimental data to calculate best fit 

shear terms. A comparison of the best-fit shear values and the shear values predicted from the 

new variable shear term resulted in a match within 3%. The full experimental data are plotted 

along with the model parameters identified. The average error across all loads and voltages for 

the LOW-voltage curves is 1.6%, and the HIGH-voltage error is 3.0%. The efficiency of the tape 

model comes from the necessity of experimental characterization data from only two voltage 

experiments to identify the model parameters. The effectiveness of the new model was 

additionally proven by using all pairs of voltages as calibration voltages to derive the required 

model parameters. The result of the study is that if any two voltage curves are selected, with at 

least one being higher than 1000 V, then the average error for any pair of voltages is 4.0%. The  

 

 

 

 

Figure 80. Steady-State Cyclical Actuation Data with Magnification.  

Steady-state cyclical actuation data summarized in force-displacement space with variable shear Gent 
model predictions. 

 

variable shear Gent model assumed that the shear term in the Gent strain energy equation  
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changes with the maximum length of the actuator, which is related to the square of the applied 

voltage, as seen in Equation (15). The complete set of experimental data can be used to validate 

this assumed relationship. An independent least squares fit parameter identification analysis is 

done on each experimental LOW-voltage force-displacement curve to identify the best possible 

shear parameter at that voltage level. These best-fit shear parameter values are the points plotted 

in Figure 81. The predicted shear parameters as a function of voltage, which use the 𝜇(0 𝑉) and 

𝜇(2500 𝑉) for calibration, are shown as a solid pink parabolic curve. The individually identified 

shear values form a strong parabolic shape with an average error of 1% to the model's prediction. 

This small error in the shear values derived from the variable shear term demonstrates that the 

assumption of a variable shear term is valid and can be used to predict actuation performance 

accurately. 

 

 

 

4.4.3. Comparison to Standard Gent Strain Energy Equation 

The root mean square error (RMSE) average was plotted for each cyclical voltage test to 

quantify the accuracy of the model's fit. The RMSE is lowest around where the model is 

calibrated at 2500 V. The model predictions at other voltage levels have significantly increased 

errors and are a maximum RMSE of 4 gf and 8% error concerning a 50-gf reference force at 

1500 volts. The Gent model predicts the performance within a 4% error between 2100 V and 

2500 V, but accuracy degrades to less than 5% outside that range. 

Figure 81. Variable Shear Experimentally 

Determined Results.  

Variable shear experimentally determined 
results plotted with the model prediction of the 
equivalent values.  

 

 

 

   

  

Figure 1. Variable shear experimentally determined results 

plotted with the model prediction of the equivalent values.  

 t   
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The Gent model and the variable shear Gent model accuracy are compared by calculating 

the RMSE for the HIGH and LOW state for each cyclical voltage level, as shown in Figure 82. 

All percentages are evaluated against a mean load of 50 gf. The Gent model has a maximum 

error of 11.2% (5.6 gf) and a mean error for the OFF state and ON state curves of 3.9% (2.0 gf) 

and 5.6% (2.8 gf), respectively. The modified Gent model has a maximum error of 4.6% (2.28 

gf) and a mean error for the OFF state and ON state of  1.7% (0.85 gf) and 3.0% (1.5 gf), 

respectively. 

If a voltage level other than 2500 V is used to identify the model parameters, the model still 

does a good job predicting the actuator performance. For any voltage between 1500 and 2600 

(1500, 1800, 2100, 2300, 2400, 2500, 2600), the modified Gent model has a maximum error of 

8.8% (4.4 gf) and a maximum mean error for the OFF state and ON state of 2.0% (1.0 gf) and 

4.8% (2.4 gf), respectively.  

4.5. Analytical Model Limitations and Future Work  

The general new variable shear Gent model needs to be validated using a particular 

architecture and actuator. The architecture used for validation is a released-frame architecture 

that uses two parallel plates that hold the elastomer film and leave the edges free. A geometric 

simplification is that the width, 𝑊, in Figure 79, is assumed to be constant. While the end plates 

hold the width constant where they are affixed to the elastomer membrane, the side edges 

between the plates may bow inward when there is a transverse pre-stretch, or the actuator is 

 

 

 

 

Figure 82. Variable Shear Gent Model 

Accuracy.  

The plot shows the accuracy of the variable 
shear Gent model compared to a Gent only model. 
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stretched. The bowing inward edge effects are considered negligible if the width-to-length ratio 

exceeds 10:1. However, the transverse pre-stretch may also cause the film to buckle out of the 

plane, increasing the edge effects by decreasing the effective width of the elastomer. For these 

types of actuators with a width-to-length ratio smaller than 10:1, the negligible edge effects 

assumption can remain valid under an electric field if the actuation extends the side edges of the 

elastomers and unbuckles the film, thereby making the edges better conform to the fixed width 

assumption.  

Although the compliant electrodes for dielectric elastomers are typically assumed to have 

negligible stiffness, DE actuators have used electrode materials that can have a significant 

stiffness, such as conductive polymers or single-wall carbon nanotubes (SWNT) [18, 19]. If the 

electrode stiffness is not modeled, which avoids adding complexity to the design model, then 

another method to capture the impact of the increased stiffness must be used. The experimental 

method can capture the stiffness effect by which the analytical model material parameters are 

derived for actuators. Capturing the increased stiffness with the model parameters is possible 

because the composite structure acts as one unit, and the electrodes have long chains with similar 

stress-stretch material behavior compared to a polymer. SWNTs have been modeled using 

hyperelastic materials models [329,330]. Therefore, it is assumed that the analytical model does 

not need to be modified to include electrode stiffness if the experimental identification of the 

model material parameters includes both the elastomer and the compliant electrode stiffness.  

4.6. Conclusion for Modeling Cyclic Dielectric Elastomer Actuation 

This chapter outlines the methodological approach to using an application context in 

analytical modeling. This approach facilitated the development of the new variable shear Gent 

model, which predicts the steady-state cyclical actuation of dielectric elastomer actuators. The 

new variable shear Gent dielectric elastomer actuator model significantly contributes to DE 

actuator modeling. It accurately predicts the steady-state cyclical actuation performance. This 

model bridges the gap between simple material models without viscoelastic effects and complex 

full transient viscoelastic models. The new variable shear gent model is simpler than any 

viscoelastic model. It requires less calibration data, provides insights into the effects of variables 

and parameter modification on actuation performance, and can be easily incorporated into a 

quasi-static design process. The phenomenological origin of the new variable shear term can help 
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improve our understanding of the role of viscoelasticity in steady-state cyclical actuation in DE 

actuators. 

The new model was established from first principles and calibrated using a minimal set of 

experimental cyclical actuation data; this simple quasi-static analytical model relies on a low 

number of terms to accurately predict the steady-state cyclic performance of DE tape actuators. 

The accuracy of the calibrated model for predicting performance was validated against a larger 

set of experimental data. The experimental analysis determined that the new variable shear Gent 

model cuts the maximum error in half over the standard Gent model, from 11.2% to 4.6%. 

Furthermore, the variable Gent model maintains accuracy over the actuator's entire force and 

voltage range, while the Gent model is reasonably accurate only at the calibrated voltage and 

force levels. 

The general form of the new variable shear model that links the length of the actuator to the 

driving voltage was validated with experimental data. The new model predicts two curves for 

each actuation voltage level: the LOW-voltage curve and the HIGH-voltage curve, which are 

seen in the data as pairs of separately identifiable curves for each voltage level. The experimental 

cyclical actuation characterization data also show that for each operating voltage, the LOW-

voltage force-displacement curves shift to the right, lengthening as the operating voltage level 

increases, even though all the LOW curves have a zero operating voltage. The new model 

predicts this increase in length and is the property that the variable shear term is intended to 

capture. The variable shear Gent model cuts the maximum percent error by 59% compared with 

the standard Gent model. The experimental data validate the model accuracy, ranging from 0 to 

2600 V and 30 to 65 gf. The average prediction error for the Gent model is 3.9% and 5.6% for 

the LOW-voltage and HIGH-voltage. The Gent model's maximum error is 11.2%. For a single 

set of model parameters, the average experimental error for the new variable shear Gent actuator 

model for the LOW-voltage, HIGH-voltage, and maximum error is 1.7%, 3.0%, and 4.6%, 

respectively. The assumption of an inverse quadratic relationship between the variable shear 

term, 𝜇𝑉, and the voltage for steady-state cyclical actuation is validated from the experimental 

data. Shear terms for each voltage level were determined separately from the experimental data 

for each voltage level. A comparison of the individually identified shear terms to the variable 

shear model’s prediction of the variable shear term, μ(V), evaluated at each voltage level, 
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showed that they both formed strong parabolic curves, and the predicted values are within 1% of 

the individually identified values.  

The mechanical model parameters can be derived from the experimental force-displacement 

characterization data at two operating voltages. To further prove the model’s accuracy beyond 

the two calibration voltages chosen for most of this analysis, a study of the new model’s 

accuracy when any two particular voltage levels are chosen was performed. If any two operating 

voltage curves are selected with at least one higher than 1000 V, then the average error for any 

pair of voltages is 4.0% over all possible pairs. 

This analysis confirms that the variable shear Gent model is accurate and predictive outside 

the voltage levels used for parameter identification. Even though this model is validated with a 

single architecture and actuator materials, a released frame with silicone film, and single-wall 

carbon nanotube electrodes, the variable shear ent model can potentially be used for any DE 

actuator in a steady-state cyclical operation.  

The variable shear Gent cyclical DE model accurately predicts the DE actuator performance 

over the complete range of voltages and forces. With its limited parameters, the need for 

experimental data for model calibration is significantly reduced. The calibrated model remains 

accurate across all loads and driving voltages. Additionally, the phenomenological meaning of 

the parameters aids in the intuitive understanding of the performance characteristics of DE 

actuators. A notable gap exists in dielectric elastomer modeling between hyperelastic-based 

material models and fully complex viscoelastic models. This model bridges the gap between 

simple material models that ignore viscoelastic effects and complex full transient viscoelastic 

models that may be overly complex for modeling steady-state cyclical operation. 

Dielectric elastomer actuators can be challenging for non-experts due to the complexity of 

elastomers' viscoelastic properties. For straightforward actuator applications with fixed 

architecture parameters and actuator variables, it is feasible to experimentally characterize all 

behavior for the specified actuation situation. In such cases, a hyperelastic material model can 

serve as the basis for the actuator model. However, gathering all necessary information for quasi-

static model-based design becomes significantly harder and more time-consuming for more 

complex applications with unknown model or device parameters or a wide range of desired 

actuation performance. These complex applications necessitate a viscoelastic model. 
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Comprehensive viscoelastic characterization of a dielectric elastomer actuator requires more 

experimental equipment, a more complicated characterization process, a deep understanding of 

viscoelastic materials' analytical modeling, and significant expertise in using the information in a 

model-based design process. The complexity of dielectric elastomer actuators and their 

viscoelastic effects, hysteresis, and complex material interactions pose a significant barrier to 

their broader use and adoption. Therefore, while dielectric elastomer actuators are easy to use for 

simple applications, they become significantly more challenging for more complex applications. 

This gap can be bridged by developing models between simple hyperelastic material base 

actuation models and more universally accurate complex viscoelastic models. 

The new variable shear gent strain energy model is crucial in bridging this modeling gap by 

accurately modeling full viscoelastic behavior in the quasi-static Force-Length space. This new 

model allows for simpler quasi-static model-based design for a wide range of applications. The 

model achieves this by encompassing all the viscoelastic behavior for steady-state cyclical 

actuation inside a variable shear parameter dependent only on the applied voltage. 

This new model demonstrates the feasibility of discovering and creating time-invariant 

models that effectively capture all the critical viscoelastic behavior. Such models could 

significantly decrease the knowledge needed to use dielectric elastomer actuators, making 

dielectric elastomers a more practical and useful actuator technology. 
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Chapter 5  Quasi-Static Model-Based Design Applied to Dielectric 

Dielectric elastomer tape actuator performance depends on many factors, and these actuators 

possess inherent limitations based on their frame configuration and materials, making them 

challenging to use in applications. These challenges underscore the importance of utilizing a 

model-based methodology to develop a framework for understanding and designing DE actuator 

devices/systems. For this research, the framework will address the following objectives: develop 

a simple method for designing quasi-static DE actuator systems; understand the limitations of 

DE actuators; identify ways to minimize or compensate for these limitations; create a 

categorization of common and useful DE actuation devices/systems; and develop a methodology 

for evaluating the advantages and disadvantages of a particular device/system. 

The capabilities of DE actuators are closely tied to materials and design. As previously 

discussed, basic materials significantly impact overall performance. However, the performance 

of a DE actuator is heavily influenced by the design of the actuator and the way it is used. The 

maximum performance can be garnered when all the elements are designed together. The 

materials are extremely complex, which makes design challenging. The keys to simplifying and 

improving the ease of DE actuator design are identifying the critical elements that drive 

performance and understanding which elements can be simplified. The specifics of any design 

will depend on the requirements of the system. For steady-state cyclical actuation, a useful 

simplification is considering the performance quasi-static. While there exist many techniques and 

methodologies for designing with quasi-static actuators, this research will adopt a graphical 

technique to demonstrate the process and advantages of using a quasi-static design process with 

DEs to enhance performance and aid in the fundamental understating of the characteristics of DE 

tape actuators. 

5.1. Quasi-Static Design Process Applied to Released Frame Actuator Architecture  

Although the inherent properties of DE elastomers make them an exciting option for 

actuation opportunities that are not viable with conventional actuators, there are many challenges 
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to using DEs because of the complexity associated with maximizing their performance 

[24,29,113,198]. One of the principal challenges lies in designing a system that takes advantage 

of the DE properties. This section first reviews a quasi-static design process [324,331–334] 

applied to DE actuators and then explores the insights gathered about DE actuators using this 

quasi-static design process. The insights are categorized into three areas: overall actuator 

performance, design sensitivity of a system to parameter variations, and finally, implementation 

complexity of fabricating the design.  

The actuator's performance can be categorized into actuation stroke, force, and external 

work. Design sensitivity refers to the variation in performance due to slight variations in design 

parameters, including offsets, load levels, external system force-displacement profile changes, 

and actuation voltage. Implementation complexity concerns the difficulty of fabricating the total 

system, the number of parts required, and the introduction of bearing surfaces or other moving 

parts. In any design, trade-offs are necessary in making design choices: understanding the impact 

of those trade-offs enables the selection of properties that are most relevant or important to an 

application. One approach that assists in design is categorizing the external system into different 

types of families and analyzing the trade-off(s) required when selecting a particular external 

system. If an actuation system is being designed from scratch, design choices can be made to 

work well with DE actuation. When a DE actuator is being integrated into an existing system, the 

trade-off analysis allows designers to know the potential range of performance and how the 

system can be modified to enhance the total system by making modifications that will make the 

system performance better match the capabilities of DE actuators. 

Dielectric elastomers are complex materials whose performance is coupled with external 

systems. This coupling leads to the need for a simple methodology for system design. For quasi-

static actuation, design complexity can be minimized by using the force-length design space. 

This design space allows for the force-length performance of each component to be individually 

characterized without coupling. A system design is determined in a common design space. The 

force-length space of DE actuators’ performance at different voltage levels typically has 

hyperelastic performance curves. These curves enable highly variable performance, depending 

on the design of the system interactions. 

The general process for a quasi-static design consists of four steps: characterization of both 

the actuator and target system in the force-length design space, determination of the 
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transformation from one coordinate frame into the other system, the combination of the two 

performance curves in one design space, and determination of the actuator stroke. The force-

length characterization of the system can be done experimentally or analytically. While any 

coordinate frame can be used for the design space, a coordinate frame that is relevant to the 

system design and improves an intuitive understanding of the system's performance and 

limitations is preferable. The second coordinate frame needs to be transformed into the primary 

coordinate frame. Such a transformation depends on the geometry of the system configurations 

and is adjustable by system parameters. With the coordinate offsets, it is then possible to plot 

both force-length characterization curves on a single axis. Finally, the location of the two-system 

characterizations overlaps determines the equilibria of the final system. 

5.1.1. Force-Displacement System Characterization 

The first step in the force-displacement system characterization is to break down the system 

into its components, after which each element can be individually characterized in the force-

displacement space. The modular system evaluation simplifies the process of characterizing the 

whole system. Binary systems, where the components are broken into two subcomponents, are 

often simple, practical, and useful as example systems. A two-component example system is 

shown in Figure 83. The system consists of a DE tape actuator connected to a non-deformable 

lever, shown by the green line, free to rotate around a pivot. The gold lines represent the 

multifunctional tape connectors (MTCs), excluded from the length calculations since they are 

inextensible. A tension spring is attached to the lever On the opposite side of the pivot from the 

DE tape actuator. Both attachments to the lever are on pivots and allowed to rotate freely. Both 

the DE tape actuator and the spring are fixed to a wall but allowed to move vertically. These 

pinned and rolling constraints ensure that only horizontal tension forces exist in the 

subcomponents, the DE tape actuator, and the spring. This example will be used for the rest of 

this analysis to demonstrate the force-displacement process, although, with a few modifications, 

the process can be utilized for a system that has more components. 
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Identifying and breaking down the system into components is very important. There are 

always different layers and levels into which a system can be broken down into smaller 

subsystems. The complexity of the individual components can affect the difficulty of 

characterizing the system. The characterization process should isolate the simplest systems that 

can be identified as a separate system or components with fixed and not easily changed 

parameters. The purpose of the breakdown is to simplify the characterization process, which 

should be considered when selecting the components. In the example, Figure 83, the system 

comprises three components: the DE tape actuator, the spring, and the pivot. Although there are 

three components, only the DE tape actuator and the spring have a force-displacement profile. 

The pivot is assumed to be frictionless and contributes insignificantly to the system's 

performance. If this assumption turns out to be incorrect, the influences can be incorporated later. 

For the first-order analysis, the pivot will be assumed not significantly to contribute to the system 

performance. Therefore, only the DE tape actuator and the spring must be characterized in the 

force-displacement space.  

After each component has been broken down into its most basic components or architecture 

that is not easily changeable, a coordinate frame must be selected for each element. The 

coordinate frame for the subsystem should make the characterization of the system the easiest 

possible. The coordinate frame should track the macro behavior of the subsystem, which is of 

interest and will impact the performance of a larger structure. The subcomponent coordinate 

frame can be linear, polar, or any other frame that makes sense for the application and 

characterization. A Cartesian coordinate frame that defines the active area of the DE tape 

actuator is chosen, as shown in Figure 84. With the selected coordinate frame, the DE actuator at 

zero force has a defined length. The defined length is the relaxed length of the actuator when 

there is no load on it. The relaxed length will be less than the original one because the lateral 

Figure 83. Two-Component System. 

Schematic of a two-component system with a 
spring and actuator connected through a lever. 
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stretch causes compression in the axial direction due to the Poisson effect. The Cartesian 

coordinate frame is also used to model the spring, as shown in Figure 85, which starts at the end 

of the spring when it is fully relaxed. This coordinate frame allows for the simple calculation of 

the spring constant. The final step is to characterize the force-displacement performance in the 

designated coordinate frame fully.  

 
 

5.1.2. Coordinate Frame Transformation between Systems 

Many factors go into the coordinate transformation step. The first step is to select a 

coordinate frame that best fits the final system. For this example, there are three possible 

categories of coordinate frames to choose from: the two-coordinate frames defined for the 

subcomponent characterization process and the intermediate coordinate frame representing the 

pivot. After selecting the primary coordinate frame, there needs to be a coordinate transformation 

of the characterization data into the chosen coordinate frame. The transformation can include 

leveraging elements or scaling, offsets, transformation from linear to polar coordinates, or 

combining all three scaling features. 

Selection of the primary coordinate frame will depend on what makes the most intuitive 

sense to aid in the system's design. Suppose the actuator is being added to an existing design of a 

system. In that case, any modifications relate to how the actuator will be implemented or 

integrated into the system. In this type of case, for integration into a fixed system, the different 

performances available from the actuator will best be interpreted using the actuator coordinate 

frame as the primary coordinate frame. The tape actuator's primary coordinate frame enables an 

Figure 84. Coordinates Frame for DE 

Actuator. 

Cartesian coordinates used to model a DE 
actuator performance. 

Figure 85. Coordinates Frame for Spring. 

Cartesian coordinates used to model the 
spring. 
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understanding of how the DE's actuation performance changes with variable adjustments. When 

a system is designed around a leverage point or the performance is symmetrical, it makes more 

sense to use the symmetrical performance coordinate frame instead of the force-displacement 

coordinate frames from the characterization step. The performance requirements can also be a 

guiding force when selecting the primary coordinate frame. If an application requires a minimum 

amount of rotation, it would make sense for the primary coordinate frame to correlate to the 

system's requirements.  

Dielectric elastomers have complex performance so, in most situations, it is more 

advantageous to use the DE actuator’s coordinate frame to allow for the building of an intuitive 

understanding of how best to use a DE. In this case, due to the complex behavior of the DE tape 

actuator and the high interest in its capabilities, the coordinate frame for the DE tape actuator 

will be chosen as the primary coordinate frame, as shown in Figure 86. 

  

 

 

5.1.3. Combining Systems 

The system combination is a simple process that uses the characterization data in the first 

section combined with the coordinate frame transformations determined in the second. As shown 

in Figure 87, both characterization data sets are transferred into the primary coordinate frame 

using the coordinate frame chosen to represent the system. This transformation includes any 

scaling and offsets needed for the baseline configuration. 

Figure 86. Primary Coordinate Frame Selection.  

The schematic shows the primary coordinate 
frame, 𝐿, representing the basic DE actuator 
coordinate frame. A secondary coordinate frame, 𝐿′, 
represents the tension spring. The coordinate offset is 
defined as the distance between the two coordinate 
frames.  
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5.1.4. Stroke Determination 

The final step in the process is to determine the stroke of the actuator. The stroke is the x-

coordinate distance between the intersections of the two characterization curves in the primary 

coordinate frame. The stroke determination and the work of the actuator will depend on design 

parameters. The visualization of the performance can also enable the adjusting of parameters to 

get better performance.  

5.1.5. Designing with Dielectric Elastomers – Design Performance and Sensitivity 

Designing well with DE tape actuators is complex and challenging because of the unique 

force-displacement performance curves. A free-clearance variable defines The connection 

between the external system and the DE tape actuator. This variable is used to modify the 

interactions of the two systems. The offset controls the axial pre-stretch and prestress on the tape 

actuator. For a fixed external system and DE tape actuator, the free-clearance also controls the 

stroke and work performance of the whole device by controlling where the two curves intersect. 

The location of the intersection also controls the sensitivity of the design. The sensitivity of the 

design for DE tape actuators is caused by the hyperelastic shape of the tape actuator's ON and 

OFF performance curves. System friction can significantly impact the performance of a DE tape 

actuator system because of the typical low-force actuation authority. Understanding the impacts 

of varying the free-clearance on both the performance and the sensitivity enables better designs 

while explaining how friction will impact the total performance. 

Figure 87. Design Plot with Actuator and Spring 

Performance Curves. 

The DE actuator performacne curves and the 
transformed spring force into the primay coordinate 
frame all graphed together. Combined data set. 
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5.1.5.1. Free-Clearance 

In the final combined graph in the previous example, the DE tape actuator and external 

system performance curves are fixed, creating a fixed equilibrium point. However, the 

equilibrium location of the system can be changed by translating the external system laterally. 

This lateral translation in the graphical space is equivalent in the hardware to changing the pre-

stretch required for the actuator to achieve equilibrium. A free-clearance variable will create a 

repeatable standard for controlling the offset between the two systems. The free-clearance is the 

length the actuator must stretch to be attached to the external system when both systems are 

relaxed with zero forces. The free-clearance is defined as the total distance between the 

coordinate offsets minus the amount of passive material between the coordinate frames. In the 

previous example, the external system, a tension spring, is transformed into a parallel coordinate 

frame but offset from the tape actuator coordinate frame through a leverage mechanism. The 

free-clearance is shown schematically and graphically in Figure 88 and Figure 89, respectively. 

The two systems will reach equilibrium after connecting the tape actuator and the external 

system. This equilibrium position also defines the axial pre-stretch and the axial preload of the 

tape actuator, as shown in Figure 89. The axial pre-stretch is the length of the actuator in the OFF 

voltage equilibrium position. The preload is the corresponding tension in the film at the OFF 

voltage equilibrium position. 

 

 

 

 

Figure 88. Schematic Showing Free-

Clearance and Coordinate Offset. 

Schematic showing critical design 
parameters. 

Figure 89. Graphical Representation of Free-

Clearance. 

The plot shows critical design variables and 
parameters. 
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5.1.5.2. Performance and Sensitivity 

The quasi-static design process aids in the design of systems for both novice and expert 

designers. The quasi-static design process helps visualize the performance and allows an analysis 

of the trade-offs between performance and the design sensitivity to parameter changes. 

Visualizing the performance allows for the growth of an intuitive understanding of the system's 

performance. The impact of changing the design parameters can be seen in the force-

displacement space. For example, the DE tape system and spring, through a lever system shown 

in Figure 90, has several design parameters that can be changed to modify system performance. 

The actuator free-clearance is the most useful parameter because it can alter the performance and 

the design sensitivity.  

The basic force-displacement profile for a DE tape actuator is equivalent to a hyperelastic 

material curve. The OFF voltage force-displacement curve has an initial stiff region, followed by 

a strain-softened region, where the curve becomes flatter, and finally, the curve stiffens again as 

it approaches the hyperelastic limit of the elastomer. The ON force-displacement curve is 

generally parallel to the OFF curve with an offset. With the spring lever example in the previous 

section, the external system curves cross the force-displacement curves in the middle of the 

strain-softened region. There is low design sensitivity to the actuator offset in this region, where 

the curves are locally parallel and approximately straight. If the free-clearance changes slightly, 

the external curve will shift slightly to the left or right. This slight shift would cause insignificant 

changes in the actuator's stroke or the total work performed because the system performance 

curves are locally parallel and approximately straight. If the free-clearance is decreased 

significantly, there would be significant impacts with the actuation stroke decreasing and the 

total work decreasing. The stroke will also decrease If the free-clearance increases significantly, 

causing the equilibrium position to enter the hyperelastic stretch limit region. With a longer free-

clearance, there will be a trade-off with the amount of work performed because as the actuation 

stroke decreases, the force increases. In the extreme of both free-clearances, small or large, the 

overall design becomes more sensitive, as shown in Figure 90. Small changes in the free-

clearance can cause the stroke to change significantly. The changes in stroke are because both the 

ON and OFF voltage curves are curved, representing a changing stiffness, so a small change in 

the offset can cause the intersection between the performance curves and the system curves to 

change significantly. 
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The system design impacts both the performance and the sensitivity of the design. One of 

the unique aspects is that dielectric elastomers have a large stretch range. This large stretch range 

allows for significant variability in the performance, which is seen by the change of performance 

simply by changing the free-clearance in the example above, as shown in Figure 90. All the 

designs in the previous example use only a small portion of the entire stretch range of the DE 

actuator. Therefore, there is significant potential to enhance the actuation stroke of the actuator 

by using more of the force-displacement profile. By decreasing the spring stiffness of the 

external system, the actuator stroke can be increased.  

5.1.5.3. Friction Effects  

Friction can have a substantial detrimental effect on the performance of a DE actuation 

system. To evaluate the effects of friction, we can use the same simple spring and lever system 

discussed in the previous section and shown in Figure 83. Friction always works against a system 

and requires additional force to move. The effects of friction on the force-displacement profile of 

the external spring system are shown in Figure 91. When the spring is extended, as indicated by 

the blue line, the force-displacement of the real system is offset above the basic spring system by 

the force of friction. When the spring is compressed, as shown by the orange line, the force of 

friction takes away the spring force, and it appears the force level is reduced.  

Figure 90. Actuation Stroke Changes with Free-Clearance Modification. 

The actuation stroke changes as the free-clearance is changed to modify 
the equilibrium positions. Both large and small free-clearances cause smaller 
actuation strokes compared to a medium free-clearance, which causes the 
equilibrium to occur in the middle of the strain-softened region on the 
hyperelastic curves. 
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The impact of friction on the performance of the actuator and the system is displayed 

graphically in Figure 92. As the spring is extended, shown by the light blue curve with arrows, 

the spring with the friction curve crosses the OFF voltage curve to the right of where the spring 

is with no friction equilibrium. When the tape actuator is energized, the ON equilibrium occurs 

where the compression spring force-displacement line, shown by the orange curve with arrows, 

crosses the ON voltage curve, shown by the red line. The new ON equilibrium with the spring 

with friction is to the left, where the equilibrium would have been for a spring without friction. 

The difference between the two equilibrium positions is the stroke for the system with friction. 

The system's stroke with friction is lower than when friction is not included. Friction adversely 

effects both the OFF and ON equilibrium positions and substantially affects DE systems. 

The performance curves are parallel and close together, which magnifies the impact of 

friction on the system. The actuation authority of a DE is typically low, as seen in the small 

separation between the parallel voltage OFF and ON curves, which causes the new equilibrium 

positions with friction included to eliminate a significant part of the actuator stroke. If the 

separation between the OFF and ON performance curves were greater or the curves were not 

parallel, then the friction would have substantially less effect on the total performance.  

Figure 91. Friction Effects on a Force-

Displacement Profile. 

Friction effects on a force-displacement profile 
of an external spring system. In extension and 
contraction, a friction force always works against the 
system’s performance. 
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Dielectric elastomer tape actuators do not lend themselves to innately intuitive designs 

because they are a reverse actuation that relaxes when energized; they are based on hyperelastic 

films that control the actuation performance and sensitivity, and changing the implementation of 

the design parameters can lead to countering the desired performance. The physical 

implementation of the actuation system, friction, and other real-world forces (gravity, inertia, 

etc.) can significantly reduce the total actuation performance. Using the quasi-static design 

process with DE tape actuators allows a designer to predict the impact of changing system 

parameters, free-clearance, and potential sensitivity of a particular design to miss assembly or 

real-world effects of friction in the system. a trade-off must be made between design 

performance, design sensitivity, and implementation complexity when using DE tape actuators. 

5.2. Scaling Performance with Dielectric Elastomer Actuators 

One significant challenge with large-stroke DE tape actuators is that they are limited in their 

total actuation authority because they use a soft elastomer to achieve their large stroke. 

Sometimes, larger actuation performance, force, or stroke is required than what is achievable by 

the design parameters for the basic modular tape actuator. In these cases, scaled performance can 

be achieved by changing the geometric parameters (the actuator size) or using the modular 

capabilities of DE tape actuators to create a larger architecture scaling. Geometric scaling is a 

process in which the intrinsic fabrication parameters of the tape actuator, actuator width, axial 

Figure 92. Impact of Friction on Design 

Performance.  

The impact of friction on performance. The 
actuation stroke without friction effects is shown as 
faded blue and red lines. The actuation stroke with 
friction is marked by the solid blue and red lines.  
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length, and film thickness are modified. Modular tape actuators can be aligned in parallel or in 

series to increase the actuation performance. Changing the geometry or the larger architecture 

can have similar effects in improving the actuator force or the stroke, with a trade-off coming 

from increased packaging size or complexity.  

The impact on the actuation system's performance depends on the scaling type. There are 

fundamentally two types of scaling: parallel and series. Parallel scaling has the result of 

amplifying the force capabilities of the system. Series scaling has the impact of increasing the 

stroke of the system. Selecting the performance scaling method, either modifying geometric 

parameters or using multiple actuator modules, determines the difficulty in improving 

performance. Depending on the situation, either choice could be the easiest solution. The 

following section will first define the different types of scaling, including how they can be made 

and the potential challenges with each type. The next subsection will cover in the design space 

how scaling impacts the quasi-static design process and how one can determine which type of 

scaling should be used based on the system's requirements. 

5.2.1. Parameter Scaling 

The following subsection will cover the creation and limits of both geometric and 

architectural scaling. The geometry of a tape actuator comprises three primary parameters: width, 

length, and thickness. These parameters are variables that can be modified in the fabrication 

process. Each parameter influences the performance and necessarily has both negative and 

positive effects. The architecture scaling uses multiple DE tape actuator modules combined in 

series or parallel. The most significant macro effect from scaling is a change in the force levels, 

the displacement, the driving voltage required, and the packaging size. Modular scaling uses 

multiple actuators in either parallel or series to increase the actuator performance.  

5.2.1.1. Width 

The width of a tape actuator is directly linked to the force of the actuator. There are no 

physical limits on the maximum width of a tape actuator except those constrained by the 

application requirements and manufacturing complexity. Increasing the width will linearly 

increase the amount of active material, resulting in the actuator's force scaling linearly. The width 

of the packaging size will also increase linearly, with an increase in the width of the tape 



201 

actuator. There are physical limits to how narrow the width can become before the changing 

width affects the actuator's performance. The ratio between the height and width is critical 

because a tape actuator requires a lateral pre-stretch. The lateral pre-stretch enables the actuator 

to achieve large strains by thinning the actuator and allowing the surface pressure to be translated 

into an axial displacement rather than stretching the actuator biaxially. At some point, a low 

width will result in the complete loss of the lateral pre-stretch. Because the pre-stretch enables 

large linear actuation, a low ratio of width to height of the actuator will have a very limited 

actuation stroke.  

5.2.1.2. Axial Length 

The axial length of the actuator directly affects the total stroke of the actuator. The stroke of 

the actuator will scale linearly with the axial length of the actuator as long as the lateral pre-

stretch in the actuator is maintained. There is no defined limit for the axial length of a dielectric 

elastomer, but it must maintain a sufficient width-to-length ratio such that the actuator can 

maintain the lateral pre-stretch in the film. Lengthening the actuator adds more active material, 

responding to applied voltage similarly to the original actuator. There is no limit to how short the 

actuator can be. The length of the actuator will change the packaging size of the actuator.  

5.2.1.3. Thickness 

An increase in the thickness of the film of a DE will scale force performance by increasing 

the stiffness of the complete actuator. The actuation stroke will be maintained if the increased 

thickness is linked to an increased voltage such that the applied electric field is maintained. The 

negative impact of increasing the thickness is that the required applied voltage to create actuation 

is scaled with the thickness square. The package size does not significantly change as the film 

thickness is increased.  

5.2.1.4. Series Architecture 

A scaled architecture with multiple tape actuator modules aims to increase the actuation 

force or stroke. An architecture with actuators in parallel will increase the total actuation force 

while maintaining the actuator stroke. An architecture with series actuators will increase the 

stroke while keeping the force level. These larger architectures increase actuation performance 

with a trade-off of increased complexity. 
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Series architecture scaling increases the total stroke of the actuator while also increasing the 

total length of the actuator. The multifunctional tape connectors in the DE tape actuator allow for 

easy connection between two actuators. The multifunctional connectors carry the embedded 

electrical connectors and the tape aspect, creating a secure mechanical bond. The modular 

actuator in-plane alignment maintains the thin packaging while increasing the total stroke. Two 

actuators in a series will double the stroke but double the total length because the multifunctional 

tape connector is nonactive. As the number of actuators connected in series becomes large, there 

will be a delay in actuation because of the resistance of the compliant conductors. 

5.2.1.5. Parallel Architecture 

Architecture scaling in parallel can be accomplished in two manners, but the result of either 

method is to maintain the stroke while increasing the actuation force. Tape actuators can be 

combined in a stack or parallel. The advantage of the stack actuator is that the force increases 

while the packaging space remains approximately the same. The minimal thickness of the tape 

actuators with the multifunctional tape connectors allows the actuator to be stacked without 

taking up significantly more packaging space. The actuators can be stacked until the attachment 

strength of the MTC connection to the external system is weaker than the stack of actuators. In 

the parallel case, the total width of the combined actuator has doubled, and the force has 

doubled. Both parallel architectures increase the force linearly with the number of actuators 

while maintaining the same stroke, provided the pre-stretch in each actuator is kept at the same 

level. An unlimited number of actuators can be combined side to side if there is space and a way 

to connect them electrically. The electrical connection will have to be done externally for 

adjacent actuators. 

5.2.2. Architecture Scaling with Multiple Modules 

One simple way to understand the impact of scaling is to look at performance changes in the 

force-displacement space. The two main effects of scaling in the force-displacement space are 

scaling the force while the displacement is maintained and scaling the displacement while the 

force is maintained. Scaling the performance will also impact the package size, complexity, or 

driving voltage. The effects of scaling a tape actuator are shown using three force-displacement 

curve pairs in Figure 93; each pair is a different line type. The OFF voltage curves are plotted in 
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blue, and the ON voltage curves are in red. For a nominal DE tape actuator, scaling the width, 

adding parallel actuators, stacking actuators, and increasing the film thickness all have the same 

effect in the force-displacement space of increasing the force levels without impacting the 

feasible displacement. The results of force scaling are plotted in dashed lines. Increasing the 

axial length of the actuator has the same effect as adding actuators in series, which is that the 

displacement is scaled without changing the force capabilities of the actuator. The results of 

displacement scaling are plotted in dotted lines.  

The effect of scaling the force level in the force-displacement space is to increase both the 

force level for a given displacement and the vertical separation force level of the OFF and ON 

voltage curves. The impact of scaling the force on the design will depend on the type of external 

force. A constant force and a spring force external load will be explored to explain the impacts of 

scaling. 

 

 

 

In the case of constant force, the impact of load scaling will depend on the interaction of the 

constant force level of the force-displacement curves. As a first -case example, let us assume that 

the external force is scaled directly with the increased actuation authority of the tape actuator, 

shown in Figure 94. The original system is plotted in solid lines with a thick green line. 

In the case of constant force, the impact of load scaling will depend on the interaction of the 

constant force level of the force-displacement curves. As a first -case example, let us assume that 

the external force is scaled directly with the increased actuation authority of the tape actuator, 

shown in Figure 93. The original system is plotted in solid lines with a thick green constant force 

system line, and the scaled system is plotted in dashed lines with a thin green constant force 

system line. In this case, the stroke for the two systems is equivalent. In a second case, let us 

Figure 93. Scaling Effects on DE Tape Actuators.  

The effects of scaling a tape actuator. Dashed 
lines represent parallel scaling, and dotted lines 
represent series scaling. 
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assume that the force level is fixed with the original constant force level, shown by a thick green 

line, then scaling of the force will cause the external system to cross the force-displacement 

curves in the lower range of the curves, where there is low separation between the OFF and ON 

performance. Scaling the actuator's performance then reduces the stroke of the total system for 

the scaled load system compared to the original system. As another case study, let us assume the 

fixed load of the system is the higher constant force load, shown by the thin green line. In this 

case, the scaled load system will have an increased stroke compared to the original system. These 

examples show the importance of matching the external system and the tape actuator 

performance to achieve a good design.  

 

 

 

In the case of a spring, the scaling of the force performance will typically have a substantial 

impact. In Figure 95, the original system is plotted in solid blue (OFF) and red (ON) lines, the 

scaled system is plotted in dashed blue (OFF) and red (ON)  lines, and the spring system is 

plotted as a green line. The stroke of the system increases substantially for the scaled-force 

system as opposed to the original system. The actuation stroke increases because the scaled 

system has a larger force separation between the OFF and ON voltage curves. The new 

performance curves cause the system's equilibrium points to increase in force, resulting in an 

increased actuation stroke. For this case, the free-clearance is unchanged for the two systems. 

Figure 94. Impact of Parallel Scaling. 

Impact of parallel scaling with a constant force 
in the force-length space. 
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Even though the free-clearance may not be in the optimal length for the largest stroke for each 

actuator curve, the spring system crosses both the performance curves in the middle parallel 

range close to the optimal stroke location. Intersecting the actuator performance curves in this 

parallel region provides good performance and has low design sensitivity because the OFF and 

ON voltage curves are close to parallel.  

The increased stroke will depend on the stiffness of the external system. Softer springs, in 

general, will receive less stroke performance gains than stiffer springs. At the limit of low 

stiffness, which is equivalent to a constant force, the system will not have any improved stroke as 

long as shown in the previous example. The maximum increase in stroke for a system with a 

fixed spring stiffness will be equivalent to the actuator performance scaling. If the actuator is 

scaled by a factor of two, then the stroke can be scaled by a maximum factor of two. The 

maximum stroke scaling will occur only for very stiff systems. In general, for a spring system, 

the stroke gains for scaling the actuator performance curves will be linked directly to the stiffness 

of the spring system. 

 

 

 

Scaling the displacement levels in the force-displacement space increases the total 

displacement range and the horizontal separation, or displacement length, of the OFF and ON 

voltage curves. The impact of scaling the displacement on the design will depend on the type of 

Figure 95. Impact of Parallel Scaling with an 

External Spring Force.  

Impact of parallel scaling with an external spring 
force in the force-length space. The scaled 
performance curves are shown as dashed lines.  
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external force. A constant force and a spring force external load will be explored to explain the 

impacts of scaling. 

In the case of constant force, the impact of displacement scaling will result in a direct 

scaling of the stroke by the same factor. In Figure 96, the original tape actuator performance 

curves, shown as solid thick lines, are scaled by a factor of two as dotted thin lines and a constant 

force curve plotted as a green line. The stroke for a constant force is shown to double, which is 

the same as the displacement scaling factor. The actuation stroke will scale directly with the 

displacement scale factor for any external constant force level.  

 

 

 

In the case of spring force, the displacement scaling will increase the stroke. However, the 

increase in stroke will depend on the spring stiffness and the actuator performance curves. In 

Figure 97, the original tape actuator performance curves, shown as solid thick lines, are 

displacement scaled by a factor of two, shown as dotted thin lines and a spring force curve is 

plotted as a green line. The stroke for a spring force is shown to increase marginally after 

displacement scaling. The same free-clearance is used for both sets of performance curves. Even 

though an optimized free-clearance is not used for each case, the spring force crosses the 

performance curves in the parallel region, where the performance level is approximately equal 

regardless of the free-clearance. For an extremely stiff spring system, displacement scaling will 

not change the actuation stroke because the vertical spacing between the performance curves has 

not changed with the series actuators.  

Figure 96. Performance Impact of Series Scaling. 

Performance impact of series scaling of DE tape 
actuators when the biasing force is a constant force. 
The increased stroke is scaled by the number of 
actuators in series. 
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In summary, architecture scaling can be used to increase the actuation performance of a 

system and can be achieved in several ways, with the most common ways summarized in the 

previous subsections. Both force scaling and displacement scaling can increase the performance 

of a system. The type of performance scaling that can best be used to improve a system will 

depend on the type of external system. For softer spring and constant force systems, 

displacement scaling will substantially enhance the actuation stroke. For stiffer spring systems, a 

greater performance gain can be had using force scaling versus displacement scaling.  

Force scaling can be achieved in many ways, each with advantages and disadvantages. Force 

scaling can be achieved through either geometric changes or a larger architecture. Increasing the 

width or thickness of a single actuator causes a force scaling for geometric changes. An 

advantage of geometric changes is that the scaling is infinitely adjustable, and an actuator can be 

precisely tailored for the application. Changing the thickness or the length will have different 

advantages. The advantage of changing the thickness is that the force is scaled within the same 

packaging size. The disadvantage of a thickness change is that the required driving voltage is 

increased. The advantage of scaling the length and width is that the driving voltage will remain 

the same. The disadvantage of increasing the width is that the overall package size will increase. 

There is also a geometric constraint such that the width-to-length ratio must remain large. A 

custom geometry actuator can be tailored for a specific design; however, this will require a 

custom fabrication process, adding to the overall complexity. The main advantage of using a 

modular system is the simplification of the fabrication process and the ability to change the 

scaling at any time easily. Stacking tape actuators scale the force in whole increments. A 

disadvantage of stacking actuators is that multiple actuators make the implementation slightly 

Figure 97. Series Scaling with a Constant Force 

Spring.  

Series scaling with a constant force spring. The 
location of the graph intersection changes, but since the 
intersection points are in the middle plateau region, the 
actuation stroke remains approximately the same.  
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more complex. Adding actuators in parallel has the same effects as adding width, except an 

additional electrical connection will be required for the additional actuator. Adding actuators in 

parallel also increases the width.  

In the case of series scaling, there is a significant limit to the amount of geometric scaling 

that can be achieved compared to architectural scaling. The length of the actuator can be 

increased during the fabrication process, which will result in larger displacement. However, there 

are significant limits to the amount of the possible increase. When the length is increased, the 

length-to-width ratio decreases, which can reduce the pre-stretch, which provides a large 

actuation. A greater length can be achieved only by maintaining the length-to-width ratio, 

resulting in a larger package size and stiffer actuation performance curves. Architecture series 

scaling does not suffer this limitation of increasing the length because each tape actuator is 

supported by its multifunctional tape connector. The actuator can be connected in series without 

increasing the width. The disadvantage of architecture scaling is that the MTC introduces 

inactive material to the length so that the actuator will be made longer by the number of actuators 

used. The other advantage of using a modular architecture in series rather than a geometric 

lengthening is that the manufacturing process does not need to change. Standardizing the 

fabrication process leads to more repeatable results and robustness. 

5.3. Actuator System Categorization for Common or Useful Actuator Situations 

There are many ways to approach the external systems to understand their relevance to 

dielectric elastomers. One approach used here is categorizing the systems in the context of 

actuator design for DEs.  

There are many different types of external systems, and to aid in understanding them, six 

categories of systems and system architectures relevant to DE tape actuators will be identified: 

constant force, spring force, leverage designs, reverse bias designs, antagonistic designs, and 

reverse bias antagonistic designs. To further enhance the usefulness of these categories, each 

identified system can be evaluated on the actuation performance stroke, the design sensitivity, 

design complexity, and implementation complexity.  

The actuation performance could be related to many different variables, depending on the 

situation. The possible variables include actuation strain, force, speed of actuation, dampening, 

specific force, and specific energy. A large-strain actuation stroke is the performance property 
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that sets dielectric elastomers apart from other technologies, so To simplify the performance 

evaluation, the stroke will be used to evaluate performance. The performance stroke of the 

actuator will then be assessed against the total stretch range of the tape actuator. 

The sensitivity of the design is a measurement of how much the performance stroke will 

change as a function of the design changing. In the previous section, it was described how 

scaling the actuation could impact the performance. Under some circumstances, the performance 

would not change under scaling. The design is not sensitive in these situations because the 

scaling does not change the performance. On the other hand, some actuators experience extreme 

changes in stroke with scaling. These systems have a sensitive design.  

Design complexity is related to the number of design variables and the impact of changing 

the variables on performance. The theoretical design controls The overall performance and 

sensitivity of the design. Design parameters are completely under the designer's control, and the 

number of these variables increases the complexity of the design and possibly the performance. 

With more variables, the possible peak performance is harder to identify.  

The implementation complexity is the number of parts, the challenge in fabrication and 

assembly, and the types of interfaces. The implementation complexity requires a trade-off that 

will have to be made with the design in general. More intricate external system designs that use 

the entire dielectric elastomer stretch range will require a more complex implementation than a 

constant force or simple spring. One of the primary advantages of DEs over conventional 

technologies is the simplicity of the actuation and the lack of moving parts. As implementation 

complexity increases and additional complexity is introduced, the advantage of a dielectric 

elastomer actuator over other technologies will be reduced. It also introduces more failure points.  

A trade-off among the four categories, actuation performance, sensitivity of the design, 

design complexity, and implementation complexity, is required when designing a DE to work 

with a system. The trade-off needed is illustrated with six identified systems that will be 

evaluated on the key parameters.  

5.3.1. Constant Force 

Constant force systems demonstrate the advantage of dielectric elastomers’ ability to create 

large actuation strokes. Constant force systems are also relevant because they are easily used and 

can be easily replicated for experimental validation.  
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A simple constant force system with the coordinate frame defined is schematically shown in 

Figure 98. The system performance can be evaluated using the quasi-static design process 

described in Section 5.1. The typical coordinate starts at the interface of the active material and 

the MTC, with a positive direction toward the active material. A constant force is independent of 

all coordinate frames; therefore, the second coordinate frame can be defined as the primary 

coordinate frame without a coordinate transformation. The system equilibrium and actuation are 

schematically shown in Figure 99, with both the ON, 0𝑉, and OFF, +𝑉, equilibrium lengths. The 

actuator length without the force applied, as shown in Figure 98, is shorter than the OFF 

equilibrium length shown in Figure 99 because the elastomer must stretch to balance the external 

force. 

 

  

 

The force-displacement design space is plotted in the coordinate frame of the DE tape 

actuator, as shown in Figure 100. There is only a single design variable for a constant force 

system: the force level. There is no free-clearance because the external system does not change 

as a function of position. Therefore, the final design space is plotted with the green horizontal 

line representing the constant force, the blue line representing the OFF voltage curve, and the 

RED line representing the ON voltage curve. System stroke is the length between the two 

equilibrium locations, where the green line crosses the OFF and ON voltage curves, the vertical 

blue dashed line, and the vertical red dashed line. The horizontal force line is nearly the same 

slope as the actuation curves, which allows the constant force systems to have a high actuator 

stroke. The actuator stroke depends on the force level, but it can be large when selected correctly. 

Figure 98. Simple Constant Force System with 

Coordinate Systems Defined. 

Simple constant force system with coordinate 
systems defined. 

Figure 99. Constant Force System in 

Equilibrium Positions. 

Simple constant force system shown in 
the equilibrium OFF and ON states. 
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The constant force systems contain two regions of low sensitivity where the stroke is 

relatively stable: near the peak stroke and at high loads. Directly around the peak stroke region 

for the OFF and ON performance, the curves are relatively parallel, so the stroke will be 

insensitive to small system changes. However, a small decrease in the actuator stroke will occur 

if the peak is not hit exactly. Farther from the peak stroke location, the actuation stroke changes 

substantially. At high loads, the actuation stroke decreases with an increasing load, but the slope 

is small, so the system will not be extremely sensitive to small changes in the configuration. At 

high loads, any increase in load will decrease the actuation stroke, while a reduction in load will 

increase the stroke. 

The simplest form of a constant force is generated by gravity. Gravity times the mass results 

in a constant force. Another way to produce a constant force is to use a constant force spring 

element, which can be a helical spring, a spool, or a superelastic SMA wire. There are also many 

more complex methods for producing a constant force; however, the performance of any 

constant force system will be the same. 

There are multiple challenges when using constant force systems, depending on the source 

of the constant external force. If a system depends on gravity for the origin of the force, then the 

system will be severely limited in its application because it must maintain a constant orientation 

to gravity; otherwise, the force in the system will change. This dependence on orientation to 

gravity limits the applications. The mass of gravity-driven constant forces also generates inertial 

forces. The inertial forces increase at a faster rate than the applied force. Therefore, higher 

inertial forces will be seen in applications that require higher forces. Using a constant force 

spring as a biasing element minimizes the inertia and eliminates the challenges associated with 

Figure 100. Constant Force System Design Plots. 

Constant force system represented in the force-length 
space and force versus stroke. 
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using gravity as a constant force. Typically, constant force springs will come in form factor, 

which will significantly increase the packaging space of the total system. Any rotation elements 

increase the system's complexity and eliminate the simplicity advantage of dielectric elastomer 

actuators. The need for a rotating system introduces the need for bearings and other system 

requirements, which increases the system's complexity and detracts from the simplicity 

advantage of DEs. Overall, the implementation complexity is low for a large actuation stroke. If 

gravity generates a constant force, then the system will be limited to its orientation to gravity, 

while systems that use springs will have added complexity without increasing the performance.  

5.3.2. Spring Force 

The stroke is highly dependent on the type of system configuration. A spring system, which 

is very common in the real world, can be characterized in its coordinate frame, where the force is 

zero at the origin and increases as the spring is elongated, as shown by the green line in Figure 

103. A schematic of a basic spring system is shown in Figure 101, where the spring coordinate 

frame is reversed and offset from the coordinate frame of the DE actuator coordinate frame. The 

coordinate offset is the distance between the two coordinate frames minus the length of any 

passive material, which is the multifunctional tape connector. Schematically, the two systems are 

shown combined in Figure 102 when the voltage is OFF and ON. Also, the two equilibria are 

shown in the force-length design space, and the difference in these two locations is the stroke of 

the actuator, which is smaller than the stroke for a constant-force system.  

 

 

 

0𝑉 𝐹 = 0 
𝐹 = 0 

Initial 
Offset Tension 

Spring 

𝑳 𝑳’ 

Figure 101. Schematic of Antagonistic System Showing 

Free-Clearance. 

Schematic of a dielectric system with a second actuator as 
a biasing force forming an antagonistic system. 
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A spring is a mechanism that stores strain energy through elastic mechanical deformation. 

The spring constant typically defines a spring, 𝑘 (𝑛 𝑚⁄ ), which is the force required to move the 

element over a distance. The simplest representation of a spring system is a constant spring 

where the constant, 𝑘, is the same as the length changes. These systems can also exist in tension 

or compression. A more complicated spring would be used in a system with a nonlinear spring 

constant where the slope of the force-length curve changes as a function of position. Nonlinear 

springs are quite common in the real world; they can take any shape and have a spring constant 

from almost flat and constant to very stiff and vertical. They may also have negative slopes 

where the stiffness increases as a function of length.  

A common biasing element in DE actuators is a spring force. All elastic forces can be 

represented by some spring. Although the definition of a spring is very broad, this section will be 

limited to linear springs with constant stiffness that does not change with position. Limiting the 

systems to a constant force spring is to exemplify the characteristics of a spring system in a 

simple system. Even within constant springs, there is a large range of stiffnesses. A constant 

force is an infinitely soft spring, while a blocking force is an infinitely strong spring. There are 

many methods for producing a constant stiffness spring, but the most common type of linear 

spring is a coiled spring.  

A schematic of a DE with a spring biasing force is shown in Figure 102. The system 

identification system discussed in the previous section will again be used to characterize the 

system. The coordinate frame, 𝐿, for the DE, is the previously identified standard one that starts 

with the active material. The coordinate frame for the spring, 𝐿’, is in line with the spring and the 

𝐿 coordinate frame but with an inverted primary axis that starts at the end of the spring when 

there is no force on the spring. Each element is characterized in these two systems. The two 

systems are combined into one, shown schematically in Figure 102, indicating the equilibrium 

with the voltage. The two coordinate frames are joined into a single coordinate frame by 

multiplying the spring constant by a negative one and using the distance between the two 

coordinate frames as the coordinate offset. The coordinate, or initial, offset is the distance 

between the two coordinate frames with any inactive material removed, which has been 

previously defined in Section 5.1. The free-clearance and the coordinate transformation are then 

used to plot both performance curves on a single force-displacement plot, as shown in Figure 

103. 
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The sensitivity of a dielectric elastomer actuator stroke working in conjunction with a spring 

will depend on the performance curves of the two elements and also on how they are combined, 

which is dictated by the free-clearance. In Figure 103, the DE performance is plotted for the low-

voltage curves in blue and the high-voltage curves in red, while the spring in the transformed 

coordinate system is plotted in green. The plot also contains the total length of the OFF voltage 

DE and equilibrium and the total length of the DE with the ON voltage equilibrium. The 

difference between these two lengths is the stroke of the actuator. The coordinate offset is also 

shown in Figure 103. The coordinate offset also contains within it the free-clearance. Therefore, 

changing the free-clearance will change the coordinate offset, which is how the free-clearance is 

used to change the performance stroke of the combined system. 

Figure 102. System in Equilibrium with the Applied 

Spring Biasing Force.  

The schematic of a dielectric elastomer spring 
system in equilibrium with the applied biasing force.  
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Dealing with quasi-static actuation and more complex initial settings, such as the free-

clearance of the force-displacement plot, is very useful for determining performance. This 

example shows the tension spring crossing through the middle plateau of the DE. Slight 

perturbations of the coordinate offset would not significantly impact the stroke of the actuator 

because the lines are parallel in this region. However, as the coordinate offset is shifted 

substantially left or right, the stroke will decrease and, at certain locations, will start to decrease 

dramatically when the dielectric elastomer curves are in the initial stiffness zone or approaching 

the high-stiffness range and the asymptotic stretch limit. 

The design complexity of a spring system is relatively straightforward because only two 

principal design variables need to be adjusted: the stiffness of the spring and the free-clearance. 

The impact of changing the free-clearance is to shift left or right the locations where the spring 

crosses the actuation curves of the DE. Shifting the preload left or right will allow the spring to 

interact with different regions of the DE and can be moved to where the optimum performance is 

possible. The stiffness of the spring controls the slope of the external system, which then 

provides for the maximum possible actuation stroke. Modest changes to either of these variables 

Figure 103. Design Graph Showing Force-

Displacement Performance Curves. 

The force-displacement performance curves of 
the dielectric elastomer and spring are plotted on a 
common coordinate system using the coordinate offset. 
From these data, it is then possible to determine the 
actuator stroke between the low-voltage and high-
voltage states. 
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will produce modest changes in the performance; therefore, it is fairly simple to design systems 

with a spring force. 

The implementation complexity of spring systems is relatively low. Springs are very 

common elements and easy to understand and integrate into systems. Purchasing a spring to use 

as a constant force is very easy. Springs do not have moving parts and are very simple systems, 

which makes them good options for biasing elements. When purchasing springs, getting different 

spring constants varying from tension to compression forces is easy. Springs are cheap because 

they are made by altering the bending stiffness of the materials.  

Springs are a challenge because they depend on their bending stiffness, which is not fully 

understood, although if the actuation is limited to certain stretches, the force-displacement is 

constant. When functioning with a DE, the problem with spring systems is that they do get a 

decreased stroke performance because of the nature of the force-displacement profiles of the 

curves. Attaching a spring can be challenging because it needs to be anchored so that the metal 

spring anchor place pulls in a certain direction. The most common springs are linear and pull at a 

focused point, which takes away from the advantage of distributed actuation. There is a need to 

look for alternative types of springs, such as the bending of flexible plates or their materials, that 

do a better job of providing the bias force and taking advantage of the distributed conformal 

advantages of DE actuators.  

5.3.3. Leveraged Force 

This transformation is important as it can enhance fixed system-actuator performance or 

transform actuator work to match the system's needs. The mechanism transforms the shape of the 

force-displacement curve into another shape at the end of the mechanism. 

Leverage systems are relevant because they are a way to increase the performance of a DE 

actuator or to change a system’s force-displacement profile so that it can be used to a better 

degree, as shown in Figure 104. Some systems are complex and have multiple components, or 

because there is no easy way to attach to a system directly, it is necessary to use a mechanism to 

facilitate the attachment. Leverage systems enable a system to change its force-displacement 

profile. Leverage is a tool that can be used to enhance actuation.  
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To explore the capabilities of a leverage system, a simple symmetrical beam connected to a 

DE tape actuator and spring is shown in Figure 105. The free-clearance is defined as the length 

the tape actuator needs to stretch to reach the attachment point on the lever arm when the arm is 

connected to the biasing spring and internal forces on the spring are minimized. If the system 

allows, the internal force will be zero when the free-clearance is measured. The system 

schematic is shown in Figure 105 and the voltage OFF and ON equilibria. 

 

 

 

Using a quasi-static design process for a leverage system enables easy design and 

understanding of performance impact with parameter modifications. The basic components that 

must be characterized are the tape actuator and the spring. The primary coordinate frame will be 

selected as the tape actuator coordinate frame. The coordinate transformation encompasses the 

leverage system and transforms the spring into a reversed and offset coordinate frame from the 

tape actuator. as in Figure 106, the system appears equivalent to the spring-biased system when 

combined into a single graph.  

Figure 104. Leverage System Schematic with 

Initial Offset. 

Leverage system shown with a spring acting 
through an infinitely stiff beam on a frictionless pivot 
and always pulling in line. 

Figure 105. Leverage System Equilibria Points.  

Voltage equilibria ON and OFF schematic of 
a single-pivot system. 
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The resulting system in the force-displacement space is the same as the spring force system. 

Two design parameters can change the system: the free-clearance and the leverage ratio between 

the two lever arms. The free-clearance has the same capability to shift the equilibrium positions 

of the system as shown in the previous spring example. For a more detailed explanation, please 

see Section 5.1. 

The design parameter easily modified in the spring lever system is the ratio of the lever 

arms. The impact of changing only the lever arm ratio is shown in Figure 107.  

 

 

 

Figure 106. Primary Coordinate Frame 

Design Graph with Performance Curves. 

DE actuator and pivot biasing force plotted 
in the primary coordinate frame. 

Figure 107. Unequal Leverage Equilibrium 

Positions Schematic. 

Schematic of leverage equilibrium positions 
when the pivot point has moved and the moment 
arms are of different lengths. 



219 

The original ratio of the lever arms is 𝑘0 = 1, shown by the solid green line, where the two 

arms are the same length. If the leverage ratio is raised, as shown by 𝑘3, then the impact would 

be to increase the apparent stiffness of the external system in the actuator coordinate frame, as 

shown by the green dashed line in Figure 108. The result of the increased stiffness is that the 

stroke of the actuator is reduced, while the total work will most likely decrease because the 

stroke has decreased and the force level is approximately the same. On the other hand, if the 

leverage ratio is reduced, as shown by 𝑘2, then the apparent stiffness of the external system will 

decrease in the primary coordinate frame, as shown by the dotted green line in Figure 108. The 

softer system has a larger actuation stroke, and the total work is greater because the force level is 

approximately the same. 

 

 

 

The design complexity of a leverage system will depend on the complexity of the leverage 

mechanism. as shown in the previous example, the system's slope will depend on the moment 

arms' ratio and the free-clearance change for simple leverage mechanisms. The coupling of the 

changing ratio and the change in the free-clearance makes the system of medium complexity. 

However, it is possible to vary the geometry to maintain the same free-clearance, thus 

simplifying the design. It is also possible to use much more complex leverage systems to produce 

Figure 108. Transformed System Performance into 

the Design Graph Plot. 

Forced-displacement graphs showing the 
transformed system in the coordinate frame of the 
dielectric elastomer when the ratio of the moment arms 
around the pivot is modified. 
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the desired performance; however, this example is limited to a very straightforward, simple 

leveraging mechanism. 

The advantage of a leveraged system is that it is possible to tailor the performance to exactly 

what is needed. Leverage can transform a linear system into rotary motion and vice versa. 

Leverage can also convert a surface actuator into a point actuator or a point actuator into a 

surface actuator. The challenge with a leverage system is that more complexity is introduced. 

There are more moving parts, and that means more potential failure points. Leverage can also 

have the effect of changing the packaging shape, which can hurt the performance of the system. 

Commonly, some leveraging mechanism will be required due to packaging constraints, which 

provides the opportunity to tailor the performance to match the performance of the DE actuator. 

The stiffness appearance of the external system can be changed to better match the performance 

of the tape actuator.  

5.3.4. Reverse Bias Force 

Reverse bias systems are relevant to DE tape actuators because they are one way to use the 

full range of performance. A reverse bias force has a high force at small displacement and a low 

force at high displacement, which is the opposite of typical springs, which have a low force at 

low displacement and a high force at high displacement. Reverse bias forces are great for 

dielectric elastomers because the hyperelastic curve in the large stretch range, where the ON-

and-OFF occurrences are approximately parallel, has the approximate shape of a reverse bias 

spring. Therefore, the performance of a reverse bias spring can closely match the force-

displacement of a DE and use the full stretch of a DE actuator. 

A simple reverse bias system is an inverse pendulum. An example of this type of system is a 

mass at the end of a beam that pivots with an actuator attached along the beam, as shown in 

Figure 109.  
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When the mass is vertical, the torque caused by the mass around the pivot location is zero. 

As the beam rotates, the torque increases as the horizontal distance between the mass and the 

pivot location increases. The maximum torque occurs when the arm is horizontal or 

perpendicular to gravity. The opposing torque is provided by the actuator attached to the beam. 

The torque supplied by the actuator is a function of both the actuator force as well as the moment 

arm of the actuator. The moment arm is the perpendicular distance between the rotating actuator 

coordinate frame, which is aligned with the actuator, and the pivot location. This moment arm 

length decreases as the mass pivots to the horizontal. The result is that the force on the actuator 

appears as a ratio of the two moment arms, which increases as the mass pivots. (See Figure 110.) 

The final result is a system characterization curve where the force increases as the DE actuator 

lengthens, as opposed to remaining constant as it would have without the reverse bias leverage.  

 

 

 

 

 

 

Figure 109. Schematic of an Inverted Pendulum. 

Schematic of an inverted pendulum attached to 
a dielectric elastomer, which creates a reverse bias 
system for the dielectric elastomer.  

Figure 110. Pendulum Equilibrium Positions. 

Schematic of the ON and OFF voltage equilibrium 
positions of a reverse bias system using a pendulum. 
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For an inverted pendulum supported by a DE, as shown in the schematic in Figure 109, the 

resultant external system will have a reverse bias. The system's two components are the tape 

actuator and the inverted pendulum. The DE will be characterized in its primary coordinate 

frame. The inverted pendulum can be described with the moment as a function of the angle, with 

a zero angle being the unstable equilibrium. The tape actuator's primary coordinate frame is 

always aligned with the DE. In this case, that coordinate system will rotate so that it is always 

directly in line with the fixed anchor and the attachment point to the pendulum. The force angle 

characterization of the inverted pendulum is then transformed into the primary DE coordinate 

system. Setting the second coordinate frame for the pendulum to be zero when the force of the 

pendulum is zero simplifies the free-clearance since it, too, will be zero. The two systems can 

then be combined, as shown in Figure 111, and the stroke determined for the two systems.  

The free-clearance for this combined system is extremely important to enable the reverse 

bias to match up with the tape actuator's performance curves. One interesting aspect of the free-

clearance is that it is negative, meaning that rather than being stretched to reach the zero-force 

location of the external system, it will need to be compressed. This negative free-clearance is 

because the inverted pendulum is inherently unstable and needs to be rotated away from the 

fixed anchor to achieve equilibrium. This results in a system that uses the DE actuator's full 

stroke, exploiting the actuator curves' parallel characteristics and providing much more motion. 

Using the whole length of the hyperelastic curve increases the strain of the actuator and the 

amount of work that can be performed. 

The force-displacement graph in Figure 111 shows the advantages and challenges of a 

reverse bias system. The green line represents the reverse bias force in a DE coordinate system. 

The green line starts at the origin, then crosses the DE OFF curve in the initial stretch region, and 

crosses the DE ON curve at the end of the middle plateau region of the elastomer. This results in 

an extremely large stroke for the actuator. The challenge of reverse bias systems is that they are 

extremely sensitive to slight changes in the design parameters. If the parameters are off, such that 

the reverse bias system shifts slightly, the result will be that the stroke is significantly decreased 

because it will cross both DE curves at the end of the plateau region. On the other hand, if the 

reverse bias system shifts down, the reverse bias curve will cross both the DE curves in the initial 

stretch region, resulting in a much -reduced actuation stroke. It is also extremely possible to have 
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a system where the reverse bias does not cross both performance curves, resulting in an actuation 

system that would not function. 

 

 

 

Design complexity will depend on how little reverse bias system is created. In this case, a 

limited number of variables are used: the ratio of the moment arms, the mass of the pendulum, 

and the free-clearance. Even with this limited number of variables, producing systems that would 

not function with the dielectric elastomer is extremely easy. The shape of the reverse bias force 

in the primary coordinate system depends on all the variables, but each will have a different 

effect. The free-clearance will generally shift the transformation coordinate frame to the left or 

right relative to the primary coordinate system. The location of the DE attached to the pendulum 

relative to the center of the mass will generally control the overall shape of the reverse bias 

system. The mass of the pendulum will, in general, affect the slope of the reverse bias curve. A 

heavier mass increases the slope of the transformed performance curve, while a lighter mass 

decreases the slope of the transformed performance curve. The design complexity of the system 

is moderate because it is possible to understand the impacts of changes to the design parameters 

intuitively.  

The challenges of working with a reverse bias system with dielectric elastomers are that they 

are hard to produce, and the design space for good performance between the two DE actuation 

curves is a small window. Achieving the tolerances needed actually to produce the desired 

Figure 111. Profile of a Reverse Bias System. 

Force-displacement profile of a reverse bias system 
where an extremely large actuation stroke is achieved by 
matching the external system to the shape of the dielectric 
elastomer performance curves. 
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actuation is challenging. It is also possible that upon implementing the design, enough tolerance 

errors can lead to catastrophic failure: either a runaway electric field event or the mass 

overcomes the maximum stretch limit of the dielectric elastomer. The system can also have 

infinite leverage, which would cause the system to cascade until failure. Potential dielectric 

limits can also be reached, where the provided voltage will need to be scaled as the elastomer 

stretches because the dielectric field strength of the material changes with stretching, and 

dielectric strength also changes. 

A further limitation of the system is that an unstable pendulum requires a physical 

orientation relative to gravity to function, which will limit its applications. Dynamic 

configurations introduce added complexity because inertial effects affect the system's 

performance. There are limited methods to achieve reverse bias; therefore, the actuation system 

has to be designed specifically with reverse bias in mind. The limited and complex means 

required to achieve a reverse bias spring means that the whole design must be tailored to the 

situation. 

5.3.5. Antagonistic Force 

One way to achieve large strokes with DE actuators independent of gravity is to use them in 

an antagonistic configuration. An antagonistic actuator system involves multiple actuators, each 

providing the bias force required to produce actuation. The simplest antagonistic system involves 

two directly opposite actuators, which is seen schematically in Figure 112.  

 

 

 

This system configuration results in four equilibrium points, shown schematically in Figure 

113:the first, where both actuators are OFF; one when the first actuator is ON and the second is 

Figure 112. Simple Antagonistic System. 

A schematic of a simple antagonistic system where 
the dielectric elastomers are used to produce the biasing 
force for each other. 
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OFF; one where the second actuator is ON and the first is OFF, and finally when both actuators 

are ON.  

 

 

 

The two components of an antagonist system are the two actuators. Each actuator can be 

characterized in its coordinate frame. The coordinate transformation involves flipping the axial 

direction of the one actuator and setting the offset of the anchor locations. The two systems are 

combined in Figure 114. The maximum stroke achievable is equivalent to a constant force when 

the system is alternated between the ON/OFF and OFF/ON states. This design also allows the 

system to come to equilibrium anywhere inside the diamond by applying partial voltages to the 

actuators. The free-clearance of the system will control the magnitude of the stroke of the 

actuator. It is also possible to achieve a range of actuation strokes at different force levels and 

create different force levels for a given stroke.  

Figure 113. Schematic of the Four Equilibrium 

Positions. 

A schematic of the four equilibrium positions 
possible for an antagonistic system using two dielectric 
elastomers. 
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The design sensitivity of this antagonistic configuration is low. The only significant design 

parameter is the free-clearance, which controls the equipment offset. Free-clearance controls 

where all equilibrium positions appear on the hyperelastic curves. For the larger stroke design, 

the curves will be arranged such that the two curves cross the plateau region of the hyperelastic 

curve. Since the performance curves are relatively parallel in this region, slight parameter 

variations will not significantly affect the maximum performance. The system also allows for 

any stroke and force within the area defined by the four equilibrium points. This flexibility 

simplifies the design process if the system is designed to enclose the target performance within 

the performance space. 

In terms of design complexity, the technical system is simple. The free-clearance controls 

the location of the four equilibrium points. Increasing the free-clearance will shift both 

equilibrium points up the highlighted hyperelastic curve, while decreasing the free-clearance will 

shift the equilibrium points down the hyperelastic curve. 

The implementation complexity of an antagonistic system is low and has many potential 

benefits. The actuation performance is equivalent to a constant-force mechanism and has the 

Figure 114. Antagonistic System Force-

Displacement Design Graph. 

Force-displacement graph showing the 
dielectric elastomer performance curve for an 
antagonistic system using two dielectric 
elastomers. Possible performance is described by 
the approximate diamond shape in the center of 
the graph. 
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same advantages of a large stroke, but it is independent of gravity and significant inertial effects. 

Using a second DE actuator as the biasing element enables the whole actuation system to consist 

of soft and conformal materials. Another advantage is that an antagonistic configuration uses 

completely distributed actuation, which can lead to decreased requirements for support material 

at the interfaces. With the second actuator comes an additional set of force requirements and a 

second control system. Coordination of the control systems is necessary to achieve the desired 

performance. 

There is an increased packaging size because the actuators are offset from each other. It will 

be challenging to align the actuators precisely, and offset moments may need to be accounted for 

in the design by artificially reducing the possible actuation performance from the model 

predictions. Although an antagonistic design gives the equivalent stroke of a constant-force 

system, which is better than what can be achieved by a spring system, it is not nearly as 

beneficial in terms of stroke as the reverse bias gravity system, but it can be physically orientated 

independent of gravity. 

5.3.6. Reverse Bias Antagonistic Force 

In general, as the system's complexity is increased, it is possible to fine-tune performance 

curves to achieve the greatest performance by a DE tape actuation system. However, the system's 

complexity also leads to a more complex design process and a more sensitive design. One way to 

achieve this increased complexity is to use multiple design configurations. As discussed in 

Section 5.3.4, A gravity-driven reverse bias system5.3.4 achieves great performance but at the 

cost of high design sensitivity and significantly challenging implementation complexity. 

Alternatively, the direct antagonistic configuration, discussed in Section 5.3.5, is a relatively 

simple design, with design insensitivity and low implementation complexity while still providing 

significant performance benefits. Leveraging mechanisms, discussed in Section 5.3.3, are a 

useful way to adjust the performance of biasing elements in an actuation configuration setup. 

Combining three configurations makes it possible to create a reverse bias antagonistic system. 

This reverse bias antagonistic configuration can have many advantages over individual 

configurations while reducing some negative implementation and sensitivity aspects of different 

designs.  
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A reverse bias antagonistic design is shown in Figure 115. The design uses dielectric 

elastomers acting against each other through a leverage mechanism. In this case, both actuators 

are identical; therefore, they can be characterized in the standard force-displacement space. Two 

coordinate frames are identified to be used for the system: L, the standard coordinate frame for a 

DE actuator, and L', which is the second dielectric elastomer actuator transformed through the 

leverage mechanism. The key variables for the setup are the free-clearance, defined below, the 

length of r2 and r1, and the ratio of these two distances.  

 

 

 

Figure 116 shows the schematic of how the reverse actuation system works. In the figure, 

the secondary DE extends during activation, and the primary DE contracts. As the system rotates, 

the leveraging changes as a function of l2 and l1.  

 

 

 

The next step is transforming the secondary coordinate system into the primary one. The 

result of this transformation is that it is possible to see how the moment arms of the system affect 

Figure 115. Reverse Bias Coordinate Systems. 

A schematic of a reverse bias system with the primary and 
secondary coordinate systems defined along with the critical 
variables r2 and r1 and the free-clearance. 

Figure 116. Reverse Bias Antagonistic System 

Equilibrium Positions. 

Reverse bias antagonistic system connected 
with one dielectric actuator activated, showing the 
moment arms used for calculating the torque around 
the pivot. 
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the transformation. The ratio of the two moment arms is the key variable that controls the 

transformation from the primary coordinate system into the secondary coordinate system. Figure 

117 shows the standard force-displacement curve in the L prime coordinate system, the faded red 

and blue curves, and the force-displacement after the coordinate transformation of the dark red 

and blue curves has transformed it. The ratio of the two moment arms controls the magnitude of 

the transformation. When the primary actuator is activated, the length of the first actuator 

increases, which causes the l1 moment arm to decrease and the l2 moment arm to increase. 

Therefore, the ratio of the two variables is large, which causes the apparent stiffness of the 

secondary actuator to be large when the primary actuator is extended. This is shown on the right 

side of the figure, where the low stiffness of the secondary actuator increases substantially to 

have a much higher stiffness. Conversely, when the secondary actuator is activated, and in an 

extended length, the ratio of the two variables becomes small, such that the apparent force in the 

primary coordinate system is small. The result of these transformations is that the secondary 

actuator is transformed into a reverse bias slope in the coordinate system of the primary actuator. 

 

 

 

Figure 117 Transformation Plot of Performance 

Curve. 

The force-displacement profile of the secondary 
actuator in the L prime coordinate system, faded red 
and blue lines, and the transformed coordinate system 
in the primary coordinate system, dark red and blue 
lines. The graph also shows how the ratio of the 
moment arms of l2 and l1 affect the transformation of 
the performance curve during the coordinate 
transformation. 
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The primary DE force-displacement curve and the secondary DE force-displacement curve 

in the transformed coordinate system are plotted in Figure 118. Like the previous antagonistic 

design, this system has four equilibrium points that bound a region of achievable force-

displacement. In the graph, intersection 1 represents the point when both actuators are voltage 

OFF, intersection 2 denotes when the primary actuator is voltage ON, and the secondary actuator 

is voltage OFF, intersection 3 occurs when the primary actuator is voltage OFF, and the 

secondary actuator is voltage ON and intersection 4 signifies when both actuators have ON. 

Achieving particular points in the region can be challenging because the system is highly 

nonlinear. 

In Figure 118, the system appears nonsymmetric; however, this is an artifact of the 

secondary actuation system being transformed into the L' coordinate system. The L prime 

coordinate system is highly transformed and compressed. At equilibrium point 1, the primary 

actuator is activated, voltage ON, and a new equilibrium point, 2, is reached. Actuator 1 has 

increased in length, 𝛿+𝑉1
, while actuator 2 has decreased, 𝛿+𝑉1

, in the L’ coordinate system. 𝛿+𝑉1
 

in the L’ coordinate system is equivalent to −𝛿+𝑉2
 in the primary coordinate system. If the 

actuation is reversed, the primary actuator will be displaced −𝛿+𝑉2
, and actuator two will 

displace −𝛿+𝑉2
but in the L’ coordinate system. −𝛿+𝑉2

, transformed into its base coordinate 

system, will be equivalent to 𝛿+𝑉1
. Therefore, the system is, in fact, symmetric. 
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The sensitivity of the reverse bias antagonistic design will depend highly on how 

aggressively the system is antagonistic, directly related to how much actuation performance is 

achieved. More actuation performance is achieved for dielectric elastomers by using a larger 

percentage of hyperelastic curves. To use a higher percentage of the elastic curve requires that 

the reverse bias curve split the difference between the OFF and ON actuation curves for a large 

percentage of the force-displacement performance. Because of the closeness of the OFF and ON 

actuation curves, a large reverse bias antagonistic system will have a very high sensitivity. Slight 

changes in the input parameters can significantly impact the achieved performance. 

Alternatively, a reverse bias antagonistic system can be designed to use the force-displacement 

curve, leading to a more robust design with less sensitivity. The purpose of the configuration is to 

achieve higher performance; therefore, a reverse bias antagonistic design will have a sensitive 

design.  

The reverse bias antagonistic configuration shown in Figure 118 is a simple example of this 

type of system. The system has many different variables that go into its configuration. These 

variables necessitate an analytical design for the performance prediction. Plotting the system on a 

Figure 118. Performance Curves of a Reverse Bias 

Antagonistic System. 

Force-displacement diagram showing the 
performance curves of a reverse bias antagonistic 
system design on a common coordinate system. There 
are four equilibrium positions that encapsulate the 
entire region, which is achievable by this particular 
design. 
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single force-displacement graph is a good way to estimate system performance. The substantial 

transformation of the secondary coordinate system makes it difficult to predict the performance 

change from modifying the parameter input. If the desired performance level requires a tight 

tolerance, an analytical design will be needed to achieve the desired performance level. Although 

performance changes caused by parameter modifications cannot be precisely predicted from the 

forced-displacement performance graph, it is possible to simplify the variables to aid an intuitive 

understanding of how performance can change when the input parameters are varied.  

Implementation complexity for any reverse bias antagonistic configuration is high. Many 

design parameters can be off due to manufacturing tolerances, misassembly, or misalignment. 

Therefore, any reverse bias antagonistic system will need to have the capability of micro-

adjustments for the parameter input so that the as-built system can achieve the desired 

performance level. The high number of variables enables the option of many micro-adjustments 

that can significantly change the actuation performance. The high number of parameters also 

makes it difficult to identify which parameter must be modified when the actuation levels are not 

reaching the expected performance level. In an actual implementation, all the variables must be 

remeasured if the performance is off to allow for the analytical deduction of which parameters 

must be modified to meet the expected performance levels. The real advantage of the reverse 

bias antagonistic system is that it has numerous practical applications and can use the full range 

of the actuation performance of a DE. During the design process, it is also possible to design a 

system with a robust performance level and higher tolerances for manufacturing errors. The 

trade-off is that any increase in robustness will come at the cost of maximum performance 

achievable. 

5.4. Conclusions for Quasi-Static Actuator Design Process Used for Dielectric 

Elastomer Actuators 

Developing a framework to use in understanding and designing DE actuator devices/systems 

is fundamental to this research as it lays the groundwork for expanding the reach of DE tape 

actuators in industrial applications. A framework was developed to meet industrial application 

needs for a simple method to design quasi-static DE tape actuator systems, understand the 

limitations of DE tape actuators, identify ways to minimize or compensate for these limitations, 

create a categorization of common and useful DE tape actuation devices/systems; and develop a 

methodology for evaluating the advantages and disadvantages of a particular device/system. 
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The challenge of designing with DE tape actuators arises from the complexity of the DE 

materials in combination with being joined with external systems. A quasi-static design process 

addresses these complexities by using the force-length design space and applying it to DE 

actuator architectures to simplify designing. Scaling performance with DE tape actuators was 

also explored. Due to the modularity of DE tape actuators, architecture scaling can be used to 

increase the actuation performance of a system and can be achieved in several ways, with the 

most common ways summarized in the previous subsections. Both force scaling and 

displacement scaling can increase the performance of a system. The type of performance scaling 

that can best be used to improve a system will depend on the type of external system. 

Finally, this research considered system identification and categorization in the context of 

actuator design for DEs. A trade-off approach was employed by categorizing external systems 

into different types and analyzing the trade-offs required when selecting a particular external 

system. Six categories of systems and system architectures relevant to DE tape actuators were 

identified: constant force, spring force, leverage designs, reverse bias designs, antagonistic 

designs, and reverse bias antagonistic designs. As shown in Table 11, each of these systems was 

evaluated on the actuation performance stroke, the design sensitivity, the design complexity, and 

the implementation complexity.  

 

 

 

The trade-off approach validates new design and redesign scenarios where a DE tape 

actuator is integrated into an existing system. The trade-off analysis allows designers to know the 

potential range of performance and how the system can be modified to enhance the total system 

by making modifications that will make the system performance better match the capabilities of 

DE tape actuators. The technique enables an easy and intuitive understanding of designing with 

Table 11. System Categorization and Comparison with Qualitative Evaluation. 

Categorization of actuation systems that are relevant or useful for use with dielectric 
elastomer tape actuators. The qualitative evaluation is based on the actuation performance, 
sensitivity, design complexity, and implementation complexity of each system. 

 

System Categorization Performance Sensitivity
Design Complexity/ 

# of Variables

Implementation

Complexity

Constant Force Large Low Low Low

Spring Force Low Low Low Low

Leverage Force Medium Low Medium Medium

Rverese Bias Very Large High Medium High

Antagonistic Large Low Low Low

Antogonistic Reverse Bias Very Large High High High
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DE tape actuators. Furthermore, this design process can be adapted for any system configuration, 

and it allows a designer to maximize the possible performance for a given configuration without 

the need for extensive trial-and-error experimentation. 

 



235 

Chapter 6  Dielectric Elastomer Tape Actuator Architecture and 

Application Context Approach to Characterization, Modeling, and 

Design Advantage Validation with Case Studies 

The final element of this dissertation consists of validating the research goals while moving 

the technology toward industrial applications. Three design cases confirm the previously derived 

design elements and processes. The configurations to be explored include a spring configuration, 

a reverse bias gravity-driven configuration, and a reverse bias antagonistic configuration. While 

these case studies demonstrate the advantages of the DE tape actuator, including large and 

conformal actuation with compact multilayer architectures, they also display the simplicity of 

integrating DE tape actuators into existing applications. 

Each of the case studies illustrates significant attributes of a DE tape actuator. One 

encompasses a large distributed conformal strain in a compact package and design utilization to 

achieve a desired performance level. Another study demonstrates the performance capability of a 

DE system when it is developed from the beginning rather than as an ad hoc addition to an 

existing system. The final example uses all the findings in this dissertation: the DE tape actuator 

and its material and actuation properties utilizing architecture scaling; device categorization to 

demonstrate the capabilities of a DE tape actuator; the new variable shear Gent model for use in 

design; and the design methodology. These case studies illustrate how DE tape actuators can 

achieve fast, large-strain actuation while performing external work in a conformable and 

compact package with the ability to scale modularly and still be easily integrated with a 

device/system. They also demonstrate the ease of using the design approach (including 

characterization, modeling and design) based on application context. The final two case studies 

included in this dissertation were conducted by students who lacked expertise in DE actuators. 

These students could design functional actuation systems. 

6.1. Active Automotive Weather Stripping 

The automotive industry is extremely competitive. One common complaint concerns door 

seals. Currently, car door seals are made of passive rubber and are designed to achieve multiple 
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conflicting functions. The primary purpose of a car door seal is to act as a barrier to the external 

environment. The purposes include road and wind noise, and water intrusion. These sealing 

purposes would strengthen the seal to provide a strong barrier. However, a stiff seal prevents the 

door from closing properly. People want the door to close easily. The door-closing process 

involves more than simply shutting it because people also want to feel they have closed it 

properly. There must be some feedback from the door-closing process to assure the user that the 

door has closed. On top of feeling that the door has shut properly, there is also an experience, 

both tactile and audible, associated with closing the door.[128–132] 

Moreover, people want this experience to be as pleasant as possible. These conflicting 

requirements mean that trade-offs must be made in door seal design to achieve a compromise 

behavior. The trade-offs required for the design of a seal could be part of why there are so many 

complaints about car door seals [128–132]. Since the rubber is completely passive, the design is 

forced to be a compromise. However, if there were a way to make the seal adaptable, it would be 

possible to eliminate some of the trade-offs required when designing a seal. a DE tape actuator 

was chosen to be integrated into a car door seal to explore the feasibility of creating an active 

seal. 

6.1.1. Proposed Active-Seal Concept 

The proposed concept is to adjust the tension in a seal with a DE tape actuator. A car door 

seal in the shape of a C is selected. Many types of seals are used on cars, and a C shape was 

chosen from a high-end luxury vehicle. The shape of the seal allows for simple integration of the 

DE tape actuator across the seal gap. The spring system is one of the simplest systems to 

integrate a DE. By bridging the gap, it will be possible to control the amount of compression in 

the seal.  

6.1.2. Seal Force-Displacement 

The first step in the quasi-static design process is to measure the force-displacement profile 

of both systems: the DE tape actuator and the seal. A custom-built seal compression load 

deflection (CLD) tester was used to derive the force-displacement profile. The resultant force-

displacement profile can be seen in Figure 119. The raw data can be reduced to three force-

displacement regions. The horizontal line represents the region before the test is in contact with 
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the spring. The second region with a constant slope represents the compression of the seal. 

Eventually, the seal becomes fully closed, and at that point, further compression compacts only 

the rubber itself. This region has a steep slope because we have fully compressed the seal. The 

rubber is still compressible, but the seal is fully shut. 

The quasi-static design process will be used to create the design of the active seal. The tape 

actuator will have one system component, and the external system will be the seal. The tape 

actuator will be characterized experimentally for the force-displacement profile of a single-layer 

actuator. The tape actuator characterization will use the process identified in Section 3.6. The 

parameters used in the characterization are as follows: The tape actuator is characterized at three 

voltage levels: 0 V, 2300 V, and 2800 V. The force levels for the 2300 V were 15 gf to 80 gf in 5 

gf increments. The 2800 V force levels were 15 gf to 65 gf in 5-gf increments. The test used 10 

cycles at 1/20 Hz for each load level. The results of the characterization data are shown in Figure 

119. 

 

 

 

 

The next step in the design process is to choose a coordinate frame for each subcomponent 

of the proposed system: the DE tape actuator and the seal. The coordinate frame for the actuator 

represents the tape actuator and uses the default coordinate frame of the actuator. The DE tape 

actuator's default coordinate frame starts at the active material. This joint is between the 

multifunctional tape connector and the silicone film and is the tape actuator's zero length. The 

coordinate frame for the seal is correlated to the seal tester. The seal tester has a single degree of 

freedom where a slider moves up and down, and the seal is mounted on a lower plate that 

includes a force sensor. The seal is then mounted on the lower flange. The seal contains a C 

Figure 119. Three Activation Voltages Performance 

Plots. 

DE tape actuator force-displacement curves for 
three activation voltages. 
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channel to mount the seal onto the car. This same C channel mounts the seal onto the seal tester. 

The seal is then tested by raising the top bar above it so it is not in contact with it. This location 

is defined as the zero force location for the seal. The seal tester measures the displacement as the 

bar is lowered and, at the same time, measures the force on the seal. As the top of the seal tester 

contacts the seal, the load required to compress the seal increases. The raw data for the force -

displacement performance curve of the seal are shown in Figure 120. The coordinate frame for 

the seal is defined as zero at some height above the seal, and then, as the top bar is lowered, the 

displacement is measured as negative length. The seal measures the pressure from a bar across 

the top of the seal. The proposed concept puts the tape actuator across the front of the seal. The 

tape actuator will be attached to the seal at the top of the mounting C channel and the other end 

at the edge of the seal. In the initial configuration, the seal tester measures the force-

displacement profile of the seal by pressing down on the whole top surface. However, the tape 

actuator will pull down on the seal's front edge, not the top surface. An angle adaptor was 

fabricated and attached to the upper half of the CLD tester to ensure that the pressure from the 

top plate would contact only the front edge of the seal. The force-displacement measurement and 

how the tape actuator works are not precisely the same because the seal tester compresses the 

seal while the actuator pulls the seal closed. Even though the applied force comes from different 

directions, the same force is exerted on the rest of the seal system. Therefore, it is assumed that 

the force-displacement profile of the seal is the same if the seal compression is caused by 

compression from above or pull from below.  
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6.1.3. Seal Design Process with Single-Layer Actuator 

The design process requires the two force-displacement curves to be brought into a single 

coordinate frame for the axis. The coordinate frame for the actuator and seal are parallel, so there 

is a single free-clearance between the subsystems. A single DE tape actuator forms the simplest 

system possible. The purpose is first to validate the concept and use only a single layer to 

simplify the design process. The result is that a single variable, the free-clearance, can be varied 

in the design. A single-layer design also limits the implementation complexity and enables the 

determination of attachments and other practical concerns with integration.  

The systems are plotted together in Figure 121. The seal system is plotted twice with two 9 

mm and 16 mm free-clearances. The force-displacement profile of the spring is approximately 

linear, making it simple to understand the impact of changing the free-clearance. The maximum 

stroke for the system will occur in the location with the maximum offset between the OFF and 

ON voltage curves. In the range of the experimental data, the separation between the OFF and 

ON curves increases as the actuator is stretched. The maximum free-clearance is restricted by the 

geometry of the seal and the attachment points. Therefore, the best design will be one where the 

free-clearance is set to the maximum the seal allows. The free-clearance is set to 9 mm. The 

proposed design will theoretically have a stroke of 0.4 mm.  

Figure 120. Seal Closing Force Characterization. 

Measuring the force-displacement curve of the unmodified seal, using 
a custom-built test setup. 
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6.1.4. Prototype 

The final phase is to build a prototype using the design process. The tape actuator is already 

built from the process explained in Section 2.3. The tape actuator will be directly attached to the 

seal on the top compression surface of the seal and connected to a mounting plate that fits in the 

gap for the C channel used to mount the seal to a frame, as shown in Figure 122. The top 

connection is further enhanced by attaching a double-sided Kapton tape to the top surface of the 

seal. On top of the actuator, a piece of black electrical tape is used to isolate and hide the top of 

the tape actuator. The edge of the multifunctional tape connector extends slightly beyond the top 

surface of the seal so that none of the active area is touching the rubber seal. This location will 

ensure that the entire active region is used for actuating the seal. The C channel of the seal 

contains fins that allow the C channel to adhere to the vehicle's frame. Therefore, The fins 

require a mounting plate to provide a solid surface to which the MTC can attach. The mounting 

plates are thin aluminum rectangles that are electrically isolated using electrical tape. Two 

mounting plates isolate the MTC from the fins on both sides of the C channel. The mounting 

plates also provide a slight space that increases the free-clearance, which results in a larger 

stroke. The mounting plates also add a second degree of freedom where the anchor point of the 

actuator can be moved horizontally in the C channel. The second degree of freedom allows the 

active area of the tape actuator to be vertical and pull straight down, similar to how the seal CLD 

was tested in the earlier section. The external electrical connections are made by connecting 

Figure 121. Seal System Performance Curves 

Plotted. 

The systems force-displacement curves plotted 
in the primary coordinate frame. The seal force-
displacement is plotted twice with different free-
clearances. 
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wires to the electrical connection of the MTC. The two mounting plates still allow the seal to be 

mounted onto a vehicle flange, as seen in Figure 123. An advantage of tape actuators is that they 

are distributed actuators.  

 
 

The seal was then experimentally tested with a custom test that uses a custom LabVIEW 

program that, through a DAQ, controls a power amplifier that supplies the regulated voltage and 

current to the DE tape actuator. The seal is mounted on a simulated car door flange and held in a 

horizontal configuration, which is parallel to how the force-displacement profile of the seal is 

tested. A camera, Canon SD 90, is used to capture the actuation of the unmodified seal optically. 

The experimental prototype demonstrates some of the advantages of a tape actuator. The actuator 

is conformable and sticks well to the curved seal contact surface without removing the seal's 

ability to deform. The distributed actuation pulls the whole surface of the actuator down equally 

as opposed to discrete actuation technology, which requires the underlying structure to distribute 

the force. The distribution of the force requires a stiff material, which takes away from the 

purpose of the seal, which is to provide a seal between the car frame and the door. The rubber 

offers a deformable material to create a tight seal. By being conformable, the tape actuator does 

not take away from the inherent purpose of the seal, which is seen in the single-layer 

demonstration.  

Although a single-layer actuator proves the raw feasibility of creating an active seal, it is 

limited in its capabilities because it has limited actuation authority to modify the seal. A larger 

actuation authority is required to match the force-displacement profile of the seal better. One of 

the easiest ways to improve the stroke is to increase the number of layers of the tape actuators. 

Suppose the external system has a greater force capability than a single-layer tape actuator. In 

that case, one simple way to increase the stroke of a combined system is to increase the number 

Figure 122. Integrated DE Tape Actuator. 

Car door seal with integrated DE tape actuator 
with components labeled. 

Figure 123. Active Seal Mounted. 

Active seal mounted on simulated car 
frame. Direct view of DE tape actuator. 
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of layers of actuators. DE tape actuators working in a stack configuration increase the vertical 

force for the same displacement. The result of stacking actuators in parallel is to improve the 

force levels while the stroke remains the same. Using the MTC of the tape actuators, it is easy to 

stack actuators in parallel and scale the performance.  

The separation between the OFF and ON actuation curves allows an increased stroke. In the 

seal configuration, the external system, the seal force-displacement profile is approximately 

constant until the seal has been fully compressed when the stiffness of the seal increases almost 

vertically. The maximum seal compression is then limited to the combined system's free-

clearance set. Therefore, the number of actuators in the stack of tape actuators should be set so 

that the maximum offset is used and the equilibrium stretch position closes the seal. The OFF 

equilibrium position will occur right before the stiffness of the external system increases 

vertically. 

In Figure 124, the force-displacement profile of a three-layer actuator is shown. The force-

displacement profile of the tape actuator is scaled algebraically from the experimental 

characterization data. The stroke of the final configuration at a voltage level of 2800 V is 1.2 

mm. Although a stacked actuator does increase the load levels, the separation between the ON 

and OFF performance curves, the design stroke, is still highly dependent on the free-clearance. If 

the free-clearance is decreased to 9 mm, as shown in Figure 124, then the stroke of the combined 

system would be substantially reduced to 0.4 mm. Because the external system force-

displacement curves and the tape actuator curves cross each other close to perpendicular and the 

tape actuator curves are parallel, the system will not have substantial sensitivity. If the free-

clearance is slightly adjusted, the performance will not change dramatically. The one exception is 

if the actuator is placed such that it pulls the seal past fully closed and starts to compress the 

rubber, which is the vertical part of the external system curve. In this case, actuation authority 

will be used to uncompress the seal and the result is that the stroke will be reduced. Therefore, 

the free-clearance must be set during construction to ensure the seal does not go past the fully 

closed position, where the seal CLD becomes vertical.  
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The active seal was created the same as the single-layer active seal except that three 

actuators stacked in parallel were used. The resultant seal was tested using the same experimental 

setup. The active seal had a travel of 1.1 mm. The actuator matched the designed performance 

well with a small error of 8.3%. The error in the stroke can result from losses caused by stacking.  

6.1.5. Seal Design Process Using Bias Spring 

The previous design assumed that the force-displacement profile of the seal was fixed. 

However, modifying the external system to change the force-displacement profile is possible. A 

super-elastic SMA wire was bent in half and added to the interior of the seal to modify the force-

displacement profile. Two 15-mil super-elastic SMA wires were bent in half and placed inside 

the seal to increase the force-displacement profile. The CLD of the new modified seal was 

measured using the custom CLD tester. The new force-displacement profile is shown in Figure 

125. There are three approximately linear regions. The maximum stroke will occur again when 

the OFF equilibrium position is approximately closed, and the maximum free-clearance is used. 

The increased force levels, caused by the biased spring, have increased the load levels. The first-

step section of the external system curve, the seal plus bias springs, has a steep slope resulting 

from the stiffness of the SMA wire and the seal. The slope of the curve changes and becomes 

approximately parallel to the old CLD. The SMA wires have reached their stress plateau at this 

load level, where the force change becomes constant. The result of the SMA wires is that they 

have shifted the force-displacement curve vertically, increasing the force level while not 

Figure 124. Theoretical Combined System Plots on 

Design Graph. 

Theoretical performance curves of 3-layer stacked 
actuator added to the combined system plot and the new 
increased achievable actuation stroke.  



244 

changing the stiffness in the region where the seal is mostly closed. A 7-layer stacked tape 

actuator makes it possible to design a system to achieve a stroke of 2 mm. A 7-layer stack 

actuator increases the actuation authority by 133%, from 3 layers to 7 layers, while the designed 

stroke is increased by 67%, from 1.2 mm to 2 mm. The increased actuation stroke from the 7-

layer actuator results in a smaller percent increase in the total system length compared to earlier 

designs. A larger number of layers in the stack and using an additional biasing element to the seal 

structure increases the implementation complexity. The scaled actuation authority, created by 

significantly increasing complexity,  does not correspond to a commensurate increase in 

displacement. There are diminishing returns to increasing the basic complexity of the bare seal in 

terms of increased system performance. To substantially improve the system, a custom seal with 

a force-displacement performance curve that better matches the performance of the tape actuator 

should be selected. With a small free-clearance, the complex implementation of the 7-layer tape 

actuator with a biasing element inside the seal would result in a stroke of 0.6 mm, which is 

similar to what is possible with a single-layer actuator and a good design with the correct free-

clearance.  

 

 

 

6.1.6. Active Seal Conclusions 

This case study demonstrates the feasibility of integrating a DE tape actuator into a seal. The 

example shows the ability of the quasi-static design process to be used to design a complete 

system. The seal showed the advantage of a soft distributed actuator: the tape actuator pulled 

down the whole seal line equally. Evenly pulling the seal allowed the seal to maintain its 

Figure 125. Theoretical Architectural Scaling .  

Theoretical architectual scaling of the actuator by 
stacking multiple models to increase the system 
performance using a 7-layer stacked architecture.  
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conformable properties. The ability of the tape actuator to be easily stacked to better match the 

performance levels of the external system was demonstrated. The MTC made it easy to connect 

the seal to the top surface. A mounting plate was used to anchor the other end, but the thinness of 

the MTC still allowed the seal to be mounted on a frame without interfering. 

6.2. Gravity Reverse Bias Rotating Panel 

The proposed concept for the gravity reverse bias rotating panel uses an inverse pendulum to 

create a reverse bias force so that the entire force-displacement profile of a DE tape actuator is 

used. Creating a reverse bias force that splits the force-displacement curve is challenging because 

the force must be very precise [335–344]. The idea is to create a panel that rotates on a center 

axis with a slightly off-center mass. As seen in Section 5.3.4, one way to make a reverse bias 

force is to use an inverse pendulum with the center of the mass above the rotation axis. The 

center of the mass above the axis provides the force to the external system. When the mass is 

offset from the center of the axis, there is a torque on the axis that is a function of the force of the 

mass, mg, and the moment arm perpendicular to gravity to the center of the mass. The force of 

the mass is fixed, but the moment arm changes as the mass pivots around the axis. In a vertical 

position, the moment is zero, and the mass exerts zero torque. As the pendulum rotates, the 

center of the mass will move farther from the axis, causing the moment arm to increase. The 

increased moment arm results in increased torque around the centerline axis. The torque will 

continue to grow until the mass reaches a horizontal level equal to the centerline axis. As the 

pendulum continues to rotate, the moment arm decreases again. The stable equilibrium for the 

pendulum is the center of the mass hanging below the centerline axis. For this example, the 

center of the mass will be constrained to be above the axis, thereby providing an external load 

with a reverse bias. The tape actuator will counteract the torque from the pendulum's mass. The 

tape actuator will be anchored to the ground and attached to the rotating panel. As the panel 

rotates, the moment arm for the tape actuator will change the torque.  

A reverse bias system is a complex system that can achieve a very large performance and 

use the force-displacement profile of a DE tape actuator. Since the design will require an external 

force-displacement curve that splits the ON and OFF parallel curves, the design will be very 

sensitive. The implementation complexity is intermediate. Using a rotating panel is not 

complicated; the anchor for the tape actuator is fixed, which limits the challenges. However, the 
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requirements for precision for the sensitive design performance increase the implementation 

complexity.  

6.2.1. Quasi-Static Design Process Using Simplified Viscoelastic Actuator Performance 

The standard quasi-static design process will be used again to design the reverse bias device. 

The proposed reverse bias can be simplified to a two-dimensional plane problem. There are three 

locations of interest: the panel's centerline axis, the panel's center of gravity (CG) of the panel, 

and the anchor point of the tape actuator. The three locations are important relative to each other. 

Another critical variable is the total mass represented at the CG.  

The first step in the design process is system identification. The system's two components 

are the DE tape actuator and the rotating panel. Although the tape actuator can be made to any 

geometric proportions, the standard tape actuator model that has been identified will be used. 

The characterization process for the tape actuator will use the experimental method identified in 

Section 3.6. The coordinate frame for the tape actuator will use the standard coordinate frame for 

the tape actuator, where the zero length represents the beginning of the active material. In this 

case, The rotating panel is a theoretical design and can be calculated analytically. The coordinate 

frame for the panel that makes the most intuitive sense is a polar coordinate frame, with the 

origin being the center of rotation of the panel. The torque as a function of the rotation can then 

be determined from the initial angle and radius of the center of the mass. 

The coordinate frame of the DE tape actuator was chosen as the primary coordinate frame. 

Using the tape actuator coordinate frame allows for understanding how much of the total 

performance can be attained by fitting the gravity reverse bias system between the ON and OFF 

performance force-displacement curves of the tape actuator.  

The transformation from the panel coordinate frame into the tape coordinate frame is related 

by using the torque of the two systems. Vector math makes it possible to set the two torques 

equal and solve for the force in the tape actuator coordinate frame required to keep the panel in 

equilibrium. The torque provided on the panel by the center of the mass of the panel can be 

derived from the dot product of the radius and the force vector at the CG.  

The two systems are now in the same coordinate frame. However, they are not yet attached. 

The free-clearance will link the tape actuator and the rotating panel. With the location of the axis 

and tape actuator anchor point fixed, the change of the angle of the panel can be directly related 
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to the change in length of the distance between the tape actuator anchor point and the location 

where the tape actuator attaches to the panel.  

The actuator stroke can be determined from where the external system crosses the OFF and 

ON performance curves. Some hard restraints limit the viable geometric position for the anchor 

of the tape actuator and where the actuator attaches to the panel. Assuming the geometry is fixed, 

a change in the applied load will change the slope of the reverse bias. Figure 126 plots a 50.22 gf 

force-displacement curve and the actuator performance curves. The maximum travel for the tape 

actuator is approximately 8.00 mm to 15 mm. For the 2300 V ON performance curve, the change 

in force level is approximately 40 gf to 60 gf.  

 

 

 

The changing angles of the moment arms enable the rotating panel to achieve a large reverse 

bias. The total travel of the actuator is geometrically fixed by the axis's geometry and the tape 

actuator's two anchor points. The shape of the stiffness and shape of the force-displacement 

curve of the external system are completely controlled by the geometry. The force of the system 

is scalable by adjusting the total mass of the system. 

6.2.2. Prototype 

As a feasibility study of constructing a gravity-driven reverse bias device, the prototype is 

built from materials that can be easily modified and adjusted to create the precise design 

required. (See Figure 127.) Fabrication precision is necessary in the locations that are explicitly 

designed. These are the panel axis, the tape actuator anchor points, and the CG of the panel. The 

model assumes a frictionless bearing at the axis and a normal direction to gravity. The support 

Figure 126. Inverted Pendulum Performance Curve. 

A reverse bias stroke from an inverted pendulum 
with a 50.22 gf force-displacement curve and DE tape 
actuator performance curves plotted for 0 V and 2300 V. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM ROSE 

KELLY. 
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for the device is built using T-slot 1" 80-20 aluminum extrusions. The slotted connection enables 

simple modification of the support frame. The frame will support both the axis of the panel and 

the fixed anchor of the DE tape actuator, as shown in Figure 127. 

 

 

 

The rotating panel is made from a 3/16" foam core and is 4" x 6". The hinge, located at the 

center of the panel, is made by piercing the foam core with a piece of thin steel wire. The axle is 

then connected to the T-slots using additional foam core pieces. Two foam core squares are 

attached to the T-slots. The support squares are pierced by the steel wire, which is the axis of the 

panel. This simple configuration allows for a nearly frictionless joint. The small diameter of the 

wire causes the force due to friction at the joint to be negligible. The force from friction is 

insignificant because the friction coefficient between the steel and the foam is low. Also, the 

moment arm of the axis is half the wire diameter, which is small, causing the torque on the axis 

to be negligible. A hole is cut in the rotating panel to attach the tape actuator to the panel. The 

second anchor of the tape actuator is affixed to the T-slots support beams through an adjustable 

acrylic support. The height of the acrylic is fixed to the support frame with bolts. However, the 

horizontal distance from the axis is adjustable using slots in the acrylic support, which enables 

the sliding in and out of the acrylic support. A tailorable implementation is used To achieve the 

necessary accuracy of the center and make it adjustable. The panel itself is balanced with the CG 

at the axis. The adjustable CG is created by having adjustable weights on the top and bottom of 

the panel. The adjustability is accomplished by using bolts, nuts, and washers. A 1.5" 10-24 bolt 

and a 1.5" 4-40 bolt are placed on both the top and bottom of the panel, as shown in Figure 128.  

Figure 127. Prototype Reverse Bias Panel. 

Reverse bias panel showing 10-24 nuts and 4-
40 nuts, which control the mass and the center of 
gravity location vertically. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM 

ROSE KELLY. 
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The 10-24 bolts are placed on the centerline and the 4-40 bolts are offset to the side but in 

line with each other. The CG of the panel can then be moved vertically by adding nuts to either 

the top or bottom bolts. The horizontal distance of the CG can be adjusted by screwing the nuts 

in or out on the bolts. The 10-24 nuts allow general control of the mass and CG, and the 4-40 

nuts allow fine-tuning the CG. The DE tape actuator is anchored to the supports such that the 

induced force from the actuation does not provide any peeling force. Preventing any peeling 

force is accomplished by attaching the actuator to the panel through the cut hole and on the 

opposite side of the CG. The fixed anchor of the DE tape actuator is attached to the top side of 

the acrylic support, which is above the rotational axis, as shown in Figure 129. 

 

  

 

Figure 128. Reverse Bias Panel Angle Measurement.  

Side view of the reverse bias panel showing the 
applied math along with the optical measurement of the 
angle.  

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM ROSE 

KELLY. 

Figure 129. Rear View of Connected DE Tape 

Actuator. 

Rear view of the DE tape actuator connected 
through a pass-through so that there is no peel 
force applied to the system. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM 

ROSE KELLY. 

Figure 130. Magnified View of Upper Bolts. 

Magnification of the upper bolts, which 
shows how the nuts can be adjusted in and out 
to change the center of the mass. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN 

THE DOCUMENTATION OF A COLLABORATIVE PROJECT WITH 

ADAM ROSE KELLY. 
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Attaching the prepared DE with leads assembled was the next step. Typically, the bottom of 

the DE was easiest to attach through the slot in the panel, and then the top could be connected to 

the adjustable Plexiglass piece. The critical step was to provide proper pre-stretch to the DE by 

maintaining exposure of the 8 mm non-DE material between the two attachment locations. 

Typically, 2 mm was exposed at the bottom edge and 6 mm at the Plexiglass edge. The last step 

is to connect the leads to the voltage supply, one positive and one negative. A side view of the 

reverse bias panel shows the applied math and the angle's optical measurement. The reverse bias 

panel showing 10-24 nuts and 4-40 nuts controlling the mass and the CG location vertically is 

shown above in Figure 130. 

6.2.3. Experimental Validation of Design and Actuation Performance 

The experimental setup is designed to supply voltage to the reverse bias gravity-driven panel 

and measure the rotation. The voltage supply is provided through a Trek high-voltage amplifier 

and controlled through a NI DAQ and a custom LabVIEW program. The rotational measurement 

of the panel is measured optically with a digital camera, Canon S90.  

The experimental process consists of a cyclical voltage application, with each cycle 

increasing the voltage. The test is done at a frequency of 1/40 Hz with a duty cycle of 50% and 

using a square wave. The test starts at 1400 V and increases by 100 V each cycle to 2500 V. The 

rotational displacement is measured at the end of each cycle just before switching the voltage 

from ON to OFF or OFF to ON, as shown in Figure 131. The whole voltage range was 

experimentally tested three times. The results of the test are shown in Figure 132.  
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The experimental results of the testing are shown above in Figure 132. The results show two 

lines representing when the panel is OFF and ON and the voltage rotation angle as a function of 

the applied voltage. The bottom data points represent the OFF voltage rotation angle, and the 

upper data set represents the ON voltage rotation angle. Although three data sets are being 

graphed simultaneously, the results are almost identical, demonstrating the device's repeatability 

and controllability. The OFF voltage rotation angle is mostly flat from 1400 V to 2200 V. After 

2200 V, the OFF voltage rotation angle increases slightly and does not return as far as compared 

to lower voltages. The ON voltage rotation angle varies from 47° at 1400 V to 89° at 2500 V. The 

ON voltage data have an S-shaped curve where the rotation angle changes slightly for lower 

voltage and the slope increases for the middle voltages and then decreases again at higher 

voltages. The shape of the curve is due to the interaction between the actuation authority of the 

tape actuator and the changing leverage of the system. The leverage does not change 

significantly at lower voltages, and the tape actuator has lower actuation authority. At 

intermediate voltages, the system's leverage increases as the panel rotates, and the actuation 

authority of the tape actuator increases. At high voltages, the leverage starts to change less while 

the actuation authority of the tape is at its largest. Figure 133 shows the 0 V length, 8 mm, and 

the fully extended length, 19.7 mm, right before failure at 2500 V. This delicate elastomer tape 

actuator extended 146% linearly. Although the pendulum rotates as the actuator moves, the 

dielectric elastomer only stretches linearly as a panel. 

Figure 131. Side View Showing Panel Angle. 

Side view of the system showing the angle of 
the panel. The DE actuator is also in view but 
difficult to see because of the thinness of the actuator. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM 

ROSE KELLY. 

Figure 132. Plotted Theoretical and Experimental 

Results. 

Theoretical performance of the system as a 
function of applied voltage shown as circles. The 
experimental results at 2300 volts are shown as red Xs. 

* THE AUTHOR CREATED THIS FIGURE AND IT APPEARS IN THE 

DOCUMENTATION OF A COLLABORATIVE PROJECT WITH ADAM ROSE 

KELLY. 
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Figure 133. Panel with Voltage ON And OFF. 

Reverse biased actuator configuration shown in the  
voltage OFF and fully extended with the voltage ON. 

* THE AUTHOR CREATED THIS FIGURE, AND IT APPEARS IN THE DOCUMENTATION 
OF A COLLABORATIVE PROJECT WITH ADAM ROSE KELLY. 

 

6.2.4. Conclusions for Gravity Reverse Bias Rotating Panel 

The reverse bias gravity-driven panel is an opportunity for a silent acoustic panel. The DE 

tape actuator is scalable, and the panel achieves large strokes. The panel shows that using the 

entire stroke of a DE tape actuator is possible. The design process achieves an accurate and 

precise design. This design requires a very sensitive design. The implementation complexity is 

medium. The system requires a rotational axis, which increases the complexity. The anchor point 

is fixed to the axis, which minimizes the complexity. The precision required is necessary to 

achieve the reverse bias design. 

The panel's actuation is limited to the inertial force of the mass of the panel. The force 

applied to the tape actuator by the external system changes substantially as the panel rotates. The 

separation between the two ON and OFF voltage curves for a single-layer actuator is small, so 

the actuation authority to move the panel is low. A DE- actuated panel is viable for uses where 

smooth motion and slow actuation are acceptable. The intermediate control allows unlimited 

rotation angle control within a specified range.  

Overall, this case study demonstrates the viability of the DE tape actuator design process, 

the performance possible from a DE tape actuator, the ease of integration into a system, the 

distributed lightweight intermediate actuation, and the viability of using a reverse bias to create 

an extremely large linear stroke performance. 

6.3. Active Louvers for Architecture 

A case study is performed on a fluttering panel actuated by a series of antagonistic DE tape 

actuators operating with reverse-biased leveraging for greatly enhanced actuation performance. A 
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kinematic model of the fluttering panel is presented and used in the design process to provide a 

desired panel rotation given a desired maximum material use in terms of the forces and strains 

employed. A hardware prototype is fabricated and used to validate the practicality of the design 

process. This model-based analytical design process enables designers to fully exploit the 

benefits of the DE tape actuator configuration to create compact and lightweight actuation 

applications and a larger architecture to increase performance with minimal complexity. 

There is great potential for using rotating panels in an architectural setting. The rotating 

panels could cause visual and acoustic effects that could change the impact of a building on 

people, as shown in Figure 134. One problem with this is that each panel must be independently 

controlled. Using a DE would provide large-stroke, silent actuation. The large gravity reverse 

bias example demonstrated that large rotational motions could be provided. However, a 

significant issue with a gravity-driven panel is that it is limited regarding the panel rotation to 

gravity without extra levers to change the rotation concerning gravity. One way to eliminate the 

need for the orientation to gravity is to use another external system to work against it. One way 

to further increase the stroke and controllability of DE tape actuators is to use them 

antagonistically. When using a standard DE tape actuator, the precision required to achieve the 

reverse bias design is challenging to implement correctly. One way to decrease the sensitivity of 

the design is to scale the dimension so that small implementation errors will be a smaller 

percentage of the desired length. This case study presents a rotating panel with antagonistic 

reverse bias DE tape actuators. A pair of actuators are used in series to increase the actuation 

stroke. The reverse bias antagonistic design is achieved by increasing the implementation 

complexity and using an offset design that requires the panel to link the two actuators and reach 

the induced offset moment. The antagonist design doubles the amount of rotation possible from 

the device compared to the gravity-driven design. The design achieves a large performance with 

a large stroke from the tape actuators in series. The design sensitivity required is high because 

both actuators provide the restoring force for the other actuators. The restoring force must also 

split the difference between the parallel ON and OFF performance curves. This design shows the 

ability of the DE tape actuators to be used in a reverse bias antagonistic design to achieve large-

panel rotation with intermediate control. 
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6.3.1. Quasi-Static Design Process Using Simplification Enabled by the Actuation 

Context 

The antagonistic reverse bias panel has three components: the two actuators and the panel. 

The critical locations that determine the design are the four anchor points of the two actuators 

relative to the panel rotation center and the free-clearance of the two actuators, as shown in 

Figure 135. The attachment points will be designed to be symmetrical. The symmetry 

requirement halves the number of variables needed for the design. 

The critical design variables become the tape actuator's anchor points and the actuator's free-

clearance, drawn schematically in Figure 136. The panel will be assumed to be rotating on a 

frictionless axle. The mass of the panel will be ignored because the panel will be aligned to be 

normal to gravity. The panel is assumed to be infinitely rigid. The design aims to achieve +/- 30 

degrees of rotation from a vertical panel.  

Figure 134. Industrial Uses of Louvers.  

Possible louver options that could be used with an 
antagonistic reverse bias actuator configuration. 
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The three components of the system, the two actuators, and the panel, can be characterized 

separately. The tape actuators will be experimentally characterized to derive the parameters 

required to use the Gent variable shear dielectric actuator model, which will be used for all 

actuators because of symmetry. The characterization of the mechanical system, the rotating 

panel, is represented by a simple geometric formula due to the assumptions put into the system. 

These assumptions include that the mechanism is symmetric, the panel rotates around a fixed 

joint and does not deflect the transient creep-terminated motion, and frictional forces are ignored 

because of the cone hinges. The characterization of the tape actuator is described in detail in 

0￼μ0 = 84,049 𝑃𝑎, 𝜇𝑉 = 1.6038 ∗ 10−13 𝑃𝑎￼ 𝐽𝑚 = 38.9￼, 휀 = 1.4￼. 

Each component has its coordinate frame. The panel coordinate frame is polar, with the 

rotation center being the origin. The tape actuators each have a rotating Cartesian coordinate 

frame. The primary axis of the coordinate frame is a vector between the fixed anchor location 

and the panel attachment point, as shown in Figure 137. The primary coordinate frame for the 

design will be one of the tape actuators. The two actuators are connected through the panel and 

must be in equilibrium. The actuation force for each actuator can be derived by setting the total 

torques applied to the panel equal to zero. The torques are derived from the actuators' geometric 

relationship and force. A torque balance, the leverage ratio, and vector mathematics transform the 

second actuator into the primary tape actuator coordinate frame, as shown in Figure 137 and 

Figure 138. 

Figure 135. Panel with Antagonistic Reverse 

Bias Configuration. 

Schematic of an antagonistic reverse bias 
configuration with the components labeled.  

Figure 136. Schematic of Reverse Bias 

Antagonistic Configuration.  

Schematic of tape actuators used in the 
reverse bias antagonistic configuration. 
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The systems are combined into the primary coordinate frame. The stroke of an equilibrium 

position of an antagonistic design will have infinite variability. This reverse bias antagonistic 

design transfers the two force-displacement curves from the primary and the two performance 

curves from the secondary actuator into the primary frame coordinate system. Because the 

rotating panel is set up symmetrically, the panel will not rotate if the same voltage is applied to 

both actuators. If a different voltage is applied to the actuators, the panel will rotate while the 

actuator with the higher voltage level extends and the lower voltage actuator contracts. The 

largest panel rotation will occur when one actuator is ON and the other is OFF. If the actuators' 

energy levels are switched, the panel will reach its maximum rotation again but in the opposite 

direction. With a fixed desired rotation angle and symmetrical design, it is possible to create a 

plot showing the maximum torque ratio as a function of the anchor position points.  

The design aims to achieve +/- 30 degrees of rotation in the panel. A wide range of anchor 

points can be used to achieve the +/- 30-degree rotation. Because there are many solutions to the 

problem, the next step is to choose a solution from the other crucial factors, including the design 

sensitivity and the implementation complexity. The sensitivity of the design plays a key role in 

the minimum precision required to achieve the desired performance. A very precise design will 

need a very precise implementation. Therefore, a good design will be one where the performance 

levels do not change if there are small errors in the implementation. One way to improve the 

sensitivity is through scale. If the device requires an implementation of 1 mm and a 10% error is 

Figure 137. Geometry Schematic with Critical 

variables. 

Schematic of the geometry with critical 
variables and parameters labled. The vectors shown 
are used for the derivation of the geometric 
relationships. 

Figure 138. Derivation of Algebraic Equations. 

VThe vector math needed to derive the algebraic 
equations relating the actuation torques, controlling the 
angle of the pivoting panel, to the panel angle.  
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acceptable, then the error in the implementation will be 0.1 mm, which is very precise on the 

scale of the panel, which is ~100 nm. If the implementation calls for 10 mm, then the error of 

10% results in a 1 mm tolerance.  

The tape actuator attachment to the panel is designed with this limitation in mind. If the 

panel is assumed to be solid, then the attachment to the panel will have to occur at a minimum of 

half the thickness of the panel away from the axis. Although there are techniques that can be used 

to implement the attachment that is in line with the axis or even on the opposite side of the axis 

from the fixed anchors, these techniques will require greater complexity in the design and further 

increase the implementation complexity. The panel attachment will be fixed at 10.7 mm length 

and 2.6 mm height from the axis to make the device simpler to manufacture and simplify the 

implementation complexity. It is possible to explore the sensitivity of the torque ratio at the 

maximum panel rotation by plotting the ratio as a function of the X and Y coordinates using the 

fixed attachment to the panel and the desire for +/- 30-degree rotation, as seen in Figure 139.  

 

 

 

The torque ratios in Figure 139 provide insight into the sensitivity of different designs. The 

contour lines represent the torque ratio at 30 degrees for the actuator with a panel connection at 

10.7 mm and 2.1 mm. Each contour represents a 0.5 increase in the torque ratio. The contour line 

with a 1 is equivalent to a constant-force system. One way to interpret the graph is that the 

distance between the lines indicates the sensitivity of the design. When the lines are close 

together, the torque ratio changes significantly with small variations in the geometric 

implementation. When there is a large space between the contour lines, the design is relatively 

insensitive because small changes in the position do not substantially change the torque ratio. For 

Figure 139. Ratio of Reverse Lever Arms Plotted. 

Maximum ratio of the reverse lever arms of the 
bias system as a function of the anchor points. 
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the design To achieve a large reverse bias, it is necessary for the fixed anchor on the opposite 

side of the panel axis from the attachment to the panel. When the fixed attachment point crosses 

the X-axis, the implementation complexity must increase substantially because both actuators 

cannot be in the same plane. In this configuration, the limit for how close the fixed anchor points 

can get to the X-axis will be limited by the material used as the anchor. If the two actuators are 

offset, they will induce an additional moment, increasing the reaction force at the axis. The 

packaging of the device must also increase because of the offset.  

The final design selected is shown in Figure 140. two tape actuators connected in series are 

used for actuation to achieve the required large-stroke performance. The coordinate frame of the 

system is in the primary tape actuator rotating Cartesian coordinate frame. The coordinate 

transformation has transformed The second actuator's force-displacement curve into the primary 

coordinate frame. The primary tape actuator force-displacement curve has the typical 

hyperelastic force-displacement profile. The secondary tape actuator is shown as a reverse bias in 

the primary coordinate frame. The secondary curves contain only a slight reverse bias. The OFF 

curve of the secondary curve, the blue horizontal curve at the top of the graph, has a slight 

reverse bias where the force increases as the actuator is shortened, moving right. When both 

actuators are OFF, the equilibrium position occurs where the two blue lines intersect, and the 

panel is at 90 degrees. The other two equilibrium points represent the panel rotating +/- 30 

degrees.  

 

 

 

Figure 140. Design Plot with Performance Curves. 

Force-displacement profile of both sub-
component systems plotted in the primary coordinate 
frame. The proposed parameters for the dimensions are 
shown along with the corresponding equilibrium 
points. 
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The performance sensitivity for this reverse bias antagonistic design is shown in the force-

displacement graph by the angle between the intersecting curves. If the curves continue without a 

high level of curvature, then the angle between the curves where they intersect can provide 

information about the sensitivity of the design. A shallow intercept angle between the curves 

represents a higher level of sensitivity. Small errors in the final design, caused by errors in 

implementation, fabrication parameters, or friction, can result in large shifts in the intersection 

and substantially degrade the performance.  

6.3.2. Prototype 

The prototype's construction materials and fabrication method must enable high dimensional 

accuracy because small dimensional errors can significantly affect the performance of the 

antagonistic reverse bias actuation system. A laser cutter, Universal Laser Systems X-660, was 

selected as the primary fabrication tool to achieve the tight tolerances required for the prototype. 

Acrylic panels with a thickness of 1/8 inch were chosen as the primary material for their strength 

and ease of use with a laser cutter. The wall panel prototype was designed in SOLIDWORKS 

and constructed from acrylic sheets, which can be connected using adhesive or bolts.  

The design for the prototype must be carefully considered. The precision of the design will 

drive fabrication decisions on materials and methods. The inherent issues with friction will drive 

the design toward a low-friction solution. The sensitivity and accuracy of the reverse bias design 

indicate that the prototype should have easy adjustability with high precision and accuracy. The 

prototype is shown schematically in Figure 141. 

 

 

 

Fundamentally, the choice of materials is driven by the system's requirements. The panels 

must support the actuator's load and maintain their shape without deforming. Because of the low 

Figure 141. Schematic Overhead View of an Active 

Louver. 

Overhead view of the louver reverse bias 
antagonistic configuration. 
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actuation authority, there is an advantage to low-mass materials because they will have less 

inertia. Since dielectric elastomers are low force, the material stiffness is low. Therefore, acrylic 

plastic was chosen as the base material. The acrylic allows a laser cutter to cut the individual 

components to any design specifications accurately.  

Friction can significantly impact the device's performance and should be avoided. The 

bearing joint must resist the forces caused by the actuators pulling on the panel. The axis will 

react to the moment introduced by the offset actuators. The low forces required for the bearing 

surface allow for less conventional bearing surfaces. The friction on the bearing surface is a 

function of the system's diameter and friction coefficient. One way to minimize the impact of the 

bearing friction is to reduce the contact surfaces of the axle and panel. A cone was selected as the 

bearing surface for the pin. The bearing surface becomes the point of the cone and the acrylic 

plastic. The cone's small head and contact area enable a very low friction joint. This type of joint 

is limited to low-force applications with low side loads.  

One aspect of the reverse bias design is a requirement for precise implementation. The 

precision can come from the assembly and design or can be allowed through the device's ability 

to adjust easily. A design that enabled adjustment was selected to allow for design modification if 

required. The adjustment was accomplished using the same technique for the X and Y coordinates 

of the fixed anchor position of the tape actuator and the Y coordinate of the attachment to the 

panel. The attachments are adjustable using two pins to allow motion in a single direction, as 

shown in Figure 142. The anchors have close-fit holes that slide along the pins, which restricts 

the movement to a single axis. The actual location of the anchors is controlled using springs, 

bolts, and nuts. The springs are mounted on the pins and provide a force to push the anchor 

points. A clearance hole is cut in the anchor plates to allow the plate to slide freely over the bolt. 

A nut is then attached to the bolt and used to control the position of the plates. Screwing the nut 

down or up the shaft of the bolt allows for fine control of the position of the anchor location. The 

X position of the panel attachment is adjustable by adding shims between the panel attachment's 

L-bracket and the panel. The additional hardware on the panel enables adjustment and adds mass 

to the rotating panel. This extra mass increases inertia in the system, which has the effect of 

slowing the actuation speed.  



261 

 

 

 

6.3.3. Experimental Validation of Design and Viscoelastic Actuation Performance 

The experimental setup is designed to supply a voltage to the reverse bias gravity-driven 

panel and measure the rotation. The voltage supply is provided through a Trek high-voltage 

amplifier and controlled through a NI DAQ and a custom LabVIEW program. The custom 

LabVIEW program also measures the applied voltage and current to the system. The rotational 

measurement of the panel is measured optically with a digital camera, Canon S90.  

The experimental process involves cyclically applying a voltage five times to one set of 

actuators while the second set is OFF. The tests were done at a frequency of 1/40 Hz with a duty 

cycle of 50% and using a square wave. The tests started at 1500 V and increased by 100 V until 

3100 V. At each voltage level, the system is cycled five times. The panel's rotational 

displacement was measured just before each 50% duty cycle ended. The experimental validation 

test setup is shown in Figure 143. The panel axis is aligned with gravity so that the panel’s 

motion is perpendicular to gravity. The camera is aligned directly with the axis, using an 

adjustable tripod.  

Figure 142. Prototype of Reverse Bias Antagonistic 

System. 

Physical construction of the reverse bias 
antagonistic system. 
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The panel aims to change orientations; therefore, the critical relationship is between the 

rotation angle and the applied voltage. The experimental results, shown as red dots, are plotted in 

Figure 144 on a rotation-versus-voltage graph. The graph also contains a blue line, the predicted 

rotation as a function of applied voltage derived from the analytical model. The dielectric 

elastomer tape actuator had a premature failure at 3000 V and broke. The experimental results 

fall within 1.13 degrees of the model prediction, shown in Figure 144, and the percent error of 

the designed panel rotation, 30 degrees, is a maximum of 4%, which is shown in Figure 145. The 

actuators prematurely failed at 3000 V even though they had been previously exercised to 3100 

V many times. The cause of the failure is unknown.  

Figure 143. Active Louver Experimental Test Setup. 

Experimental test setup for the panel test article, 
which shows both the side and top views. Included in 
the image are the optical measurement setup and the 
high-voltage amplifier driven by a custom LabVIEW 
control program. 
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The error graph shows that the experimental results match the predicted rotation to within 

4%. The error in degrees is displayed with the red triangles, while the green Xs show the percent 

error. There is no consistent trend in the error.  

6.3.4. Conclusions for Active Louvers Actuation System 

Applying the research findings developed through this dissertation to relevant case studies 

validates the scientific conclusions while demonstrating their ease of use and value in meeting 

current industrial needs. Each case study utilizes a different configuration and illustrates different 

attributes of DE tape actuators. In combination, they offer a broad view of the possible 

applications of DE tape actuators while confirming the functionality of the characterization 

methodology, the variable shear Gent model, and the design process in this dissertation. 

Findings from the dissertation coalesce and culminate in the third and final case study, 

where the information, procedures, and processes developed for quasi-static design with DE tape 

actuators are applied to solve a problem of a rotating panel that potentially requires cyclical 

rotation at different angles. An antagonistic reverse bias design was proposed to create the 

desired rotation. The quasi-static design process was used to design a system to meet the 

specified goals of rotating a panel 30° in both directions from flat. The design further required 

architecture scaling performance using DE tape actuators in series to achieve actuation strains 

and displacement needed for the analytical design. Finally, a prototype of the proposed solution 

Figure 144. Predicted and Experimental Results 

Plotted Together.  

The theoretical system performance is plotted on 
the thick blue line, and the experimental results are 
plotted as red dots.  

Figure 145. Panel Rotation Error. 

The panel rotation error in degrees and the 
percent error as a function of the full panel rotation of 
30 degrees.  
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was built. Experimental characterization of the prototype matched predicted performance to 

within 4% across a range of inputs. Achieving this accuracy required that each subcomponent 

perform correctly and accurately since slight inaccuracies in the expected performance 

characterization or tolerances would result in a non-functional antagonistic reverse bias design. 

The prototype functioned as designed, validating the various design elements, including the new 

information and technology developed through this research. While the prototype has additional 

complexity to allow for fine adjustments, this example demonstrates the feasibility of making a 

lightweight modular system that can be simplified and mass-produced to cover a whole wall 

system. This case study builds confidence that this new technology and design process can be 

expanded to other industrial applications. 
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Chapter 7  Conclusion 

Rapid and revolutionary developments in miniaturization combined with the expanding 

capabilities of electronics and batteries have opened the floodgates to new applications for 

actuators in transportation and medical technologies, as well as in consumer products. 

Specifically, there is a mounting need for actuators that achieve fast, large-strain actuation while 

performing external work in a conformable and compact package with the ability to scale 

modularly, exhibiting robust and repeatable actions throughout the life of the device. Equally 

pressing is the need for research to facilitate the move from investigative findings to industrial 

applications of these devices, which will require a simplified design process that enables 

predictable and controllable variable performance. Motivated by these imperatives, this research 

is to create a new dielectric elastomer (DE) actuator architecture and develop a foundation for 

the systematic, model-based design of DE actuators for industrial applications. This goal was 

achieved by meeting the following objectives: 

1. Dielectric Elastomer Tape Actuator: Identify a DE actuator frame configuration, 

elastomer and compliant electrode materials, and electrical and mechanical connections 

that enable a fast, large-strain actuator that performs external work in a conformable and 

compact package that can scale modularly and meet requirements for industrial 

applications. Those requirements include exhibiting robust and repeatable action over the 

life of the device while offering the design qualities of having predictable and 

controllable variable performance. 

2. Application Context Approach and Steady-State Cyclical Characterization: Develop 

an approach for characterizing dielectric elastomer actuators for applications that use 

DE's inherent advantages, support actuator modeling, and a simple design process. 

3. Variable Shear Gent Strain Energy Equation: Develop an analytical model that 

predicts a DE actuator's performance, which is useful for designing actuation systems. 

The model should utilize a minimum number of parameters to predict performance, 

require a minimum number of calibration data points, and finally, aid in the intuitive 
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understanding of how modification of parameters and variables impact the performance 

of a dielectric elastomer actuator. 

4. Quasi-Static Model-Based Design Applied to DE Actuators: Create a framework for 

understanding and designing dielectric elastomer actuators in device and actuation 

systems. Identify the limitations of a dielectric elastomer actuator's performance and 

methods to minimize or compensate for the disadvantages; finally, identify common or 

useful actuator systems for the DE actuators and methods or processes that can be utilized 

to generate the best performance from a dielectric elastomer actuator. 

5. Automotive and Architectural Case Studies: Demonstrate the validity of the research 

findings. Case studies are needed to validate the potential of dielectric elastomer 

actuators for industrial applications and to validate new characterization processes, 

models, and design approaches. 

7.1. Research Overview 

This dissertation focuses on developing an actuator technology that fully harnesses the 

advantages of dielectric elastomers and a new methodology approach to DE actuators that 

simplifies many of the challenges encountered when integrating them into new and existing 

applications.  

The aim is to create an actuator that offers fast, large-strain actuation, the ability to perform 

external work in a conformable and compact package that can also scale with multiple modules, 

robust and repeatable action over its lifetime, and provides predictable and controllable 

performance over a wide actuation variable range. Current state-of-the-art dielectric elastomer 

actuator technology has demonstrated these characteristics separately; this research integrates all 

the advantageous properties into a single architecture, progressing DE technology down the path 

for industrial applications.  

The new methodological approach focuses on the characterization of dielectric elastomer 

actuators. It significantly impacts analytical modeling and streamlines the model-based design 

process for DE actuators. The new methodological approach identifies that sometimes much of 

the complexity within dielectric elastomer actuators can be simplified by defining an application 

context, which outlines the actuator architecture, actuation requirements, and any additional 
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information needed to account for the complexity of dielectric elastomer technology, primarily 

viscoelasticity. 

This approach negates the need for broad characterizations of an actuator for every 

conceivable situation, which is particularly challenging due to dielectric elastomers' viscoelastic 

properties. Instead, the application context narrows down the information required for accurate 

performance prediction, allowing for a limited characterization process that captures all essential 

information. Identifying and isolating the critical performance data needed for the application 

context makes simplifying the viscoelastic actuation performance behavior into the quasi-static 

Force-Length domain possible. Then, an existing time-invariant actuator model can be used to 

match the experimental results. The critical viscoelastic performance can be successfully 

simplified into the quasi-static Force-Length domain. In that case, creating a new model based on 

known phenomenological properties and the hyperelastic material model that captures the full 

viscoelastic actuation performance but remains time invariant is possible. The new model will 

have parameters that effectively embed all the critical viscoelastic information inside them. A 

simple quasi-static model-based design process can use the new model to accurately predict the 

actuation performance for modifying the architecture parameters and actuation variables. Thus, 

utilizing the application context methodological approach simplifies the characterization process, 

enables the time-invariant model to predict full viscoelastic performance, and makes the whole 

design process easier. 

The application context methodological approach simplifies the characterization process, 

can enable a time-invariant model to predict full viscoelastic performance, and eases the design 

process. Both the new actuator architecture technology and the application context 

methodological approach are validated through case studies. 

Identifying steady-state cyclical actuation as a useful situation for dielectric elastomers was 

critical in developing the new methodological approach. A new characterization process was 

designed to capture the essential actuation information for steady-state cyclical actuation. This 

approach viewed steady-state cyclical actuation through a binary actuation paradigm, simplifying 

complex viscoelastic performance data into the quasi-static Force-Length space. Extensive 

experimental results provided the data to develop the new variable shear Gent strain energy 

equation. Finally, novice dielectric elastomer researchers used the application context 
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characterization process and the new equation to fully design complex dielectric elastomer 

actuator devices, demonstrating the benefits of dielectric elastomer actuator technology. 

7.1.1. Dielectric Elastomer Tape Actuator Architecture 

In light of emerging technologies, A review of existing DE actuator architecture exposed a 

critical and growing need: a compact actuator that was conformable under large movements 

while maintaining robustness and high replicability. This research focused on creating a new DE 

actuator architecture that met the identified need while exhibiting modular scalability, with a 

long-term goal of satisfying industrial application requirements. Elements to be considered in the 

new architecture included a DE actuator frame configuration, elastomer material, compliant 

electrode material, and electrical and mechanical connections. 

Frame Configuration. Before this research, a paradigm for categorizing frame 

configurations did not exist. Therefore, the initial step in determining which frame configuration 

to utilize was to create a frame categorization paradigm. Existing frame configurations were 

reviewed, sorted into categories, and evaluated for their ability to exploit the advantages of DE 

actuators. The frame configurations were a frameless configuration (i.e., actuators without an 

external frame), a flexible full frame that uses a flexible material around the perimeter of the 

active material, a rigid full frame configuration where a rigid frame is completely attached to the 

perimeter of the film; and a rigid release frame configuration in which a rigid external frame is 

attached to two opposing ends of a dielectric elastomer while the remaining edges are 

unattached. While each of these configurations has value in certain applications, none fully 

captures the fundamental advantage of DE actuators: the ability to enable fast, large-strain 

actuation while performing external work in a conformable and compact package with the ability 

to scale modularly. The following needs were identified: a DE actuator that uses moderate force 

levels and can be used in large architecture for enhanced force capabilities while performing 

external work and maintaining conformance. 

A new configuration was designed to satisfy these needs: the flexible release frame that uses 

two thin, inextensible, and flexible frames to connect two separate edges of a rectangular, active 

DE region while the other two edges remain free. The flexible release frame configuration 

enhances the fundamental advantages of DE technology: it is large and conformal while having 

distributed actuation in a compact package with moderate forces.  
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Elastomer Material. The research considered the following key properties of elastomer 

film for these applications: force-displacement profile, viscoelasticity, dielectric permittivity, and 

dielectric breakdown strength. The benefits and limitations of acrylics, silicones, and, to a lesser 

extent, polyurethanes were evaluated for use as a large-strain actuator for industrial applications. 

Silicone was selected as the film material for this dissertation because it exhibits low 

viscoelasticity, low environmental sensitivity, and high actuation strain performance. 

Compliant Electrodes. DE actuators rely on compliant electrodes to enable large-strain 

performance. Success depends on two critical yet often competing properties: conductivity and 

robustness, i.e., the electrode's adherence to the elastomer. In general, over repeated use, the 

conductivity of electrodes will vary inversely with their robustness. For this research, identifying 

compliant electrodes that provide conductivity under large strain while maintaining their 

robustness was essential. This dissertation reviewed carbon-based electrodes, including powders, 

viscous fluids, polymers, carbon nanotubes, and metallic electrodes, to determine the best 

configuration for the new DE actuator architecture. Because of the dual needs for conductivity 

and robustness, self-healing carbon nanotube electrodes were identified as the superior option for 

the new DE actuator. Specifically, the criss-crossing pattern of the carbon nanotubes promotes 

conductivity with very low stiffness when stretched. 

Multifunctional Tape Connectors. Mechanical and electrical connections, linking the 

actuator's active area to the external world, comprise the final element of the DE actuator. Before 

this dissertation, mechanical and electrical connections were accomplished separately. A critical 

breakthrough was realized in this DE actuator research, which enhanced the conformal and 

compact package properties, creating a multifunctional tape connector (MTC) that combines 

mechanical and electrical connections. The MTC addresses the electrical connection needs of 

conductivity and conformity by using a combination of conductive silicone adhesive tape and 

conductive fabric tape. The mechanical connections are made with double-sided polyimide tape 

(Kapton), silicone adhesive, and windows cut out for the external electrical connection.  

New DE Tape Architecture. The first element of this research resulted in the creation of a 

new DE tape actuator that extends the benefits of existing architectures by utilizing a new 

flexible release frame and new multifunctional tape connectors in combination with silicone film 

and single-wall carbon nanotube (SWNT) electrodes. After considering various materials, the DE 

tape actuator created with this dissertation employed a silicone film with multi-walled carbon 
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nanotube electrodes to make the active portion of the actuator. Kapton, adhesives, and 

conductive materials were used to create the MTCs. This new tape actuator exhibits the 

advantage of DEs by being a large-strain actuator that is conformable and compact. The MTC 

design enables modular expansion of the DE tape actuator so that it can be expanded by stacking 

and in parallel or series. 

7.1.2. Cohesive and Integrated Application Context Methodological Approach to 

Dielectric Elastomer Actuator Design 

This research addresses the methodological challenges present in existing characterization, 

modeling, and design processes related to DE actuators, this research used a system-based 

approach predicated on the application context of the actuation. This approach recognizes that 

the selected application context will drive the characterization, modeling, and design. 

Furthermore, each element of this process needs to consider the system's actuation behavior 

rather than each component's behavior to identify key effective material parameters that will 

capture the dynamics embedded in the entire system to simplify the design process. 

7.1.2.1. Steady-State Cyclical Actuation Characterization Process 

The purpose and results of this research extended beyond creating a new DE actuator 

architecture to address the accompanying needs for characterization and predictability. A five-

step process was developed that can be used as a template to characterize DE actuators in various 

contexts beyond the limits of this dissertation:  

1. Identify a specific application context. 

2. Identify physics or performance metrics that are not fully characterized. 

3. Develop initial characterization process. 

4. Evaluate the characterization process and modify parameters or variables to improve 

performance. 

5. Characterize the actuator performance for the application context using the new 

characterization process. 

Bonus Step: Identify additional application contexts that may be able to use the 

characterization process. 
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The focus of this research objective was to develop a methodology for characterizing steady-

state cyclical actuation that captures the key mechanical and electrical actuation properties that 

drive performance. Two primary factors led to selecting steady-state cyclical actuation as a focal 

point of the characterization efforts. First, it applies to the technologies where DE tape actuators 

would be employed, i.e., large-strain, repeatable motion. The intended purpose of DE tape 

actuators is for use in steady-state cyclical actuation performing external work. Second, steady-

state cyclical actuation provides the considerable advantage of enabling simplification: the 

amount of data required to predict actuation performance under these conditions is much less 

than for other actuation methods. This research defines steady-state cyclical actuation as the 

repeated actuation performance level reached after several cycles when the long-term transient 

viscoelastic properties, Mullins effect, or actuator shakedown have settled out. The focused 

experimental investigations on this one type of actuation, steady-state cyclical actuation, allowed 

for simplifying the requirements for advancing DE actuator technology for this application 

sphere. 

Both displacement control and force control testing methods were considered in this 

dissertation. Ultimately, the force control method was selected due to its advantages in capturing 

viscoelastic complexities presented by the DE tape actuator. Performance data were presented 

using force-length graphs for varying force levels when applying the same high and low voltage 

levels. Curves developed for the low voltage levels exhibited the same hyperelastic shape as 

those designed for the high voltage levels, with the curves for the high voltage shifted to the 

right, reflecting the additional displacement caused by the higher voltage. 

After creating a custom experimental setup to characterize the steady-state cyclical actuation 

of a DE tape actuator, an active creep test was used to determine the appropriate time frame for 

the transient creep-terminated cyclical actuation. The characterization process used two initial 

shakedown tests followed by testing at discrete constant force levels across the actuator's 

operating range. The shakedown tests achieved better steady-state results by eliminating transient 

viscoelastic effects and ensuring that the actuator could operate at the highest applied electric 

field and lowest film breakdown strength. 
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7.1.2.2. Quasi-Static Analytical Design Model Capturing Full Viscoelastic Performance 

With a steady-state cyclical actuation characterization model identified, the next task was to 

develop a simple analytical model to predict a DE tape actuator’s quasi-static force and length 

during steady-state cyclical actuation for an applied driving voltage. The research objective was 

to develop an analytical model that uses a minimum number of parameters to predict 

performance, requires a minimum number of calibration data points, aids in the intuitive 

understanding of how the parameters impact the performance of a dielectric elastomer tape 

actuator, and identifies the accuracy and limitations of the model. 

The variable shear Gent strain energy model for quasi-static actuation was created from first 

principles and an assumed relationship between the driving voltage and the shear parameter in 

the Gent model. The new model predicts two curves for each actuation voltage level: the LOW-

voltage and HIGH-voltage curves. These are seen in the data as pairs of separately identifiable 

curves for each voltage level. The experimental characterization data also show that for each 

operating voltage, the LOW-voltage force-displacement curves shift to the right as the operating 

voltage level increases, albeit the LOW curves have zero operating voltage. This increase in 

length, predicted by the model, is the property that the variable shear term is intended to capture. 

The new model reduces the maximum error rate by 59% compared to the standard Gent model. 

Experimental data to validate the model accuracy ranged from 0 to 2600 V and 30 to 65 gf. 

Average error rates using the standard Gent model average error for the LOW-voltage, HIGH-

voltage, and maximum error are 3.9%, 5.6%, and 11.2%, respectively. With the new variable 

shear Gent model, those rates drop to 1.7%, 3.0%, and 4.6% for the LOW-voltage, HIGH-

voltage, and maximum error for a single set of model parameters. In addition to improved 

accuracy at the model calibration points, the new variable shear Gent model was shown to 

improve accuracy across the entire array of driving voltages and loads. The experimental data 

validated the assumption of an inverse quadratic relationship between the variable shear term, 

μ(V), and the voltage for steady-state cyclical actuation. Shear terms for each voltage level were 

separately determined from the experimental data. A comparison of the individually identified 

shear terms to the variable shear model's prediction of the variable shear term, μ(V), evaluated at 

each voltage level, showed that they both formed strong parabolic curves, and the predicted 

values are within 1% of the individually identified values. Further analysis confirmed that the 
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variable shear Gent model is accurate and predictive outside the voltage levels used for 

parameter identification.  

While simple, this new variable shear Gent cyclical DE model accurately predicts the DE 

tape actuator performance over a wide range of voltages and forces. Since it relies on limited 

parameters, the amount of experimental data required for model calibration is greatly reduced. 

The calibrated model remained accurate across the full range of loads and driving voltages. 

Furthermore, the phenomenological meaning of the parameters enables this model to aid in the 

intuitive understanding of the performance characteristics of DE tape actuators. This model fills 

an important gap between simple material models that do not capture viscoelastic effects and 

complex full transient viscoelastic models that are overly complex for steady-state cyclical 

operation. 

7.1.2.3. Quasi-Static Model-Based Design Process for Predicting Essential Viscoelastic 

Actuation 

Due to the complexity of DE actuators, creating a framework to assist in understanding and 

designing DE actuator systems is necessary to facilitate their adoption for industrial applications. 

This dissertation addressed this need by developing a framework that provides a simple method 

for designing quasi-static dielectric elastomer actuator systems. This framework identifies the 

limitations of dielectric elastomer actuators, considers ways to minimize or compensate for these 

limitations, categorizes common and useful dielectric elastomer actuation devices/systems, and 

presents a methodology for evaluating the advantages and disadvantages of a particular 

device/system. 

Designing with DE actuators must address the DE materials' complexity and the joining 

with external systems. This research applied a quasi-static design process using the force-length 

design space to DE actuators with a release frame configuration. In the force-length design 

space, it is possible to identify the principal variable and the free-clearance, which can be used to 

adjust the actuator's performance in an application. The design space performance and sensitivity 

impacts of changing the free-clearance and friction impacts are demonstrated in the quasi-static 

force-length design space.  

One of the principal challenges of using DE actuators is their limited force authority because 

they are based on thin elastomers. This limitation can be overcome by scaling the performance, 

parameter changes, and employing a larger architecture using multiple modules. The advantages 
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of scaling with both methods were explored, and the disadvantages of each method were 

introduced.  

This dissertation explored six different actuation systems that can be advantageous to DEs. 

To further enhance the usefulness of these categories, each identified system was evaluated on 

the actuation performance stroke, the design sensitivity, design complexity, and implementation 

complexity. Suppose designers are integrating a DE actuator into an existing system. In that case, 

this cataloging will allow them to identify the system they are using and the potential 

performance and challenges with integration. The categorization also allows for selecting the 

appropriate design system when designing DEs into a fully newly developed system. 

Finally, system identification and categorization in the context of actuator design for DE 

actuators was considered. A trade-off approach was employed by categorizing external systems 

into different types and analyzing the trade-offs required when selecting a particular external 

system. Six categories of systems and system architectures relevant to DE actuators were 

identified: constant force, spring force, leverage designs, reverse bias designs, antagonistic 

designs, and reverse bias antagonistic designs. These systems were evaluated on the actuation 

performance stroke, the sensitivity of the design, the design complexity, and finally, the 

implementation complexity. The trade-off analysis allows designers to know the potential range 

of performance and how the system can be modified to enhance the total system by making 

modifications that will make the system performance better match the capabilities of DE 

actuators. The technique enables an easy and intuitive understanding of designing with DE 

actuators, can be adapted for any system configuration, and allows designers to maximize the 

possible performance for a given configuration without extensive trial-and-error 

experimentation. 

7.1.3. Architecture and Methodological Validation Through Case Studies 

To conclude this research, these advancements of DE actuators were integrated into three 

case studies that exemplify some potential advantages of using DEs. The first example, using an 

active seal for a vehicle, demonstrated the conformal properties and packaging of the DE tape 

actuator. It also exemplified the modular properties and architectural scaling by multilayer 

actuators to enhance the force-displacement performance of the actuation system.  
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The second case study utilized a gravity-driven reverse bias panel to demonstrate DE tape 

actuators' very large strain actuation potential. This example relied heavily on accurate 

characterization and modeling to achieve the extremely large-strain reverse bias leverage 

performance.  

The third case study employed an antagonistic reverse bias acoustic panel. The rotating 

acoustic panel prototype demonstrated many of the techniques developed during the creation of 

this dissertation. First, it showcased the performance enabled by the flexible release frame 

configuration, the modular properties facilitated by the multifunctional tape connector, and the 

properties of the materials developed for this tape actuator. It exemplified a use-case where the 

steady-state cyclical actuation is relevant, and therefore, the steady-state cyclical actuation 

characterization methodology is critical for characterizing performance. Finally, the new variable 

shear Gent strain energy model accurately reflected the actuation performance while the quasi-

static design process was applied to achieve the desired performance. 

7.2. Future Work 

This research has made significant strides in DE actuator technology through a new tape 

architecture and a novel methodological approach. This new approach can streamline the 

characterization, modeling, and design of dielectric elastomer actuators. However, this 

dissertation has created many new research questions. The full potential of the dielectric 

elastomer tape actuator is yet to be explored, and the limitations of the application context 

methodology need to be identified. The variable shear Gent model has only been validated at a 

frequency where transient creep has concluded during each half cycle. 

Future research should consider applying the application context approach from this 

dissertation to more applications with varying actuation types. New application contexts will 

require creating new targeted characterization processes, new opportunities in simplifying critical 

viscoelastic performance data into quasi-static Force-Length domain, creating new models that 

bridge the gap between hyperelastic material models and full transient viscoelastic models, 

applying the quasi-static design methodology to more applications, and enabling other 

researchers to use these ideas. Investigating alternative DE tape actuator architectures is also 

vital, along with validating whether the characterization process and the new variable shear Gent 



276 

model function as anticipated when applied to other steady-state frequencies, not just those 

where transient creep has concluded. 

A substantial product of this dissertation was the creation of the new DE tape actuator 

architecture. While the focus and result of the research was an actuator architecture, for the 

specific purposes and applications considered in this dissertation, material selection was limited 

to a single type of silicone film. The effects of pre-extended electrodes need to be further 

explored with different types of carbon nanotubes and other electrode materials. Future research 

into using other elastomer materials, particularly materials of varying stiffnesses, will build on 

the base understanding established here. Similarly, the application of the new actuator 

architecture was limited. Although this dissertation focused primarily on flat actuation surfaces, 

it did determine that some performance loss occurred when the surface was not flat. Investigating 

and characterizing performance losses when applying this architecture to conformable and 

bending conditions is another important avenue for future research. 

For this dissertation, transient creep-terminated steady-state cyclical actuation was selected 

because it has many potential applications and avoids complications introduced by transient 

creep. Confirming that the steady-state cyclical characterization process and the new model also 

apply to applications with transient creep conditions could vastly expand the uses of these 

advances in the field of dielectric elastomer. Validating that this methodology works with 

different architectures will also significantly increase its usefulness. The new variable shear gent 

model may also have potential applicability to other fields of research that require modeling of 

long interacting chains. 

7.3. Contributions 

Embedded within this dissertation are multiple findings that will significantly advance the 

field of dielectric elastomer actuators. While the primary achievements directly relate to the 

research objectives outlined previously, other innovations were generated while advancing the 

research. The contributions can be broadly grouped into technological contributions associated 

with the new DE tape actuator architecture and methodological contributions deriving from the 

system-based approach. 

Technological Contributions. The novel DE tape actuator architecture created through this 

research transforms the DE actuator landscape by meeting the critical need for a DE actuator that 
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performs fast, large-strain actuation while doing external work and maintaining conformance. 

Additionally, this innovative DE tape actuator is compact and modular. Its modularity enables 

architectural scaling, which ameliorates the low force limits of actuation due to being based on a 

soft elastomer. This pioneering actuator was made possible by developing two new facets of the 

architecture: the flexible release frame and the multifunction tape connector. The new flexible 

release frame configuration exploits the inherent advantages of DE actuator technology by 

facilitating large strain and conformal actuation. The new multifunctional tape connector uses 

Kapton, adhesives, and conducting materials, enabling easy electrical and mechanical 

connections in a flat, compact package while maintaining a transverse pre-strain in the elastomer 

film. These new elements, in combination with a silicone film and pre-extended single-wall 

carbon nanotube (SWNT) electrodes, result in an actuator architecture that exhibits robust and 

repeatable performance over extended use. Its robustness is demonstrated in its insensitivity to 

environmental factors such as heat and light. Robustness is also shown with the ability to 

overcome minor material flaws through self-healing, which extends the actuator's failure limits. 

This new DE tape actuator architecture promises to meet the ever-growing need for conformal, 

lightweight actuation under large strain critical in medical technology, transportation 

technologies, and consumer products. Several building block contributions were realized before 

and during the development of the new actuator. A fundamental outcome of this dissertation was 

to demonstrate the demand for a DE actuator to satisfy the requirements of new and evolving 

technologies. Similarly, before this research, existing frame configurations had not been 

categorized. By identifying and grouping frames into distinct types that were then evaluated 

according to their different characteristics, the author could envision a new kind of configuration: 

the flexible release frame, which draws from the strengths of both the flexible and rigid release 

frames. Developing a system to categorize frame types will facilitate future research and actuator 

development by providing a structure to evaluate frame types based on desired characteristics. 

Methodological Contributions. A defining and substantial contribution is the determination 

that DE actuator technology requires a system-based design methodology. Due to the complexity 

of the elastomer materials in combination with the various elements of an actuator, a system-

based design approach based on the selected application context is utilized to determine the 

appropriate characterization methodologies and identify key performance parameters. Based on 

modeling, the key effective material parameters that capture the dynamics embedded in the 
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system can be identified and incorporated to simplify the design process. This dissertation 

articulates and validates the need for and the elements of a system-based design methodology in 

designing DE actuator technology. 

Two contributions resulted from the characterization process of the research: a template for 

characterizing DE actuators was created, and the experimental process for characterizing the DE 

tape actuator for steady-state cyclical actuation was established. The five-step template detailed 

in Section 3.1 provides a roadmap for characterizing DE actuators. The crux of the process is 

understanding that DE actuator characterization hinges on the application context which 

encompasses the actuator situation, the actuation requirements, and the identification of a 

specific DE actuator. Once these elements are established, the template outlines a straightforward 

path to characterizing DE actuators. Establishing the new experimental method to characterize a 

dielectric elastomer for steady-state cyclical actuation that captures the essential information to 

be used in applications comprises another impactful result of this research. The novel steady-

state cyclical actuation characterization methodology allows for accurate, repeatable 

characterization of DE tape actuators for systems that use transient creep-terminated cyclical 

actuation. It also simplifies characterization data so that the information can be easily presented 

as force-displacement information to predict the performance of binary actuation. The initial 

finding that led to developing the actuation characterization methodology was determining that 

cyclical actuation could be represented as binary actuation in a quasi-static framework.  

Developing a model to predict DE tape actuator performance is a notable contribution of this 

research. The variable strain Gent model developed through this research simplifies and 

accurately models the performance of DE tape actuators used in transient creep-terminated 

steady-state cycling situations over the full range of applied voltages and forces from a limited 

set of experimental data. This pioneering model cuts the error approximately in half against a 

Gent-only based model for the characterization of voltages and forces where the Gent model is 

most accurate, while the variable Gent model maintains its accuracy over the entire force and 

voltage range of the actuator. While the accuracy is impressive, the more significant contribution 

is model simplification arising from using effective material parameters made possible by the 

system-based approach centered on the application context. This model fills an important gap 

between simple material models that do not capture viscoelastic effects and complex full 

transient viscoelastic models that are overly complex for steady-state cyclical operation. 
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This dissertation identifies and demonstrates the application of a quasi-static design process 

using DE tape actuators to six actuation systems relevant to dielectric elastomers. The quasi-

static design process simplifies the knowledge required to design with tape actuators that have 

complex actuation performance. The technique enables an easy and intuitive understanding of 

designing with DE tape actuators. The process was categorized and applied to the six actuation 

systems that were then evaluated for advantages and disadvantages.  

Finally, the dissertation demonstrates and validates the relevance and advantages of the new 

DE tape actuator hierarchy and the system-based design approach, using the characterization 

methodology and the innovative variable strain Gent model for real-world applications. The final 

two case studies included in this dissertation were conducted by students who lacked expertise in 

DE actuators. Using the new DE tape actuator and the system-based design approach, including 

the steady-state cyclical actuation characterization and the variable shear Gent model in 

conjunction with the developed design process, these students were able to design functional 

actuation systems.  

In summary, this dissertation establishes a DE tape actuator architecture with the 

demonstrated advantages of having conformal and compact properties, easy mechanical and 

electrical connections, parallel and series architectures, and very large strain while also providing 

a methodology for designing DE tape actuator systems that non-experts can employ to relevant 

applications. These accomplishments lay the groundwork for future DE tape actuators research, 

development, and application. 

7.4. Closing 

This research was conceived and driven by a desire to address the exploding demand for 

actuators in developing industrial applications, specifically consumer products, transportation, 

and medical technologies. Requirements arising from these technologies dictated the need for 

actuators that achieve fast, large strain actuation while performing external work; retain 

conformal and compact packaging while being able to scale modularly; maintain repeatable and 

robust functionality throughout the life of the device; and support a simplified design process 

offering predictable and controllable variable performance. Likewise, considering these needs 

from an industrial perspective required the development of a characterization methodology and a 

predictive design model. The outcomes of this research, a new DE actuator architecture, a 
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characterization paradigm, and a predictive design model, along with a design methodology 

accompanied by supporting case studies, provide a foundation for future progress to enable wider 

adoption and advancement of these actuators. 
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