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Abstract 

Ctenophores are small sea creatures that achieve propulsion using thousands of locally 

controlled ciliated paddles. The human heart is a flexible network of actuators coordinated 

with electro-chemo-mechanical waves of contraction. Stomata are self-controlling variable 

apertures that work together to solve the gas exchange problem for plants. It can be seen that 

flexible networks of actuators coordinated using distributed intelligence and sensing provide 

robust and adaptable performance in the face of complex and varied challenges. This thesis 

aims to create networks of flexible actuators with distributed sensitivity and intelligence that 

realise the robust and adaptable performance seen in nature.  

Dielectric Elastomer Actuator(s) (DEA) were identified as ideal for achieving this goal, 

however, their implementation into biomimetic arrays was limited by a lack of modelling 

tools for engineering design; the fact that DEA self-sensing has never been used to underpin a 

control strategy; and rigid and bulky sensor, logic, and driver circuitry. The objectives of this 

thesis were to overcome these three problems: 

Firstly, a novel low degrees-of-freedom modelling approach was developed and 

experimentally validated using dielectric elastomer minimum energy structures. The approach 

was rapid and robust and applied as a virtual experimentation tool where it reduced prototype 

development times by an order of magnitude. Secondly, biomimetic distributed control using 

capacitive self-sensing was explored and applied to a variety of DEA arrays including a 

ctenophore inspired mechano-sensitive artificial cilia array. Actuator coupling, multilevel 

control, travelling waves of actuation, and performance under partial failure were explored. 

Finally, Dielectric Elastomer Switch(es) (DES) were invented. DES enable distributed sensor, 

driver, and logic circuitry to be integrated directly into a biomimetic array and substantially 

reduce the need for rigid, heavy, and expensive external circuitry. DES were used to create 

NAND gates, smart oscillator circuits, and memory elements.  

These contributions have led to two journal articles, three conference papers, two provisional 

patent applications, and should substantially accelerate progress towards the development and 

control of large scale biomimetic actuator arrays. Future work involves applying modelling 

and control techniques to micro-scale systems and developing DES applications, materials, 

and fabrication techniques further.  
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behaviour of the lower levels 

NAND Gate Logic gate characterised by the NAND Boolean logic 
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Oscillator Device that creates an AC signal from a DC supply 

Opening Angle (θ) The angle formed by the tip of a DEMES with respect 
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distributed conducting particles increases 

Peristalsis Pumping action characterised by travelling pinches in 

a flexible pipe 

Piezoresistivity Change in resistivity of a material with stretch 
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functionality 
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DEA 
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material point information 

Virtual 

Experimentation 

When a modelling environment is used as a substitute 

for experimentation in device design 

Voltage Clamp Circuit that requires exponentially increasing current 
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Introduction 

Flexible networks of smart actuators coordinated by distributed sensing and control are 

ubiquitous in nature. The success of this approach is demonstrated by uses ranging from the 

human heart to ctenophore propulsion and even the stomata of plants. Dielectric elastomer 

actuators are well suited to providing the building blocks for artificial networks of smart 

actuators as they are soft, strong, and can self-sense. Despite this promise, the application of 

DEA to biomimetic arrays has been limited by the fact that DEA self-sensing has never been 

used to control a real device, the existing hardware being too bulky and rigid for physical 

distribution throughout an array, and a lack of rapid and robust simulation tools. The 

development of methods to overcome these limitations forms the objectives of the thesis.  

1.1 Background and motivation 

Life has been evolving for billions of years and can provide a wealth of solutions to many 

engineering problems. Biomimetics is the study and imitation of living systems to capitalise 

on this wealth and solve problems or provide new technical capabilities [1-3]. The biomimetic 

approach does not seek to blindly imitate nature, as living systems often have evolutionary 

baggage and more requirements than we place on our own systems. Rather, it seeks to 

understand, exploit, and improve on the enabling phenomena of a living system and discard 

the features that are either unnecessary for the application, or simply non-optimal. 
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This thesis is inspired by the soft, smart actuator networks with which nature abounds. 

Imitating these networks is a desirable goal as they are highly successful solutions to a wide 

range of problems including pumping, propulsion, locomotion, and manipulation. Flexible, 

biomimetic actuator networks will bring artificial systems closer in capabilities to their natural 

analogues.  

However as more and more complex networks of flexible actuators are engineered, the ability 

to control them becomes increasingly fraught. The solution to this control problem can be 

seen in nature where soft networks of actuators are coordinated via the multilevel distribution 

of sensing and intelligence. This approach is robust, efficient, and ubiquitous as shown by 

examples such as the human heart, the comb rows of ctenophores, and the stomata of plants. 

The human heart can be regarded as a complex network of smart actuators whose rhythmic 

contraction pumps blood around the body. This contraction is controlled with feedback via the 

electro-chemo-mechanical interplay of cardiac muscle cells. A subset of this, mechano-

electric-feedback is crucial in the formation of feedback loops at every level of the cardiac 

system. These effects range from a direct influence on the cell physiology, to intercellular 

coupling, and to coordinating the whole organ response to changing load conditions and 

requirements of the body. This form of distributed control enables the heart to pump despite 

undergoing changes in geometry and size over its lifetime or even some disease states [4-6]. 

Ctenophores (see Figure 1-1), commonly known as comb-jellies, are small sea creatures that 

propel themselves using arrays of cilia formed into rows down the side of their bodies. In 

some species of comb-jelly (Cydippids, Beroids [7]) paddle coordination within a row is 

achieved by the mechano-sensitivity of the individual units; paddle contact triggers the 

motion of the next in line, reminiscent of a line of falling dominoes [7, 8]. This local sensing 

and feedback produces waves of actuation that provide good thrust in the low Reynolds 

number environment. Ctenophore paddles are arranged in eight longitudinal rows evenly 

spaced around the body. To balance, ctenophores use a gravity-sensitive organ at the aboral 

end of the animal that triggers waves to run down each row when it tilts towards them. The 

animal therefore steers itself up or down through the plankton by controlling the frequency of 

the waves of actuation that run along the individual rows of paddles. This very complex 
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ctenophore system is coordinated to respond automatically to changing load conditions, 

without the need for a centralised controller or brain. 

 

Figure 1-1: Ctenophore. Note 

the arrays of combs on the side 

of the jelly. Image courtesy of 

Dr Iain Anderson, "The 

Surface of the Sea". 

Stomata are small apertures that dilate or contract to control the flow of gasses and water into 

and out of plants. They exist in the tens to hundreds per square millimetre on the plant surface 

and solve a complex optimisation problem in real time: Stomata must maximise the flow of 

carbon dioxide into the plant for photosynthesis, whilst at the same time minimise water loss. 

The solution is coordinated at the level of the entire plant however as there is no central brain 

this coordination must be provided by the stomata themselves using distributed computation. 

The exact mechanisms are not fully understood, but individual stoma rapidly respond to their 

environment in the short term, whilst longer term behaviour is strongly influenced by 

neighbours to provide a group consensus. Uncertainty as to the exact mechanism 

notwithstanding, this distributed sensing and control mechanism is highly robust to 

heterogeneities, uncertain layouts, noisy environs, and failure of individuals [9]. Thus the 
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distribution of sensing and control throughout an array is a powerful tool, Peak et. al. are 

quoted as saying: 

“In the case of leaves, stomata are simultaneously the sensors of external 

information, the processing units that calculate how gas exchange regulation 

should occur, and the mechanisms for executing the regulation. Thus, in those 

plants that solve the dilemma of optimal gas exchange, evolution may have found 

an elegantly parsimonious computational technique in which input, output, and 

processing are all accomplished by using the same hardware.” [9] 

The key and common features or enabling phenomena that we would like to imitate from 

hearts, ctenophores, stomata, and nature in general are: 

1. Numerous soft arrays of actuators. 

2. Sensitivity distributed throughout, and at every level of, the array. 

3. Feedback or basic intelligence distributed throughout, and at every level of, the array. 

4. Local connectivity between units of the array. 

Historically there have been few technologies that are able to or have the potential of meeting 

these requirements, and few attempts to make biomimetic actuator arrays with distributed 

sensing and control. Electromagnetic, piezoelectric, or electrostatic actuators are 

conventionally made of hard and rigid materials ill suited to the creation of compliant 

biomimetic arrays. Most efforts to make biomimetic actuator arrays have focused on artificial 

cilia of which Zhou and Liu present a good review [10]. Benkoski et al. grew ferromagnetic 

nanoparticles into 15 micrometer long artificial cilia which they actuated with external 

magnetic fields [11]. Den Toonder et al. built arrays of electro-statically actuated cilia which 

they applied to microfluidic mixing applications [12]. Ataka et al. used arrays of thermally 

actuated bimorphs to manipulate objects carried in plane [13]. These arrays draw on an 

impressive range of technologies however they are all controlled collectively with no 

distribution of sensing or control throughout the array, although Ataka et al. did identify this 

as a future direction for their work, and they are still substantively hard technologies that do 

not lend themselves to other configurations, such as biomimetic hearts or peristaltic pumps.  
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In recent years there has been wide interest in the field of Electro Active Polymers (EAP). 

EAP are polymers that respond mechanically to an electrical stimulus, or electrically to a 

mechanical stimulus, and show strong promise for the creation of biomimetic arrays with 

distributed control. EAP are typically divided into two main groups, ionic and electronic. 

Ionic EAP actuators include conducting polymer actuators which swell and shrink under 

redox reactions and Ionic Polymer Metal Composite (IPMC) actuators which bend due to ion 

flux in a metal-sponge-metal sandwich. Despite moderate actuations and some promise, at 

this stage of development ionic EAP actuators have time varying, hysteretic, environmentally 

dependent, and overall generally poor self-sensing capabilities [14-18].  

Electronic EAP which include Dielectric Elastomer Actuator(s) (DEA) as well as ferroelectric 

and electrostrictive polymers show more promise [19]. DEA in particular are an exciting new 

technology with strong potential for the creation of soft biomimetic actuator arrays 

coordinated with distributed sensing and control. DEA are flexible capacitors made of flexible 

dielectrics sandwiched between compliant electrodes. When the actuator is charged 

electrostatic interactions give rise to a compression in thickness and an expansion in plane 

(Figure 1-2). The electromechanical response is large, strong, quiet, and capable of quality, 

repeatable self-sensing. This ideal combination of features has earned DEA the nickname 

„artificial muscles‟ [19-27]. 

 

Figure 1-2: DEA actuation principle. The left image shows a DEA at rest. When the device is charged, 

right, electrostatic forces cause an expansion in area and contraction in thickness.  

There have already been a few inquiries into the potential of DEA for biomimetic distributed 

actuator arrays. Menon, Carpi, and De Rossi identified DEA based peristaltic conveyors and 

pumps as being ideal devices for space applications [28, 29]. Jung et al. developed an annelid 

worm inspired DEA robot capable of crawling along a surface [30]. Both these efforts will be 

discussed in further detail in the next chapter, they are mentioned here to highlight that whilst 
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both groups presented the advantages of distributed actuator arrays, they did not make use of 

distributed self-sensing and control for their applications.  

Although there have been a few attempts at creating biomimetic arrays, there are substantial 

problems holding DEA back. Firstly DEA are nonlinear, time dependant actuators with 

complex electromechanical coupling, this makes device design difficult and counter-intuitive 

and drives the need for good simulation tools. There have been successful efforts to model 

DEA however they typically focus on simple geometries and problems and are of limited 

utility for engineering design analysis [31-50]. Secondly, despite some work in self-sensing, 

its ability to underpin distributed control for a biomimetic DEA array has not yet been proven. 

Most work has focused on characterising self-sensing techniques or in turn using it as a 

characterisation tool [22-26]. Finally, the ability of conventional self-sensing techniques to be 

distributed throughout an array is limited due to a need for external signal conditioning, logic, 

and driver circuitry which are substantially rigid, bulky, and heavy.  

1.2 Research objectives 

The ultimate goal of this thesis is to generate knowledge and technology that enables the 

realisation of soft biomimetic arrays of actuators coordinated via distributed sensing and 

control. This will be achieved using DEA but before they can be applied the problems 

mentioned earlier must be addressed. Solution of these problems will move the state of the art 

significantly closer to the ultimate goal however the actual creation of large scale arrays is 

beyond the scope of this work. Thus the objectives of the thesis were to: 1) Develop rapid and 

robust simulation tools; 2) Underpin distributed control using self-sensing; 3) Embed 

hardware within DEA; and 4) Experimentally validate simulation and control methods.  

The first objective was to create rapid and robust simulation tools for the development and 

analysis of new devices and biomimetic arrays. These tools will shorten development times 

by order of magnitudes, both because of their use as virtual experimentation environments, 

but also because of their ability to analyse devices in a manner that is difficult to achieve 

experimentally.  
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The second objective was to underpin distributed control using conventional self-sensing 

in biomimetic DEA arrays. This capability allows for the simplified and robust coordination 

of complex arrays without the need for external sensors or centralised control. 

The third objective was to embed hardware within DEA for distributed sensing and control. 

This capability eliminates external circuitry and enables the creation of smart biomimetic 

actuator arrays that were previously virtually impossible to realise. 

The fourth objective was to experimentally validate simulation tools and control methods 

to ensure that all developments can be applied to the real world. 

1.3 Thesis outline and contributions 

This thesis presents substantial advances towards the creation of biomimetic actuator arrays 

with distributed sensing and control. In the next chapter the state of the art is reviewed with 

specific regard to modelling techniques, self-sensing approaches, and driver hardware. 

Several problems are identified, notably the lack of any application to or validation of models 

for array design; failure of the self-sensing community to prove their techniques by 

underpinning control strategies; and the bulk and rigidity of existing sensor, driver and logic 

circuitry hampering creation of genuinely biomimetic arrays.  

Chapter Three introduces a Low Degrees of Freedom (LDOF) simulation method developed 

to help design dielectric elastomer devices using the commercially available FEA package 

ABAQUS. The method was analytically verified, experimentally validated, and shown to be 

fast, accurate and robust. In Chapter Four the value of the LDOF method is demonstrated 

through its use as a virtual experimentation tool. A ctenophore inspired array of locally 

controlled self-sensing DEMES was designed in silico, and then built and tested. Each 

DEMES triggered when contacted by the previous, thus Chapter Four also showcases the first 

example of self-sensing being used to underpin a control strategy for a DEA array.  

Chapter Five is an experimental study on self-sensing distributed control using travelling 

waves. Improved self-sensing circuitry is used to investigate compliant, rigid and discrete 
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means of coupling within arrays. Biomimetic multilevel control strategies are tested, and for 

the first time distributed self-sensing and control is used to sustain repeating waves of 

actuation around a DEA array. The chapter finishes with a discussion on different applications 

of the mechano-sensitive travelling wave control strategy.  

Chapter Six presents the Dielectric Elastomer Switch (DES), a method for creating DEA with 

intrinsic self-controlling ability. DES utilise electrode piezoresistivity to control charge on 

DEA elements. Complex circuitry can be created by combining DES with DEA. Switching 

material, experimentally validated NAND gates, inverting Schmitt trigger memory elements, 

and smart oscillator circuits are explored experimentally. Dielectric elastomer switches enable 

the creation of the worlds‟ first truly smart actuators with built-in sensor, driver and logic 

capability. Furthermore, DES will enable the creation of biomimetic actuator arrays with 

distributed sensing and control. Finally, DES could underpin the first artificial muscle 

computers. Chapter Seven presents a discussion of where future research should be focused as 

well as the concluding remarks that tie the thesis together.  

1.4 Chapter summary 

This chapter introduced biomimetics; the idea that by examining nature we can find solutions 

to engineering problems. Ctenophores, hearts, and stomata were discussed and it was noted 

that all three are examples of soft networks of actuators coordinated at every level by 

distributed sensing and control. Dielectric elastomer actuators were then introduced as an 

appropriate technology for mimicking these biological networks with the proviso that several 

problems were solved. The problems were: an absence of modeling tools for design of DEA 

arrays; the unproven ability of conventional self-sensing to underpin control for DEA arrays; 

and the inability of self-sensing hardware to be physically distributed throughout a DEA 

array. Thus the thesis objectives are to solve these three problems in an experimentally 

validated manner. The next chapter, the literature review, introduces the problems in depth.  
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Literature Review 

Although the first Dielectric Elastomer Actuator (DEA) was demonstrated by Roentgen in 

1876, they have only existed in their modern form for approximately 12 years. During that 

time there has been substantial worldwide effort focused on understanding the basic 

principles, developing new materials, exploring possible configurations, and applications. 

DEA are ideal for the creation of bio-inspired networks coordinated using distributed sensing 

and control. It was identified in the previous chapter that the creation of these networks is 

being held back by a lack of modelling tools for device design, proof that DEA self-sensing 

strategies can underpin control of arrays, and sensor and driver circuitry that does not limit 

applications through bulk or rigidity. Thus this chapter explores these limitations, presents a 

critical review of the field of DEA as applied to networks with distributed sensing and 

control, and sets the stage for the rest of the thesis. 

2.1 Brief history of DEA 

Dielectric Elastomer Actuators (DEA) were introduced in their modern form by researchers at 

SRI international in 1998 [20]. The principle of electrostatic stresses giving rise to 

deformation was already well established at this point and had been investigated by Roentgen 

over 100 years previously in 1886 [51]. Electrostatic actuators also had a long pedigree and 

enjoyed widespread use, especially for MEMS applications. However the real breakthrough of 

the SRI team was the idea that the active stress of electrostatic actuators could be improved 10 
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to 100 fold by coupling compliant electrodes to a flexible dielectric [52]. This was a huge 

improvement which finally made electrostatic actuators, in the form of DEA, viable as a true 

artificial muscle technology.  

There was initially some discussion as to the true origin of the actuation stress. 

Electrostriction due to non-isotropic dielectric was proposed but it soon became apparent that 

its contribution was small and the actuation was largely electrostatic [53, 54]. A compressive 

mechanical „Maxwell pressure‟ (equation (2-1)) became the standard interpretation of 

electromechanical coupling for DEA and was validated by a number of researchers, notably 

Pelrine [20], Kofod [27], and Wissler [41]. In the classic equation below εo and εr are the 

absolute and relative dielectric permtivities respectively and E is the electric field strength.  

 2EP roMaxwell   
(2-1) 

There has been some concern from Suo et al. as well as McMeeking and Landis that this 

interpretation of Maxwell pressure as a mechanical body force can be misleading [55, 56]. 

The distinction between electrical and mechanical forces in dielectrics is somewhat arbitrary, 

and it pays to remember that actuation stress originates from minimization of the free 

electrical energy in the system. This is an important point, and to help illustrate it we can 

reproduce Kofod‟s derivation of the Maxwell pressure [27] with a slight variation. This 

derivation clearly shows that whilst the body force interpretation of Maxwell pressure is 

useful, the actuation stress does in fact arise directly from energy considerations. Equation 

(2-2) gives an expression for the electrostatic energy density (Uel) in an ideal parallel plate 

capacitor with flexible electrodes; t is the thickness, V is the applied voltage, and ε is the 

permittivity. 

 
2
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(2-2) 

Equation (2-3) gives the total energy (W) in the capacitor found by multiplying the 

electrostatic energy density with the volume; A is the area and ψ is the volume (At) which 

remains constant as the dielectric is assumed to be volumetrically incompressible. 
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We take the derivative of the energy with respect to thickness to find the active force, Ft 

(equation (2-4)). Volume is constant. 
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Substitute ψ = At. 
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Divide by area to get the Maxwell stress. 
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As the basic mechanisms underlying DEA operation became apparent, research turned 

towards failure modes. Plante and Dubowsky presented a comprehensive overview of the 

failure characteristics of DEA and showed that DEA fail in three main ways: mechanical 

failure, dielectric breakdown, and electromechanical instability (which they called pull-in) 

[57]. They applied their analysis to design bistable actuators that were protected 

viscoelastically from failure by high strain rates [58]. Lochmatter showed that actuators can 

be made stable against electromechanical instability by using constant charge control instead 

of constant voltage [59]. With a constant charge the system always has one unique stable 

point, with constant voltage the system can become unstable.  

In parallel with these theoretical developments, a significant worldwide effort to develop 

better dielectric materials has emerged. Sommer-Larsen and Larsen [60], and Kofod et al. 

[61] showed that the ideal DEA membrane should be soft to minimise the amount of work 

done to strain the actuator, have a high dielectric constant to increase sensitivity, and have a 

high breakdown strength to produce a large maximum Maxwell pressure. Many materials 

were developed and are still in development to meet these needs [60-74]. However, despite 
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these advances no material has yet surpassed the overall performance benchmark set by one 

of the first materials discovered: VHB 4910/4905 (VHB).  

VHB is a highly viscous hyper-elastic acrylic elastomer commercially available from 3M that 

was shown by the SRI team to be capable of passive area strains of 2500% and active strains 

of 380% [66]. VHB has the largest energy density for a DEA membrane reported to date, is 

convenient to use, and is highly adhesive (VHB stands for Very High Bonding). VHB does 

have significant limitations including a proprietary formulation and fixed thicknesses, a 

tendency to creep to failure under long term stress, high viscous losses during operation, and 

high rates of „infant mortality‟ due to inclusions or defects in the material [75]. However, 

whilst there are many new materials in development, these materials as yet have not beaten 

VHB across the board in terms of strain, stress, ease of use, and price point.  

Electrode development was equally important, even though the first DEA didn‟t require 

electrodes; Roentgen demonstrated that rubber would expand in plane when electrons were 

sprayed onto its surface [51]. Keplinger et al. recently applied the same principal to create 

transparent VHB actuators that exhibit massive actuations without risk of electro-mechanical 

instability [76]. However, despite large potential for applications such as lenses or valves, 

electron spraying is slow, inefficient, and requires electron emitters to function. The 

limitations of electron spraying really highlight the advantages of compliant electrodes.  

Carpi et al. showed that the effects of different compliant electrodes on actuator performance 

are significant, both mechanically and electrically [77]. The electrode must be as soft as 

possible, maintain conductivity over large strains, be thin, and adhere well to the membrane. 

Just like for dielectrics, there are many electrode materials available [74, 78-85]. Different 

electrodes technologies all have different advantages and disadvantages. For example; carbon 

grease is easy to use but messy [78], ion implantation is good for micro-actuators but doesn‟t 

scale up well [80-83], and carbon nano-tube electrodes can be made transparent but due to 

manufacturing limitations are expensive (although dropping in price) [79]. 

Many different configurations of DEA have been developed over the last 12 years [42, 44, 57, 

58, 66, 86-107], but there have been very few attempts to develop DEA-based biomimetic 

distributed actuator arrays. Menon, Carpi, and De Rossi took the first steps with their 
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overview of natural distributed actuator systems and identification of DEA based peristaltic 

conveyors and pumps as being ideal devices for space applications [28, 29]. They conducted 

preliminary studies showing that placing DEA in a vacuum had limited effect on actuator 

performance, modelled buckling actuators suitable for peristaltic conveyance, and modelled 

and built a single tubular actuator unit suitable for a peristaltic pump. However, to the best of 

the author‟s knowledge there has been no practical demonstration of a biomimetic DEA pump 

or conveyor, or any ideas on how such a system might be controlled. 

Perhaps the most successful example of DEA being used in a bio-inspired distributed actuator 

array is the artificial annelid robot developed by Jung et al. [30]. The robot is inspired by 

annelid worms that are able to move across varied and challenging terrain using lengthwise 

waves of contraction to move the robot forward (vermiculation). The South Korean team 

made their robot out of 8 circular segments of PCB each with 12 buckling mode DEA spaced 

in pairs around the disk (6 each side). The buckling DEA of one disk pressed against the DEA 

of the next thus the robot could contract or bend depending on the driving signals applied. 

Their robot was 45 mm long and 20mm in diameter, able to move forward at 0.056 body 

lengths per second. However, DEA on the robot were collectively controlled in front and rear 

groups, unlike their annelid inspirations there was no distribution of control and sensing 

throughout their device, and the robot was still substantially rigid in the radial direction due to 

the 8 PCB disks. Nevertheless, the annelid robot is the largest (n = 96) fabricated biomimetic 

network of DEA reported to date. 

Kofod et. al. invented dielectric elastomer minimum energy structure (DEMES) bending 

actuators [36, 108, 109]. DEMES are formed by adhering a pre-stretched DEA to a thin 

plastic frame which, after release, curls up as the strain energy in the membrane equalises 

with the bending energy in the frame (see Figure 2-1). When Maxwell pressure is applied, the 

energy equilibrium shifts causing the structure to move. DEMES provide a method for 

creating bending actuators from otherwise planar DEA, minimise the need for bulky pre-

stretch supports in the device, and have a natural voltage limit where they become flat. They 

are ideally suited to arrays of artificial cilia, a capability that will be explored in this thesis.  
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Figure 2-1: DEMES actuator. The bending energy of the (springy) hinge and stretch energy of the DEA 

are in equilibrium. Activation of the DEA causes the hinge to move. 

2.2 Modelling of DEA 

Dielectric elastomer actuators exhibit time varying hyper-visco-elastic incompressible 

material behaviours, coupled nonlinear electro-mechanics, high aspect ratios, and large 

displacements. DEA based on VHB are especially known for these behaviours and it follows 

that developing VHB based DEA devices for biomimetic networks is non-intuitive and 

challenging.  

Whilst there is no substitute for rapid prototyping and experimentation, this approach can be 

time consuming and frustrating. A second limitation of the experimental approach is that 

some device failure modes are very difficult to measure and draw insight from. For example if 

a device failed during operation it is difficult to see if this was caused by poor manufacture or 

design choices, and if the failure mode was membrane tear, electrical breakdown, or 

electromechanical instability. In addition it can be difficult to see where the failure occurred, 

especially in the event of fire or crumpling. Thus there is a strong need for simulation tools to 

aid in the design of DEA devices.  

There has been extensive research worldwide to create simulation tools that describe material 

behaviors, electromechanical coupling, and failure modes [27, 33, 41-43, 45, 47, 110, 111]. 

Some groups have applied these fundamental techniques to device design, for example Kofod 

et. al. presented a simple analytical model of DEMES based on system level energy balance 
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[36]. The geometry consisted of a rectangular frame bent into a semicircle by the tension in 

rectangular piece of VHB attached end to end. The model equated a Gaussian statistical 

model expression for the free energy of the elastic membrane to an expression of the bending 

energy in the frame and showed how the equilibrium position shifted with an applied voltage. 

Moscardo et al. presented an analytical model of DEA spring roll actuators formulated as an 

energy balance between the spring, membrane, and electrostatics [37]. To describe 

electromechanical coupling they applied a Gaussian statistical model based on the theoretical 

description of membrane free energy developed by Suo, Zhao, and Greene [40]. Their spring 

roll model was applied to analyse failure modes and optimize the actuator. He, Zhao, and Suo 

applied the same membrane model to analytically describe the performance and failure 

characteristics of out-of-plane “universal muscle actuator” DEA [34].  

These analytical approaches provide understanding of the fundamental behaviour of specific 

devices, but they have several flaws in common when applied to real world design. Firstly, 

real device geometries are typically complex and possessed of heterogeneous mechanical and 

electrical fields, thus analytical models cannot easily or automatically be used to describe 

their behaviour. Secondly, the strain energy functions chosen to model membranes cannot 

describe the complete design space occupied by VHB due to limited maximum stretches, and 

a lack of viscoelasticity. To address the first concern, some groups have turned to finite 

element modelling so that complex geometries can be described. This has been done in two 

main ways: 

The first method is to take the energy balancing described by the analytical approaches and 

generalise it to the underlying media. Partial derivatives of a local free energy function can 

then be taken to find mechanical and electrical fields. This approach was taken by Zhao and 

Suo where they implemented their nonlinear theory of deformable dielectrics [40] as a user 

defined material in the commercial FEA package ABAQUS [49]. They demonstrated the 

power of the approach by applying their model to the simulation of electromechanical 

instability in diaphragm actuators, wrinkling in expanding planar actuators, and the simulation 

of DEMES. However, they chose arbitrary material properties and did not experimentally 

validate their results.  
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The second method is based around implementing electromechanical coupling by applying 

the Maxwell pressure as a mechanical stress either against or within the material. The most 

sophisticated example of this approach was taken by Son and Goulborne [112]. They 

developed the constitutive equations for electromechanical coupling based around the 

simplifying assumptions of a membrane, i.e. plane stress, zero shear, through thickness 

homogeneity, and high aspect ratio. They then simulated a simple planar actuation mechanism 

inspired by bat wings and experimentally validated their results with some success. However, 

both the Son and Goulborne ABAQUS implementation, as well as the Zhao and Suo 

implementation had several limitations in common:  

1. Both implementations were based around strain energy functions unable to describe 

either the visco-elastic or large strain response of VHB adequately.  

2. Both used solid brick continuum elements and neither took advantage of the ability of 

ABAQUS to describe DEA using membrane elements, although Son and Goulborne 

did use membrane assumptions to simplify their constitutive laws. Membrane 

elements have fewer degrees of freedom than brick elements and an order of 

magnitude less membrane elements are required than brick to describe a given high 

aspect ratio device. 

There is therefore an outstanding need for a rapid and robust simulation method capable of 

describing the behaviour of VHB based DEA devices. Such a method would build on 

previous work in the field and use a strain energy function that can describe VHB adequately 

(see Wissler‟s Arruda-Boyce / Prony model discussed below); make full use of a membrane 

element formulation to be fast and robust; be experimentally validated; and sufficiently 

accurate on real, complex, and arbitrary devices.  

Wissler provided a good constitutive law for VHB 4910/4905 in his PhD thesis [41]. In his 

work he fitted a range of strain energy functions to biaxial and uniaxial test data for VHB 

4910/4905 at different rates and for different relaxation curves to give models with as large 

validity as possible. He identified the Arruda-Boyce model (equation (2-7)) augmented with 

the Prony series (equation (2-8)) as giving the best visco-hyper-elastic description of VHB. 
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The Arruda-Boyce model relates the strain energy in the material to the first stretch invariant1 

and is micromechanical, i.e. based on statistical mechanics, rather than a black box approach. 

The advantages of micromechanical models can be seen in that the Arruda-Boyce model has 

only two parameters, μ and λm, and that it provides a good prediction of material behaviour 

outside of the range of training data. Physically μ can be thought of as the initial modulus of 

an elastomer, and λm as the stretch at which polymer chains in the material lock [113]. The 

Prony series, equation (2-8), consists of summed exponential decay curves each with 

amplitudes (gk) and time constants (tk). Despite its success, Wissler‟s model requires a 

mechanical pressure to implement actuation stress (i.e. actuation stress is not a fundamental 

property of the constitutive law) and may be inaccurate for a given application as it has been 

optimised for general use.  
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2.3 Self-sensing and driver circuits 

Distributed control of DEA arrays requires the distribution of sensing throughout the network. 

This is very difficult to achieve using external sensor technology, both due to difficulties of 

physical integration, but also because there are virtually no sensor technologies that match the 

large stroke and flexible nature of DEA. Self-sensing is an attractive alternative. The core 

concept of self-sensing is that the electrical properties of a device can be related to its 

mechanical state. For example the capacitance of an actuator can be related to its area, or 

resistance to electrode stretch.  

                                                 
1
 The first stretch invariant,      

    
    

   where the stretch λ1,2,3 is the current length divided by original 

length in each direction. 
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There are very few papers discussing the design of driver circuitry for DEA. Most DEA driver 

circuits use switch mode power supplies, where a DC supply is regulated by high voltage 

switches. Babič et al. discuss the limitations of the switch mode approach and present their 

own „pulse mode‟ power supply, which they report to have lower noise, better response time, 

and higher efficiency than conventional switched mode supplies for the control of DEA [114]. 

The limitations are that their pulsed mode supply requires complex external circuitry and 

lacks the self-sensing function critical to the control of distributed biomimetic actuator 

networks.  

Lacour et al. presented the first attempt to create local driver circuitry suitable for the control 

of a distributed DEA array [115, 116]. Their approach was based on amorphous 

photoconductive switches that transitioned from ~10 GOhm to ~50 MOhm when illuminated. 

The switches were flexible, capable of switching high voltages, and successfully embedded 

on a membrane. However, the switches were not applied to self-sensing, required the 

provision of an addressable light source, and were only been demonstrated with very small 

devices. Thus, despite promise, there is still work to be done before membrane embedded 

photoconductive switches can provide the distributed sensing and driver circuitry for a 

biomimetic array.  

Capacitive self-sensing is typically implemented by “piggybacking” a high frequency time-

varying signal onto the lower frequency DEA driver electronics. The high frequency electrical 

response of the DEA is used to infer the capacitance, and the low frequency mechanical 

behaviour is unaffected.  

Toth and Goldenberg presented the first example of driver electronics for capacitive self-

sensing [26]. They used an EMCO Q101-5 DC-DC converter with a tone generator connected 

to its high voltage return to provide the piggybacked driver-sensor signal and measured the 

input-output gain of the DEA transfer function to infer capacitance. Their approach was the 

first serious attempt at DEA self-sensing and the predicted and actual capacitances had a very 

nice qualitative match. However, the DC-DC converter had a low frequency response; they 

did not apply self-sensing to a device performing a task; and they needed an analogue tone 

generator, DC-DC converter, and sensor conditioning circuitry for every actuator used. 
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Keplinger et al. used a desktop function generator and high voltage supply coupled together to 

create their piggybacked signal [22]. Their approach was different in that they measured both 

capacitance and electrode resistance from the voltage and series current through the DEA. 

They demonstrated that the gain of the transfer function (between input voltage and output 

current) is directly proportional to capacitance, and the loss angle is related to resistance. 

Their self-sensing method was then applied to analyse failure modes of DEA, notably 

wrinkling under high voltages. As with the previous method, the Keplinger method was not 

applied to a device performing a task, and would require external function generators, power 

supplies, and signal conditioning circuits for every actuator in an array.  

Jung, Kim, and Choi used a single high voltage supply with a good frequency response to 

directly create their piggybacked signal [23]. They formed the DEA into a high pass filter and 

used the reactance of the filter to calculate the capacitance. They coupled their actuator to 

move an up-stand on the membrane and the self-sensing method predicted its displacement 

well for small strains. However, just like the previous two approaches their method was not 

used to underpin the control of a device working in an application, and required substantial 

external circuitry to function.  

Gisby et al. presented a capacitance self-sensing method where they switched a high voltage 

supply using pulse width modulated optocouplers to drive the DEA and create the 

piggybacked signal [25]. Note that from the point of view of driver electronics this is 

conceptually similar to the photoconductive switching of Lacour et. al. except that it is 

implemented externally and the optocouplers are a more mature, commercially available 

technology. The Gisby method derives the capacitance of the DEA from the discharge part of 

the high frequency charge / discharge oscillation. This PWM approach is well suited to 

portable devices and scales better than the previous methods, as only one switch is required 

per DEA. However, substantial external circuitry is still required for the method to function 

and it is only valid for DEA where the currents due to charging are much greater than due to a 

changing capacitance or leakage. 

In the author‟s previous work, resistance self-sensing was used to measure the displacement 

of ribbed silicone DEA [24]. Resistance was measured in real time along the surface of the 
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actuator and related to displacement using a least squares fit of a heuristically chosen 

function.  However, this self-sensing method only worked for small strains at low speeds and 

had to be periodically re-tuned due to the time varying properties of the electrodes. This time 

variance highlights that the relationship between the measured variable and variable of 

interest must remain relatively constant for self-sensing to work.  

2.4 Chapter summary 

The field of dielectric elastomer technology is new but growing rapidly. At the time of writing 

this in July 2010 a search for “dielectric elastomer” on the Scopus database returned 442 

different journal articles, conference proceedings, and book chapters. This chapter has shown 

that there has been extensive effort worldwide on the fundamentals, materials, and 

configurations of DEA. However within the context of applying DEA to biomimetic networks 

there is still much to be done.  

Characterisation of DEA materials and modelling of fundamental behaviour is well 

established, however the current modelling approaches either have not been proven for or 

lend themselves to rapid robust design for biomimetic arrays. This issue will be addressed in 

the next chapter where a low degrees of freedom modelling framework that takes full 

advantage of Wissler‟s Arruda-Boyce/Prony model of VHB and the use of membrane 

elements in the FEA package ABAQUS will be developed.  

There are a few self-sensing approaches in development and these show promise for precision 

control of DEA and as characterisation tools. However there are two major limitations 

common to all the current attempts. Firstly, despite nominally good performance, no self-

sensing approaches have actually been used as the basis for control of a real device, let alone 

an array of devices. This deficiency will be addressed in Chapters Four and Five where 

conventional self-sensing will be applied to control arrays of DEA.  

The second and more fundamental limitation shared by all self-sensing approaches is that they 

require extensive external circuitry that adds mass, cost, rigidity, complexity and effectively 

prohibits the creation of truly biomimetic networks. In Chapter Six dielectric elastomer 
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switches are presented that enable the distribution of flexible high voltage sensor, driver and 

logic circuitry throughout an array.  
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3 

LDOF Modelling of DEA 

The previous chapter highlighted the need for a Low Degrees of Freedom (LDOF) modelling 

approach to enable the rapid and robust simulation of DEA for biomimetic actuator arrays. It 

was identified that whilst there have been attempts at using the commercially available 

software package ABAQUS, these attempts either did not use a material model capable of 

describing VHB‟s full range of behaviour, or they did not take advantage of the membrane 

element formulation in ABAQUS to improve computational efficiency through substantial 

reduction of degrees of freedom.  

This chapter presents the mathematical development, analytical verification, and experimental 

validation of a LDOF modelling approach that adresses these issues. The LDOF model 

implemented Wissler and Mazza‟s Arruda-Boyce / Prony Series description of VHB with the 

addition of an electrostatic energy density term into the ABAQUS user subroutine UHYPER. 

This hybrid strain energy function was then manipulated mathematically into a form suitable 

for membrane elements, which provided the low degrees of freedom. The LDOF model was 

proven to be an accurate and useful tool, and was applied to a simple case study where the 

effects of non-equibiaxial pre-stretch on DEMES behaviour were assessed. The chapter is 

partly based on the author‟s paper “Finite element modelling of dielectric elastomer minimum 

energy structures”; an invited paper in Applied Physics A [117]. 
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3.1 Introduction 

Dielectric elastomer devices are time-dependent complex non-linear electromechanical 

systems. This makes design unintuitive as changes to one seemingly isolated part will often 

have unintended consequences throughout the entire device. Experimentation provides an 

indispensable guide to the device development process, but it tends to be time consuming, 

expensive, and provides little insight into failure modes which can have a wide range of 

causes.  

For these reasons there is a strong push worldwide to create mathematical modelling tools that 

aid in the understanding and development of dielectric elastomer devices. Modelling work has 

focused on development of constitutive models to describe the complex stress-strain response 

of dielectric materials; finite element modelling approaches to describe the coupled 

electromechanical behaviour of the actuators; and development of analytical models to 

provide for fundamental understanding of failure modes and performance limitations [31-50]. 

However, little effort has been expended on the application and experimental validation of 

DEA modelling for engineering design. With regard to VHB based devices in particular there 

has been a failure to take advantage of adequate constitutive laws or to use membrane 

elements which can substantially reduce degrees of freedom in a simulation.  

The objective of this chapter is therefore to create a rapid and robust DEA simulation 

methodology that is suitable for engineering design. The objective was achieved by creating a 

Low Degrees of Freedom (LDOF) Finite Element Analysis (FEA) modelling approach. The 

LDOF model was implemented in a formulation suitable for membrane elements, and based 

on a hybrid Strain Energy Function (SEF) that incorporated both electrostatic energy density 
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and Wissler and Mazza‟s constitutive law for VHB
2
. The LDOF model was accurate, allowed 

for faster development times, and helped to provide insight into the nuances of different DEA 

designs.  

In this chapter the mathematical development of the LDOF modelling approach and its 

implementation using the commercially available software package ABAQUS (Simulia V6.7-

1) are presented first. Secondly, the demonstration of mechanical verification using the built 

in Arruda-Boyce model in ABAQUS, and electrical verification using analytical descriptions 

of capacitance follows. For validation, the equilibrium position, blocked force, and free 

displacement of selected DEMES designs were simulated and compared with experimental 

results. To highlight the utility of the LDOF model the chapter finishes with a case study on 

DEMES design.   

3.2 The low degree of freedom model 

ABAQUS was used for the LDOF model. Eight node quadrilateral quadratic reduced 

integration membrane elements (M3D8R) were used for DEA membranes. Membrane 

elements are a subset of shell elements with the additional properties of zero bending stiffness 

and zero stress in the thickness direction. Membrane elements are able to describe the high 

aspect ratio dielectrics with few degrees of freedom providing for rapid and well conditioned 

simulations.  

The actuation of DEA is often simulated by applying a mechanical Maxwell pressure on 

either face of the dielectric however this is not possible with membrane elements as they exist 

in a state of plane stress. Instead, the electrostatic energy density was implemented directly 

                                                 
2
 Wissler and Mazza found μ = 0.0473 MPa and λm = 11.175. However it should be noted that at the time of this 

going to press (Nov 2010) a mistake was discovered where the author had accidentally used λm = 124.88 for 

Chapters 3 and 4. Back-calculating the effect on the SEF gives an error of approximately 1.75 % at the stretches 

used. This is much less than other sources of error (experimental scatter, material creep, etc...) so it was 

retrospectively deemed negligible. Also note that the experimental validation still stands, it is just that the SEF 

used was not strictly Wissler and Mazza‟s model.   
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into the SEF as shown in equation (3-1), where U is the total strain energy density, AB is the 

strain energy density due to stretch in the material, and ES is the electrostatic energy density.  

 
ESABU   (3-1) 

Before discussing the SEF the following definitions must be stated: In a membrane 1 and 2

are the planar stretch directions and 3  is the thickness stretch. VHB can be treated as 

incompressible so that equation (3-2) holds. The first and second principle stretch invariants 

are given as 1I  and 2I  respectively in equations (3-3) and (3-4). 
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The SEF was implemented into ABAQUS using the subroutine UHYPER which describes 

hyperelastic materials based on the first and second stretch invariants [118]. Voltage was 

controlled in the simulation using the subroutine UDFLD, which is time dependent. UDFLD 

also provides a mechanism for accessing the thickness and planar stretch of the membrane 

elements [118]. Wissler and Mazza‟s model of VHB based on the Arruda-Boyce strain energy 

and Prony series relaxation functions was used to describe the material stretch strain energy 

density, AB [44, 45]. A scaling factor k was applied to the Arruda-Boyce stiffness coefficient 

to allow for apparent over-stiffness after long term relaxation. A k value of 0.86 was found 

empirically to be a good match.   

In ABAQUS the Prony series relaxation function operates directly on the SEF. For this reason 

a pre-multiplier ginv corresponding to the inverse of the Prony series relaxation ratio G was 

applied to the electrostatic term. It was difficult to find the true value of G inside the 

UHYPER subroutine. To allow for this opacity a constant value corresponding to the total 

long term value of G was used which limited the model to quasi-static rates of applied voltage 



3.2. THE LOW DEGREE OF FREEDOM MODEL 

27 

and loads. The SEF is given in equation (3-5), the electrostatic energy variable K is given in 

equation (3-6), and the Prony series in equation (3-7). 
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In these equations V is the voltage applied across the membrane in volts, to is the material 

thickness in meters before pre-stretching, and εo and εr are the absolute and relative dielectric 

constants respectively. C1-5 are constants found in the Arruda-Boyce strain energy function 

and λm and μ are material properties. gi and τi are parameters for the Prony series which in this 

case (Wissler and Mazza‟s VHB model) has 4 terms. For implementation into UHYPER, a 

variety of partial derivatives were required from the model, namely: 
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2

II
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This created a challenge because U was dependent on 3 , and not just on 1I  and 2I . To 

address this challenge U was rewritten in terms of 1I  and 2I  giving the characteristic equation 

of the material (3-8) which is derived in appendix A. From the characteristic equation the 

required partial derivatives could be found and are given in equations (3-9) to (3-15).  
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The partial derivatives were coded using Fortran into the UHYPER subroutine and compiled 

with Intel Visual Fortran 8.0 (Appendix B). A unit system of microns (length), Newton 

microns (energy), and Newtons per micron squared (stress or energy density) was used
3
. For 

implementation into a model the following steps in ABAQUS were taken: 

1. A material was created with a user defined hyperelastic SEF (UHYPER), time domain 

Prony series viscoelasticity, 14 solution dependent state variables, and user defined 

fields. The UHYPER and USDFLD code was linked into the simulation at run time.  

2. The dielectric constant, pre-stretch ratio, and initial thickness were coded into 

UHYPER for each simulation.  

3. The voltage on the material was defined using USDFLD and was time dependent.  

4. The material was assigned to a membrane section with a Poisson‟s ratio of 0.5 and the 

pre-stretched thickness of the membrane.  

                                                 
3
 V/m was used for electric field strength in the Fortran code, a scaling factor was provided to make this 

consistent with the units of ABAQUS.  
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5. Initial stress conditions on a membrane partition were imported using the Keyword: 

*INITIAL CONDITIONS, TYPE = STRESS, UNBALANCED STRESS = STEP 

Membrane1-1.Membrane, σ1, σ2 

6. Membranes were meshed with M3D8R elements: 8-node quadrilateral membrane, 

reduced integration. 

3.3 Analytical verification 

Firstly the AB term of the LDOF model was verified for the zero voltage case against the 

Arruda-Boyce model built into ABAQUS. Secondly, the electrical model was verified by 

calculating the capacitance of a rectangular capacitor and comparing it with the analytical 

solution for the same geometry. 

Material law verification was done by simulating the stretching a 20x20 mm sheet of VHB 

4905. The sheet was partitioned into two pieces, each 10x20 mm. One of the pieces was 

assigned the native Arruda-Boyce strain energy function from ABAQUS, the other piece was 

assigned the UHYPER SEF with the voltage set to zero. The membrane was meshed with 

eight node quadrilateral quadratic reduced integration membrane elements (M3D8R). Steps of 

the analysis were as follows:  

1. The membrane was stretched out over 1 second in a Static General step to 80x20 mm. 

2. The membrane was further stretched out over another 1 second static general step to 

80x40 mm. 

3. The membrane was allowed to relax in a 2000 second Visco step. 

4. The membrane was inflated by applying a 1 kPa pressure to one side over a 10 second 

Visco step.  

Any difference in the two strain energy functions would result in asymmetric stress fields. 

Thus the first test was to visually inspect these fields and as shown in Figure 3-1 they appear 

the same. To quantify the degree of symmetry, elements and integration points either side of 

the partition line were chosen and the principal stress at the two integration points was 

compared over time. The percentage difference over the simulation is given in Figure 3-2 
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where it can be seen that the material models match very well with the maximum error being 

less than 0.045 %. 

 

 

 

 

Figure 3-1: Side and Top view of the deformed VHB. The ABAQUS SEF is on the left and the UHYPER 

SEF on the right. As the deformation and stress fields are symmetrical it follows that the strain energy 

functions are the same. The units shown are N/μm
2
 for the maximum in plane principle stress of the 

membrane. 

 

Figure 3-2: Percent difference (% Error) over time between built in ABAQUS SEF and UHYPER 

implemented SEF. The difference is less than 0.045 % indicating that there is a good match.  
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Electrical aspects of the LDOF model were verified by comparing the capacitance of a 

deforming membrane to an analytical solution. A VHB square of 20 mm sides was stretched 

in the same manner as before, with a few modifications: 

1. The membrane was stretched out over 1 second in a Static General step to 80x20 mm. 

2. The voltage was ramped linearly up to 100 V in a 1 second Static General step. 

3. The membrane was further stretched out over another 1 second Static General step to 

80x40 mm. During this step the voltage was held at 100 V to probe the capacitance 

without inducing an appreciable Maxwell pressure 

The model had a mesh of 400 membrane elements with 4 integration points each, totaling 

1600 integration points in total. As the stretch field was uniform, the predicted capacitance 

from any one integration point could be multiplied by 1600 to calculate the capacitance for 

the whole membrane. Thus the following data for an integration point was exported from 

ABAQUS to a data file:  

 Volume of the integration point, Vol 

 Voltage applied to the integration point, Voltage 

 Electrostatic energy density as calculated by the UHYPER SEF of the integration 

point, UIP 

 Simulation time, τ 

 Displacement of the moving edge of the VHB, d 

The total electrostatic energy in the membrane was calculated with the equation: 

 
IPolTOT UV1600

 (3-16) 

From this the capacitance of the membrane was calculated using: 
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The analytical value for capacitance was calculated using the standard parallel plate 

capacitance equation:  
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The model‟s capacitance was compared against the analytical solution with the percentage 

error over time given in Figure 3-3. There was a good match with a maximum error of 0.6 %.  

 

Figure 3-3: Percentage error in capacitance for UHYPER compared with analytical solution. The 

maximum error was 0.6. The graph starts at 1 second corresponding to when the voltage was applied in 

the LDOF model, i.e. prior to this point there is no estimate of capacitance. 

3.4 Experimental validation 

To validate the LDOF model the behaviour of different DEMES designs were simulated and 

compared with experimental data. Specifically, the blocked force, free displacement, and 

equilibrium position of selected designs were used for comparison. This section first 

introduces the DEMES design and experimental procedure, then the detailed model 

formulation, followed by results and discussion.  

3.4.1  Validation design and experimental procedure 

A DEMES design was developed that produced useful levels of motion and force (Figure 

3-4). A roughly triangular shaped frame was chosen as this was less prone to torsion than 

more square geometries, and thus produced a purer bending motion. The frame geometry (see 
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Figure 3-5) of the experimental specimens was kept constant while the membrane stretch 

ratios4 were set to 2:4, and 3:5 (L:W) to provide a spread of data for model validation. The 

frame was made of 100 μm thick polyethylene terephthalate (PET) and hand cut for the 

blocked force measurements and laser cut for the free displacement and equilibrium 

experiments. The membrane was made of 3M VHB 4905 acrylic elastomer and was attached 

to the frame using its normal adhesion.  

 

Figure 3-4: A completed DEMES bending actuator with 3:5 membrane pre-stretch. 

                                                 
4 When describing hyper-elastic materials, „stretch ratio‟ typically refers to the ratio of current length to initial length. When 

referring to DEMES the term „stretch ratio‟ will describe the (conventional) stretch ratios in the length and width direction of 

the elastomer. For example: a DEMES membrane with a stretch ratio of 3:1 in the length direction and 5:1 in the width will 

be written as having a stretch ratio of 3:5. 
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Figure 3-5: Frame geometry in mm. Frame is 100 μm thick. 

To improve DEMES reliability an „inverted‟ design was used which addressed the tendency 

of the VHB-PET interface to de-bond within a few days of fabrication. Inverted DEMES are 

curled in the opposite direction to the one preferential to the bending bilayer formed by the 

VHB-PET interface. Inversion puts the bond into compression compared to the peel-causing 

tension in the non-inverted case (See Figure 3-6). Some inverted DEMES have lasted for over 

thirty one months. 

 

Figure 3-6: Non-inverted DEMES (left) and inverted DEMES: The membrane-frame-bond is under 

tension in the non-inverted case, causing it to peel to failure. 
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Nyogel 756G conducting carbon grease was used for electrodes and was applied to the entire 

free membrane area. The structures were adhered onto substrates and allowed to curl up. To 

quantify experimental scatter six each of the 2:4, and 3:5 designs were fabricated and tested. 

The actuators were driven with a 6kV Ultravolt (USA) “HV Rack” high voltage power 

supply. Blocked force was calculated by measuring the very small displacement (less than 

150 μm) of the actuator tip when pushing against a copper cantilever of known flexural 

stiffness. Displacement was measured with a Keyence (Japan) LC-2440 laser distance sensor 

with a resolution of 0.2 μm corresponding to a force resolution of 19 μN. The setup is 

pictured in Figure 3-7. Although there was some actuator tip displacement, it was less than 1 

% of the DEMES‟ free tip displacement (~15 mm) so the difference between the measured 

force and the true blocked force is estimated to be less than other experimental errors.  

 

Figure 3-7: Blocked force experimental setup. The laser measures the displacement of the cantilever. 

Free displacement was measured photographically by attaching coloured markers to the tip 

and base of the DEMES and recording displacement with a webcam (Logitech QuickCam 

Express) and National Instruments Labview 7.1. The voltage was applied in a square wave 

between zero and an incrementally increasing value with a period of ten seconds. Photos were 
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taken just before every voltage change, giving the DEMES five seconds to settle towards a 

final position. Stroke was defined as change in opening angle θ of the DEMES as depicted in 

Figure 3-8 and was calculated using custom image processing software in Matlab (2006b). 

 

Figure 3-8: Calculating the free displacement of the DEMES. A triangle is formed by the three red 

markers, from this the actuator angle can be calculated. 

3.4.2  Validation model structure 

The LDOF models of the DEMES were based on the geometry shown in Figure 3-5 with an 

additional cut down its central line of symmetry as seen in Figure 3-9. Membranes were 

connected to the inside edge of the frame. The VHB bonded to the bottom surface of the 

frame had a negligible influence on bending stiffness and was ignored.  

 

Figure 3-9: Model Geometry. The membrane was connected to the inner surface of the frame with a 

perfect bond, and the model was cut down its line of symmetry. 

The membrane was meshed with eight node quadrilateral quadratic reduced integration 

membrane elements (M3D8R) and the frame with eight node doubly curved quadratic 

reduced integration thick shell elements (S8R). The membrane used the UHYPER SEF 

developed in this chapter and the frame was described using a linear elastic law with 

coefficients fit from stress-strain data (Y = 4.4 GPa, ν = 0.4). The base of the DEMES was 
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fixed in all degrees of freedom. The line of symmetry was fixed in the W degree of freedom 

(see Figure 3-9) for the membrane, and in the W, RL, and RH degrees of freedom for the 

frame. 

The initial stress in the membrane was found by instantaneously stretching a square of 

material in a separate simulation to the desired stretch ratios. The initial stress was then 

imported into the DEMES model and the membrane was allowed to relax for 2000 seconds 

whilst being held flat. Bias forces were applied to the frame to ensure that it found the correct 

equilibrium state. The application of bias forces was important as DEMES are poly-stable 

systems that can have multiple local energy minima. Bias forces can also be required for the 

fabrication of a device.  

Once the shape was in the region of the desired equilibrium state the bias forces were released 

and the structure was allowed to relax over 2000 seconds into its final position. At this point 

in the simulation a boundary condition at the tip was applied when blocked force data was 

desired, or the tip was left to be free to move if free displacement data was desired. The 

UDFLD subroutine in ABAQUS was used to ramp the voltage from 0 to 2500 V or 3000 V 

over 300 seconds and the response of the model was recorded. Finally, the data was extracted 

using the standard ABAQUS post processing tools and exported for comparison with 

experiment. For the blocked force simulations dielectric constant data from [38] were used, 

for the free displacement simulations dielectric constant experimental data from [117] were 

used and are reproduced below in Table 3-1. It was assumed that whilst the dielectric constant 

may be pre-stretch dependent, any further change due to the comparatively much lower 

actuation stretches was small enough to be considered negligible and ignored. 

Table 3-1: Dielectric constant data for non-equibiaxially pre-stretched VHB 4905 / 4910. 

Stretch 

state 

Average Standard 

Deviation 

1:1 4.13 0.11 

2:4 4.18 0.15 

2.5:5.5 4.1 0.12 

3:5 3.76 0.11 
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3.4.3  Validation results 

The equilibrium position (θ in Figure 3-8) of the DEMES was compared between the LDOF 

model and experimental data. The results are presented in Table 3-2. The model agreed well 

with a predicted equilibrium position falling within one standard deviation of the 

experimental mean for both stretch states.   

Table 3-2: DEMES equilibrium position, model versus experiment. 

Stretch state Model angle 

Experimental, n = 6 

Mean angle Standard deviation 

2:4 75.81 79.01 3.27 

3:5 74.17 75.71 2.49 

 

Blocked force data for the six 2:4 DEMES, the new LDOF model, and a previous modelling 

attempt of the author [38] are given in Figure 3-10. The LDOF model predicted blocked force 

of the 2:4 DEMES poorly at low voltages with a better match as the voltage increased. 

Blocked force data for the six 3:5 DEMES and the two models are given in Figure 3-11. The 

LDOF model demonstrated an excellent prediction of the 3:5 DEMES behavior at all 

voltages. Results of the previous attempt were included because they will be used later to 

highlight the advantages of the LDOF approach. The previous model used the same 

constitutive law for VHB however it was based on brick elements in ABAQUS and applied a 

temporally and spatially unvarying average Maxwell pressure as a mechanical pressure on the 

dielectric. 
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Figure 3-10: Blocked force versus voltage for 2:4 DEMES. 

 

Figure 3-11: Blocked force versus voltage for 3:5 DEMES. 

The free displacement measurements of the twelve DEMES are presented in Figure 3-12 to 

highlight the degree of experimental scatter. Free displacement data for the 2:4 design are 

presented in Figure 3-13 alongside the LDOF model prediction showing a good match. Data 
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for the 3:5 design are presented in Figure 3-14 alongside the LDOF model. The model 

matched the data well up to 2500 V, where it began to diverge. Overall the LDOF model was 

capable of predicting blocked force behaviour sufficiently accurately to act as a guide for 

engineering design. The advantages of the LDOF model for design are highlighted by 

considering the blocked force simulations: The LDOF model was approximately 16 times 

faster than the previous approach (6 minutes vs 97 minutes, same simulation, same computer). 

 

Figure 3-12: Free displacement versus nominal electric field strength for 2:4 and 3:5 DEMES. 



3.4. EXPERIMENTAL VALIDATION 

41 

 

Figure 3-13: Free displacement versus voltage for 2:4 DEMES, comparing LDOF model with experiment. 

 

Figure 3-14: Free displacement versus voltage for 3:5 DEMES, comparing LDOF model with experiment. 



CHAPTER 3. LOW DEGREES OF FREEDOM MODELLING OF DEA 

42 

3.4.4  Validation discussion 

The equilibrium position predicted by the LDOF model (Table 3-2) fell within one standard 

deviation of the mean for both the 2:4 and 3:5 stretch states. DEMES behavior is highly 

sensitive to equilibrium position so predicting it accurately is a significant achievement. The 

model provided a good fit for the blocked force data, falling inside one standard deviation of 

the mean for both the 2:4 and 3:5 stretch states at the higher voltages in the experiment, but 

being a bit high at lower voltages (Figure 3-10 and Figure 3-11). The overestimation at low 

voltages was possibly caused by the quasi-steady state assumption, as the relaxation function 

may not have had sufficient time to decay, leading to an overestimation of electrostatic energy 

density. Or the overestimation could have been caused by difficulty in aligning the cantilever 

to only constrain the DEMES in the forward direction. 

The free displacement data was evenly distributed without any obvious clumping and a larger 

spread in the 2:4 stretch states (Figure 3-12). A significant component of the experimental 

uncertainty was likely caused by the low resolution photographic and image processing 

experimental setup, and this was larger in the 2:4 cases which underwent smaller strokes.  

The LDOF model predicted the free displacement to within one standard deviation for up to 

approximately 2500 V (Figure 3-13 and Figure 3-14). Above this voltage the model 

prediction and experimental results diverged for the 3:5 stretch states. This error may be due 

to increased sensitivity of the angle to changes in system energy at high strokes. An 

investigation using the model to test this theory was inconclusive and further investigation is 

beyond the scope of this work. However the study did predict that a 3:5 DEMES would have 

greatest sensitivity when the absolute value of its opening angle θ was approximately 90
O
, and 

this is consistent with observed behaviour. Despite this divergence the model still provides a 

useful tool for optimising the quasi-static behaviour of DEMES.  

Use of membrane and shell elements with 8 nodes and built-in electromechanical coupling 

instead of the 20-node solid elements used in previous models [38] reduced the computational 

effort required to run the simulation by 94 % (i.e. the LDOF method solved the problem in 6 

% of the time it took the old method on the same computer). The LDOF model is also more 

accurate due to simulation of Maxwell pressure corresponding to local element thickness and 
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the ability to simulate Maxwell pressure in membrane elements, which are better suited to 

DEMES modeling.  

3.5 Case study 

The LDOF model was used to explore how free displacement depends on the longitudinal 

stretch ratio of the existing DEMES design at a fixed voltage of 2500 V. The width stretch 

was fixed at 5.5, the length stretch was varied from 1.5 to 5 in increments of 0.5, and the 

LDOF model was used to predict the equilibrium angle and maximum stroke in each case. A 

width stretch of 5.5 provided a reduction in thickness which increased the applied electric 

field and the breakdown strength of the membrane. For simplicity the dielectric constant was 

assumed to remain fixed at εr = 4.1.  

As can be seen in Figure 3-15 there is a clear optimum stretch state of 3:5.5 at 2500 V. This 

optimum produces over 50 % more stroke than the highest and almost equibiaxial stretch state 

5:5.5, and six times the stroke of the most anisotropic stretch state 1.5:5.5. This study 

demonstrates how useful modeling is for identifying the design space to be pursued with 

experimentation in these highly non-linear and non-monotonic systems.  

 

Figure 3-15: Maximum stroke for Y:5.5, Y ranges from 1.5 to 5. 
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The equilibrium angle (θ in Figure 3-8) showed large variations as a function of stretch ratio 

(Figure 3-16). It was non-intuitive that a low lengthwise stretch of 1.5 could lead to such a 

low equilibrium angle, comparable to that exhibited by a lengthwise stretch of 4, as shown in 

Figure 3-17. Equally unexpected was the trend of increasing equilibrium angle with 

increasing lengthwise stretch exhibited in the 1.5 to 3 cases. Comparing Figure 3-15 and 

Figure 3-16 it was clear that this behaviour was connected to the existence of a peak in the 

free displacement.  

 

Figure 3-16: Equilibrium Angle for Y:5.5, Y ranges from 1.5 to 5. 
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Figure 3-17: DEMES side views showing the effect of different membrane stretch ratios (1.5:5.5 and 

4.0:5.5) on the initial equilibrium state. The apparent sharpness of the tip is an artifact of the view angle.  

The connection involved twisting of the frame and its effect on bending stiffness. As the 

longitudinal stretch ratio increased from 1.5, the membrane shifted from a planar form to one 

resembling a saddle. In the saddle form, the angle of membrane attachment to the frame 

combined with the tension in the stretched membrane to produce a torque that twisted the 

frame, increasing its bending stiffness as shown in Figure 3-18. An increase in bending 

stiffness led to an increase in equilibrium angle (less curl) which explains the trend depicted 

in Figure 3-16. With a stretch state of around 3:5.5 a tipping point was observed where the 

increasing bending moment overwhelmed the increase in bending stiffness. The net result was 

that the equilibrium angle started to decrease with increasing length tension past this point.  

 

 

Figure 3-18: Schematic of the cross-section depicted in Figure 3-17. As the length stretch ratio increases it 

twists the frame leading to an increase in bending stiffness and a decrease in curl. 
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3.6 Chapter summary 

A new low degrees of freedom finite element modelling approach suitable for simulating 

DEA membranes has been developed and demonstrated using ABAQUS. At the core of the 

approach is an Arruda-Boyce SEF augmented with the electrostatic energy density and 

mathematically manipulated into a form suitable for membrane elements. The approach was 

analytically verified and experimentally validated. Simulations of DEMES were 16 times 

faster than a previous attempt using solid brick elements. The LDOF model was able to 

simulate the equilibrium state, free displacement, and blocked force of DEMES with 

sufficient accuracy and speed for use in a design environment.  

As well as being faster, due to the membrane element formulation the LDOF model was more 

numerically stable, or in other words; robust. Robustness can be best seen in comparison with 

the brick element approach where the bricks are heavily distorted to fit into the high aspect 

ratio dielectric, this distortion can give rise to numerical instability, a vulnerability that 

membrane elements do not face.  

The approach is limited to the quasi-static case by the way viscoelasticity was incorporated 

into the material strain energy function. The quasi-static limitation could be overcome by 

implementation into the ABAQUS UMAT user defined subroutine. The mathematical 

derivations and Fortran code required to fully implement the model in ABAQUS have been 

presented in appendices A and B.  

Use of non-equibiaxial pre-stretching for control of DEMES behaviour was demonstrated. 

The validated LDOF model was shown to be a powerful tool in a case study to understand the 

free displacement of DEMES with different stretch states for a 2500 V applied voltage. As the 

case study predictions were surprising the DEMES designs were built to demonstrate that the 

LDOF model was correct. An image of six DEMES with stretch ratios ranging from 3:5.5 to 

4.25:5.5 in increments of 0.25 is given in Figure 3-19. As predicted, a clear peak in the 

equilibrium angle can be seen Note that the image was taken 23 months after the DEMES 

were made so some creeping is inevitable. The next chapter presents the use of the model as a 
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virtual experimentation environment for the design of a ctenophore inspired self-sensing 

DEMES array.  

 

Figure 3-19: From right to left, DEMES ranging from 3:5.5 to 4.25:5.5 in 0.25 stretch increments. The 

3.5:5.5 has an electrode. Note that there is a peak in the equilibrium position as predicted by the model.  

The image was taken on the 7
th

 July 2010, 23 months after fabrication. In this time creeping will have 

occurred.  
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4 

FEA for Design of Self-Sensing DEA  

In the introduction and literature review a paucity of modelling techniques suitable for the 

rapid and robust simulation of DEA devices was identified. This paucity was addressed in the 

previous chapter with the development of the LDOF modelling approach. It was also 

identified earlier that self-sensing techniques have never been used to underpin control for 

DEA based biomimetic arrays.  

This chapter presents a ctenophore inspired mechano-sensitive DEMES array, the first 

description of a self-sensing control strategy for DEA. The array consisted of four DEMES 

configured in a row to push rollers up some rails. The control strategy was inspired by the 

way ctenophores use their paddles for swimming; each DEMES was self-sensing and 

triggered upon contact of the previous to actuate. Furthermore the DEMES array was 

designed using the LDOF modelling approach as a virtual experimentation environment. 

Designs were iterated until one was found that met performance criteria. The final design was 

experimentally refined, built, and controlled using local capacitive self-sensing state 

machines. The chapter in part details work published in the authors conference paper “FEA of 

Dielectric Elastomer Minimum Energy Structures as a Tool for Biomimetic Design” [119]. 

4.1 Introduction 

Recall the ctenophore, a small sea creature propelled via rows of thousands of mechano-

sensitively controlled ciliated paddles [7, 8]. Paddle coordination within a row is achieved by 
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mechano-sensitive waves of actuation that run down the length of the animal. A video of 

Ctenophores swimming at Monterey bay aquarium is provided on the supplementary DVD 

attached to this thesis (Appendix D, Movie # 1) where the waves of actuation can be clearly 

seen. This chapter presents the first steps taken towards a ctenophore inspired bending 

actuator array coordinated automatically using mechano-sensitive „artificial cilia‟. Such an 

array should enjoy the ctenophores‟ natural adaptability to changing load conditions, 

tolerance to variance between actuators, lack of need for external sensors, and ability to scale 

well to larger array sizes.  

The artificial cilia were formed out of capacitance self-sensing DEMES. The test array 

consisted of DEMES in air arranged to roll cylinders up a pair of rails (Figure 4-1). DEMES 

actuated and pushed on the load when they were contacted by the previous element in the 

array. This automatic coordination showcases the ability of mechano-sensitive arrays to adjust 

to a load automatically with no need for higher intelligence. The application was inspired by 

ctenophores however the DEMES had symmetric strokes and were on the centimetre scale. 

 

Figure 4-1: Array conveying a cylinder up a slope. DEMES C will be triggered with the contact of B, 

allowing it to take up the load. 

It was not easy to design such an array. All the reasons put forward previously that confound 

the design of DEA hold, such as time-dependent non-linear electromechanical behaviour. In 

addition DEMES include interfaces between dissimilar materials and can form into multiple 

post-buckled configurations. To navigate this complex design space the LDOF model was 

used as a virtual experimentation tool. Different DEMES designs were simulated and judged 

against performance and failure criteria chosen for the ctenophore inspired array. The use of 

the model in this manner allowed for rapid searching throughout the design space for designs 

which could then be experimentally refined.  
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The basic DEMES design is introduced first in the chapter, followed by a description of the 

self-sensing approach and hardware. The virtual experimentation approach is then introduced 

followed by the results of the iterative design process. Stills of the self-sensing array in 

operation are presented in the results and followed by the discussion. To the author‟s 

knowledge the chapter presents the first published use of DEA self-sensing to control a 

distributed actuator array as well as showcases the utility of the LDOF model in a design 

environment. 

4.2 Materials and methods 

This section presents the array design, controller logic and modelling methodology for the 

chapter. 

4.2.1  DEMES design 

DEMES membranes were fabricated from 3M VHB 4905. Frames were laser-cut out of 127 

μm thick bi-axially orientated polyethylene terepthalate (PET) sheet (Duralar 005 from 

Grafix). Nyogel 756G conducting carbon grease was painted on for electrodes. The frame 

geometry shown in Figure 4-2 was developed for the self-sensing design. The membranes 

were built using two layers of VHB with a high voltage electrode between them and the 

external surfaces grounded, this had the following key advantages:  

1. Making the DEMES environmentally compatible and fundamentally water tolerant. 

Water tolerance was conferred by the grounded external surfaces of the DEA. A video 

of a two-layer DEMES operating in water is provided in the supplementary DVD 

attached to the thesis (Movie # 2). The DEMES in the video was powered via a hole in 

the base.  

2. Allowing for dense actuator arrays without fear of discharge when adjacent units 

touch. 

3. Increasing the absolute capacitance of the system thus improving the signal to noise 

ratio of the capacitive self-sensor. 

4. Reducing cross-talk between adjacent units by shielding electrostatic noise. 
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The DEMES membrane was stretched 3.5 times in the length direction and 5 times in the 

width direction (Figure 4-2) which according to the convention in the previous chapter will be 

referred to as a stretch state of 3.5:5. A state of 3:5 was also used for most of the modelling 

work and some device prototypes.  

  

Figure 4-2: Self-sensing frame design. Frame is 127 micron thick PET. The VHB membrane had a pre-

stretch of 3.5:5. 

To prevent DEMES sticking together a thin plastic cling wrap film was applied to the contact 

area on the front of each actuator. Copper tape tracks formed the external electrode 

connections and Aluminium foil on a tape formed the internal electrode connection. Four 

DEMES were arranged into an array on a laser-cut cast acrylic tray. Support brackets held the 

top surface of the DEMES down and prevented curling away from the substrate. A rail was 

provided either side of the array as rolling supports for the cylindrical loads (Figure 4-3). The 

rolling surface of the rail sat 28.5 mm above the substrate and the entire array was tilted at a 1 

% incline by lifting one end. 
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Figure 4-3: Physical array design. The DEMES were clamped to the base with a supporting rod to prevent 

them curling up. Cylindrical loads were rolled along the rails by actuation of the DEMES.  

4.2.2  Self-sensing state machine 

When a DEMES tip was pushed the membrane deformed and underwent a detectable change 

in capacitance, therefore the quasi-static capacitive self-sensing method proposed by Gisby et. 

al. was used [25]. In this method the charging current to each actuator was controlled via the 

pulse width modulation of a high voltage switch. Discharge of each actuator was passive via a 

resistor thus the duty cycle of the switching controlled the average voltage on the actuator 

(Figure 4-4). Mechanically the actuator saw an average voltage, as it was slow to respond, 

however the PWM created an electrical oscillation on the actuator (Figure 4-5). The discharge 

portion of the electrical oscillation was used to infer the capacitance of each actuator using 

equation (4-1) where C was the capacitance, I was the discharge current (given by Ohms law), 

and dV/dt was the rate of change of voltage with respect to time. The effects of leakage 

current and a changing capacitance were assumed to be small.  

Four channels of PWM control and self-sensing circuitry were fabricated by hand with the 

help of Todd Gisby on Veroboard
v
. An AMI thunder series high voltage DC-DC converter 

was used to provide the required high voltage. The OCH100G high voltage optocoupler 

switches used to generate the PWM signals were controlled with a (Data Acquisition) DAQ 

card and National Instruments Labview. The discharge and signal generation path was made 

                                                 
v
 Veroboard is a type of electronics prototyping board characterised by rows of holes electrically connected by 

copper tracks on one side.  
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with a 100 MOhm and 56 kOhm resistors in series. Low-pass filters cleaned out high 

frequency noise on the signal before returning it to the DAQ card. The entire circuit was 

battery powered and used separate low-dropout linear regulators for the high-voltage power 

pack, switches and signal conditioning circuitry.  

 

Figure 4-4: Schematic of actuator driver circuits. 

 

Figure 4-5 : PWM charge/discharge cycle. By measuring the discharge profile the capacitance was 

calculated. 

 

C
t
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(4-1) 

A state machine was used to control each actuator in the array. Firstly DEMES were allowed 

five seconds to settle at a low PWM duty cycle and their capacitance recorded. Then the 

machine waited and monitored the capacitance. If the capacitance increased above the rest 

capacitance by an appreciable amount the machine would detect the contact of the preceding 

DEMES. Once contact occurred the duty cycle was increased for two seconds causing the 

DEMES to actuate. Then the duty cycle returned to a low value and the machine returned to 
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the first state (Figure 4-6). When this state machine was run on the array and the first DEMES 

triggered; a wave of actuation would result.  

  

Figure 4-6: Mechano-sensitive state machine. When the capacitance changed from the resting value, 

contact was detected and the structure actuated. 

4.2.3  Virtual experimentation 

The LDOF modelling approach was used as a virtual experimentation tool to aid in the design 

of DEMES for the array. To test a design, the geometry was imported into ABAQUS and 

halved down its line of symmetry to improve simulation speed. The double layer VHB 4905 

membrane was treated as a single layer of double thickness in the model geometry, ignoring 

the mechanical effects of the internal grease layer. The single membrane thickness was used 

to calculate the electrostatic energy density as well as a fixed dielectric constant of 4.1.  

The frame was made of Duralar 005; 127 micron thick PET and simulated using a simple 

linear-elastic material law where creep effects were ignored. Young‟s modulus for the PET 

was found to be 4.03 GPa using an Instron materials tester. The stress strain curve is given in 

the results. Poisson‟s ratio was chosen from data sheets to be 0.4. The equilibrium position 

and free displacement of different DEMES designs were simulated in the following manner:  

1. The initial instantaneous stress state of the DEA membrane was found in a pre-stretch 

simulation.  

2. The initial stress state was imported into the DEMES membrane which was allowed to 

relax for 2000 seconds within a Visco Step (time within the simulation, not wall-clock 

time).  

Duty Cycle = 4% 

Wait for 5 seconds and 

store final capacitance Co 

Monitor Capacitance 

If C>Co + threshold move 

to next state 

Duty Cycle = 20% 

Wait for 2 seconds then 

transition to original state 
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3. The structure was pushed into an upright position using biasing loads in a 1 second 

static General step. Each DEMES design may require different bias loads to push it 

into the correct shape. 

4. The bias loads were removed over a 1 second Static General step and the DEMES 

relaxed for a further 2000 seconds in a Visco step, settling into its equilibrium state. 

5. The voltage was then ramped up over 300 seconds to 3000 V in a Visco step causing 

the structure to actuate. It was important to ramp the voltage slowly as the LDOF 

model is only valid for quasi-static cases. 

Once the virtual experimentation approach was established it was used for a series of 

parametric studies (Figure 4-7). Prospective deigns were simulated and their performance 

evaluated against criteria addressing performance and failure modes. The design was then 

changed incrementally and re-simulated.  A total of 15 designs were simulated, followed by 3 

designs that were experimentally fine tuned. The performance and failure criteria were: 

1. The minimum width of the frame at any point must not be less than 10 mm to prevent 

the VHB membrane from shearing off (Figure 4-8). This was easily incorporated into 

the process by only picking geometric parameters that met this condition. 

2. The maximum linear strain in the frame must not exceed 1 % at any point. This is to 

stop the frame from creeping and the structure curling up to failure. This was found by 

simulating the model and monitoring the maximum value at equilibrium. 

3. DEMES must be able to push on the next in line at nearly maximum actuation which 

results in two requirements; a) sufficient movement, and b) sufficient curl at rest. This 

interaction requirement was tested in simulation by overlaying the equilibrium and 

actuated states patterned into an array. Interaction was then directly observed as 

shown in Figure 4-9. Actuator spacing was chosen to be 20 mm. 

4. As the DEMES were used to push a cylinder on rails, the tip must be below the rail 

height at equilibrium and must transition above the rail height during actuation. The 

rolling surface of the rail sat 28.5 mm above the substrate.  
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Figure 4-7: Frame geometry showing modifiable parameters D1-5, θ1-2, and R. units are in millimeters. 

 

Figure 4-8: The tension in the membrane was supported by shear forces where it attached to the frame. If 

this „shear zone‟ was as wide, or nearly as wide, as the frame then eventual failure of the actuator would 

result. 
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Figure 4-9: Overlay plot showing contact between the equilibrium state (Dark) and active states (Light) of 

adjacent DEMES. DEMES spacing was 20 mm. 

4.3 Results 

The stress-strain curve for the Duralar 005 is given in Figure 4-10. The material was linear at 

strains up to 1 % which justified a linear material law.  
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Figure 4-10: Stress-strain curve for one sample of Duralar 005. Note the linear response for strains less 

than 1%. The line is fit to the first 1% of strain.  

In total fifteen designs were simulated in the virtual experimentation environment. Total time 

to set up, run and post process each design was roughly thirty minutes. The design process is 

given in Appendix C for the first eight designs of DEMES. A successful design was found 

after eight iterations and was fabricated. Figure 4-11 shows the frame geometry of design # 8, 

Figure 4-12 shows four instances of design #8 fabricated into an array, and Figure 4-13 shows 

the LDOF model simulation of the design. However, design # 8 would systematically fail 

after a few days due to peeling of the membrane from the top inner point of the frame 

(marked with a red circle in Figure 4-11). This peeling was caused by the angle of the 

membrane connection and a stress concentration caused by local bending of the frame. Note 

that the stress concentration was initially under the limit set by the PET creeping criterion, 

however when coupled with membrane peeling this rose rapidly. 
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Figure 4-11: Design #8 geometry. The frame bent excessively and the membrane peeled away in the area 

highlighted by the red circle.  

 

Figure 4-12: Design #8 formed a good array, however failed within a few days from de-bonding. 
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Figure 4-13: Simulation of design #8 at equilibrium. 

Designs #9 to #15 were therefore aimed at eliminating this failure mode by building a 

structure that minimised local bending near the tip of the frame and the acute angle between 

the frame and membrane. Design #15 (Figure 4-14 & Figure 4-15) provided a solution to this 

problem. A comparison can be drawn between designs #8 and #15 in Figure 4-16 and Figure 

4-17; the structures had roughly the same equilibrium position and stroke however design #15 

had a much lower local bending at the tip and a slightly reduced angle between the frame and 

membrane leading to substantially increased reliability.  

 

Figure 4-14: Design #15 frame geometry. 

 

Figure 4-15: Model simulation of design #15 at 

equilibrium. 
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Figure 4-16: Top down view of design #8 showing 

sharp local bending at the tip. 

 

Figure 4-17: Top down  view of design #15 showing 

smooth distributed bending at the tip. 

Unfortunately design #15 was torsionally unstable and would twist out of the equilibrium 

state. This sideways twisting can be seen in Figure 4-18. The virtual experimentation 

environment was unable to predict this twisting as it assumed perfect fabrication techniques 

and loads; i.e.: in perfectly symmetrical DEMES with no lateral or torsional loads twisting 

instability could never occur. Design #15 was very sensitive to unavoidable fabrication errors 

in the pre-stretching of the membrane and alignment of the frame to the principle stretch axes.  

 

Figure 4-18: Design #15 showing torsional instability. The structure twists to one side rendering it useless 

in an array. Note that the structure reliably remains in this shape and does not curl to failure. 
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To fix this error the stretch state was changed to 3.5:5 in the hope that the structure would curl 

up slightly more. It became stable but also curled to failure; highlighting a delicate design 

trade-off between stability and reliability in the present design. The model was insufficiently 

accurate to aid with the final incremental design changes made in balancing this trade-off so 

the final designs were developed experimentally. The final design is shown in Figure 4-2 and 

Figure 4-19 where twisting can be observed creating significant variability in the actuator 

units, but not enough to cause failure of the array. 

 

 

Figure 4-19: Completed four element array based on the final design. Note the modest torsion variability 

from actuator to actuator. 

The DEMES were reliable and lasted without any noticeable de-bonding or further curl. The 

actuators were curled enough to allow for the tube to pass overhead and preceding units to 

contact. Despite actuator to actuator variability, when coordinated by the mechano-sensitive 

state machines the array successfully pushed a 13.9 gram, 10.15 mm diameter solid teflon 

tube and a 18.63 gram, 4.77 mm diameter solid brass tube up the rails at an incline of 1 %. 

These waves of actuation can be seen in Figure 4-20 and Figure 4-21 where DEMES are 

triggered to actuate once the previous actuator has conveyed the load. The actuators can be 

seen to remain on for a while after reaching full extension.  

The lengthy on period was an important mechanism to deal with poor sensitivity of the self-

sensing circuitry. The sensitivity problem can be more clearly seen in the videos of the array 

in operation given in the supplementary DVD attached to the thesis (Movies # 3 to 5). Transit 

times were 3, 4, and 8 seconds for no load, the Teflon load, and the brass load respectively. 

Ideally the wave of actuation would be limited by load dynamics, however in the movies it is 
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clear that it was limited by the poor sensitivity of the handmade self-sensing circuitry: The 

change in capacitance with contact of the preceding actuator was approximately 50 pF 

compared to a rest capacitance of 600 pF. The „noise floor‟ was approximately 30-40 pF 

meaning that the sensitivity of the units was necessarily low which limited DEMES response.   
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Figure 4-20: Still images showing the array pushing a brass roller up the rails. 
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Figure 4-21: Still images showing the Teflon roller being rolled up the rails. 
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4.4 Discussion 

The virtual experimentation approach provided a powerful tool for the design of the mechano-

sensitive array and sped up the development process substantially for two main reasons. 

Firstly, the time to simulate a new design concept from conception to completion of post 

processing was approximately 30 minutes. This is much faster than the several days it took to 

test the experimentally iterated designs. Secondly, because the reasons for failure to meet the 

performance criteria were always clear, it was easier to make design choices than if an 

experimental approach had been used.  

However, the virtual experimentation approach did have limitations including; inability to 

directly predict de-bonding of the membrane and frame, no inclusion of imperfections in 

fabrication that might lead to torsional instability, and the fact that the membranes were 

simulated as single pieces, twice as thick as a single layer and ignoring the effects of grease. 

Future work includes addressing these limitations, but the approach proved its value in its 

present state.  

The self-sensing state machines were effective at controlling the array of DEMES. The array 

was able to automatically respond to changing load conditions despite substantial variability 

between DEMES. Most limitations were due to the hand fabricated veroboard circuitry. This 

had a noise floor close to the level of signal caused by DEMES contact, suffered from cross-

talk between actuators, and was based on the Gisby et al. quasi-static method so will always 

be reduced in speed. These limitations can be addressed using printed circuit board 

technology, which will be applied in the next chapter to explore mechano-sensitive control 

further.    

4.5 Chapter summary 

Finite element modelling was used to design a biomimetic array of DEMES coordinated in 

the same manner as a ctenophore. The actuators were coordinated by mechano-sensitivity; the 

contact of a preceding unit triggered the next in line. The LDOF model was used as a virtual 
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experimentation environment to develop DEMES and substantially sped up development time 

compared to physical fabrication. Furthermore virtual experimentation allowed for design 

criteria such as maximum strain in the DEMES frame that would be very difficult to evaluate 

experimentally.  

This chapter in combination with the previous chapter clearly met the first objective of the 

thesis. The objective was to develop rapid and robust simulations tools for DEA. The LDOF 

modelling approach has been verified, experimentally validated, and proven useful in 

designing and understanding the operation of DEA in biomimetic arrays. The second 

objective of this thesis, to prove that conventional self-sensing can be used to underpin 

control of a biomimetic DEA array has also been provisionally met, however it will be 

explored further in the next chapter where more sophisticated self-sensing hardware will be 

used as well as a wider variety of arrays.  
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5 

Travelling Waves for DEA  

One common feature between the human heart and the paddles of Ctenophores is the use of 

travelling waves of actuation to achieve coordination amongst arrays of mechano-sensitive 

actuators. It is hypothesised that this control strategy would confer superior robustness, 

adaptability, and scalability if applied to biomimetic arrays of self-sensing DEA. This chapter 

presents an experimental study exploring how mechano-sensitive DEA arrays can be designed 

for control with travelling waves of actuation and tests the hypothesis that such strategies 

confer substantial advantages.  

The applications chosen for the study consisted of compliantly, inertially, and discretely 

coupled arrays. Mechano-sensitivity was provided for by PCB based capacitance self-sensing 

hardware using the Gisby method. Element coupling, formation of travelling waves, and 

multi-level control were tested, and the arrays were demonstrated to be robust to partial 

failure and actuator variability. The chapter finishes with a discussion of the possible 

applications for the travelling wave control strategy and includes work presented in the 

author‟s conference paper “Biomimetic control for DEA arrays” [120].  

5.1 Introduction 

Blood is pumped around the human body via rhythmic contractions of the heart‟s muscles. 

These rhythmic contractions are coordinated into repeating „travelling waves‟ of actuation by 

the complex electro-chemo-mechanical interplay of cardiac muscle cells [121, 122]. It is clear 
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that the heart‟s travelling wave control mechanism is very successful; the organ continues to 

pump despite changing shape, size, and loads (e.g. disease, growth, and exercise) on 

timescales ranging from seconds to the lifetime of a human being. It is also clear that 

utilization of a distributed sensing and control strategy is critical to the heart achieving this 

exceptional performance. However, so far it still not so clear if DEA arrays utilizing similar 

travelling wave and distributed feedback strategies would have the same robustness, 

adaptability and performance. 

In this chapter the use of distributed mechano-sensitivity to underpin travelling wave 

strategies in flexible DEA arrays will be explored experimentally. The travelling wave control 

strategy will be defined as when locally controlled, self-sensing elements trigger upon 

actuation of their neighbours to produce an emergent wave of actuation that travels around an 

array. Two broad categories of investigation are of general interest; 1) the design of DEA 

arrays for control by travelling waves with an emphasis on inter-element coupling, multilevel 

control strategies, and state machine design; and 2) the adaptability, robustness and scalability 

of DEA arrays controlled with travelling waves. 

The investigation was carried out using small three and four unit arrays. Mechano-sensitivity 

was provided with PCB based capacitance self-sensing hardware and state machines 

implemented in Labview. The applications were categorized according to how coupling 

occurred between elements of an array: compliantly, inertially, or discretely. 

Compliantly coupled „common membrane‟ arrays consisted of actuators patterned onto the 

same membrane. When one actuator expanded it resulted in contraction of its neighbours, 

which served as a propagation mechanism for travelling waves. An array of four elements in a 

line on a plane; three elements pointing into each other on a plane; and three elements on an 

inflated balloon were built. The compliantly coupled arrays were used to test whether 

repeating stable waves of actuation could be formed within the same compliant medium. 

For the inertially coupled system, a „ball rolling‟ array was used that consisted of three DEA 

supporting a set of circular rails on which a ball rolled. The rolling of the ball coupled the 

actuators together by weighing them down when it was close and lifting them up when it was 

far. This array was used to explore the use of biomimetic multilevel controllers where local 
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mechano-sensitive state machines created a travelling wave, and a higher level controller 

manipulated global variables to control its overall speed. Robustness of the local controllers to 

the impact of single element failure was also investigated. 

For the discretely coupled system, a „ball passing‟ array was developed that consisted of four 

DEMES configured to pass a ball to the top of a ramp, where the ball then rolled down to start 

the cycle again. The DEMES were triggered by the weight of the ball when it was placed on 

them. This array was used to re-explore control of DEMES, specifically the design of state-

machines, to showcase the robust ability of the array to deal with the ball falling back, and 

demonstrate the adaptability of the array to variability between elements.  

The materials and methods section introduces the design of each array and associated state-

machine. The results section presents still images and data of array operation, and the 

discussion section focuses on lessons of the investigation and how the travelling wave 

strategy might be employed in a variety of applications. Ultimately this chapter shows that 

capacitive self-sensing can underpin robust and adaptable distributed control strategies for a 

wide range of biomimetic DEA arrays.  

5.2 Materials and methods 

Four channel self-sensing circuitry was implemented on a custom designed 4 layer printed 

circuit board. The charging current to each actuator came from a 3000 V power supply (AM 

Power Systems T3005P) and was controlled by an 80 Hz (or 40 Hz) pulse width modulated 

high voltage opto-coupler (Voltage Multipliers Inc OC100HG, one per actuator). The DEA 

were discharged passively using a 100 MΩ : 56 kΩ resistor ladder that also served as voltage 

feedback. Feedback lines had hardware filtering to remove noise from the high voltage 

supply.  

5.2.1  Common membrane arrays 

Three simple designs were used to test if travelling waves of actuation could run continuously 

around an array of DEA formed on the same compliant medium; linear, triangular and 
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inflated. Waves of actuation should arise when the expansion of one DEA causes a 

contraction in its neighbours, triggering their state machines to actuate. Continuous waves 

should form if the final element in an array triggers the first element to actuate again. All 

electrodes were formed out of NyoGel 756G carbon loaded conductive grease. 

The linear array consisted of five rectangular DEA in a line on a pre-stretched membrane of 

VHB 4905 (Figure 5-1). The end elements A and E were electrically connected with the idea 

that a wave of actuation would travel along the line from one end to the other and then start at 

the beginning again.  

 

Figure 5-1: Linear Array. The support frame has a 110mm internal diameter. 

The triangle array consisted of three pre-stretched VHB-4905 DEA elements arranged at the 

corners of a triangle and „pointing‟ at each other in a clockwise direction (Figure 5-2). The 

reason for the pointing was an attempt to establish an asymmetry in the interaction between 

elements. i.e. if an actuator expands, it has a different influence on each of the other two 

actuators. The motivation for this asymmetry was to bias the direction of a rotational wave of 

actuation about the array. 
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Figure 5-2: Triangle array. The inside edges of the support frame are 85mm long. 

The inflated array was built by placing the un-stretched VHB 4905 membrane on a spacer 

over an opening, sealing it to the substrate and inflating it with 250 ml of air (Figure 5-3, 

Figure 5-4). Electrodes were painted on three sections around the circumference of the 

balloon. Coupling in the inflated array was expected to occur both through tension changes in 

the membrane and by pressure changes within the balloon and result in a travelling wave 

running around the balloon circumference. 

 

Figure 5-3: Inflated membrane fabrication. The inside is one continuous electrode. 
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Figure 5-4: Inflated Array. 

To control the compliantly coupled arrays a state machine was used for each element and 

implemented with National Instruments Labview 8.6. As an activated DEA element expanded 

in-plane the effect felt by the neighboring elements in the array was a contraction, and thus a 

reduction in area and capacitance. For each test array the capacitance of each element was 

measured at rest, when activated, and when the other elements were actuated. A threshold was 

established for each element and the state machine polled for a drop below this level. When 

the drop happened the element would actuate for 1.5 seconds at a duty cycle of 40 % (~ 2700 

V) and then would turn off for 1.2 seconds at a duty cycle of 8 % (~700 V). The state machine 

would then return to polling the capacitance. It is important to note that a non-zero duty cycle 

was required at rest to detect the capacitance. The deactivation period of the machine was a 

„refractory period‟ allowing the capacitance to return to a stable value and preventing the next 

element in the pattern from back-driving the wave. A block diagram of the state machine is 

shown in Figure 5-5. 
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Figure 5-5: State machine. The capacitance of an element is polled until it drops below a threshold and 

then runs through an actuation cycle.  

5.2.2  Ball roller array 

The „inertially coupled‟ ball roller was used to test if a higher level controller could control 

the emergent travelling wave behaviour of a self-sensing DEA array. The higher level 

controller was a simple integral-derivative control law which manipulated the on state duty 

cycle of lower level state machines to control the ball/travelling wave speed. In addition to 

exploring multi-level control, the array was used to demonstrate distributed control in a useful 

configuration and showcase the robustness of the strategy in the event of partial failure. 

The array consisted of three DEA supporting a set of circular rails on which a ball rolled. The 

DEA were formed out of 3M VHB 4905 acrylic tape stretched 3.5 times equibiaxially and 

Nyogel 756G carbon grease applied with a brush. Starting from the bottom of exploded view 

shown in Figure 5-6 and working upwards, the device consisted of: 

 VHB adhered to a 6 mm thick cast acrylic frame with three 80 mm diameter holes spaced at 

the corners of a 90 mm equilateral triangle. The legs of the frame were M6 bolts which also 

acted as electrical connections for the actuators. A fourth connection point at the centre of 

the frame provided for the actuator ground connections.  

 A 50 mm diameter actuator pad at the centre of each actuator membrane with a 4 mm hole 

in the centre.  

 A 3 mm thick rail-supporting platform and 6 mm thick rails which were both made of cast 

acrylic and plastic welded together. They sat on top of the actuator pads via M4 bolts with 

“Poll” State 

Poll capacitance 

“On” State 

Activate element 

for 1.5 seconds 

“Off” State 

Deactivate element 

for 1.2 seconds 

C < Threshold 
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dome nuts on their ends. The dome nuts sat in the 4 mm holes in the centre of the actuator 

pads and provided a bearing surface. The underside of the rail support sat 28 mm above the 

top surface of the actuator pads. The mass of the rails, rail support, and bolts was 

approximately 200 gm. The inner and outer edges of the rails that the ball rolled on were 

200 mm and 250 mm in diameter respectively. 

 A 40 mm diameter ping-pong ball filled with water to weigh approximately 33 grams. 

 

Figure 5-6: Exploded view of the array design. The Rails and support sit on the actuator pads, displacing 

the actuators down. 

The weight of the rails and actuator pads displaced the actuator centers down approximately 3 

mm. The actuation of a DEA caused the corresponding pad to displace even further, tilting the 

rails. Sequential activation of the array would therefore cause the ball to roll around the rails.  

A state machine was implemented for each actuator in the array using National Instruments 

Labview 8.6. The state machines operated independently of each other and their design is 

given in Figure 5-7. Each actuator had two states, an “on” state and an “off” state. Whilst in 

the “off” state the duty cycle was 8 % (~700 V) and the capacitance of the actuator was 

monitored. When the capacitance dropped below the threshold Con the state machine 
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transitioned to the “on” state. Whilst in the “on” state the duty cycle was high (up to ~3000 V) 

and the capacitance was monitored. If the capacitance rose above Coff then the state machine 

transitioned back to the “off” state. The actuators had a resting capacitance of approximately 

2.2 nF under the weight of the rails with a duty cycle of 8 %. Con and Coff were found 

experimentally to be 2.32 nF and 2.56 nF respectively.  

 

Figure 5-7: Array state-machine. Each actuator switched on and off when capacitance thresholds were 

reached. 

The action of the state machines is best explained by personifying their use in the array. When 

an actuator detects that the ball is far, the actuator „wants‟ the ball to be close, so it actuates. 

When an actuator detects that the ball is close, the actuator „wants‟ the ball to be far, so it 

deactivates. The ball rolling around the rails is the effect of all three actuators operating 

simultaneously according to their own „desires‟. The following steps explain the state 

machine operation in more detail with reference to Figure 5-8.  

1. Initially all actuators were in the “on” state. 

2. The ball was placed on the rails over A1. The weight of the ball pushed down on A1 

and pulled up A2 and A3. 

3. This lowered the capacitance of A3 and A2 and raised the capacitance of A1 above 

threshold Coff, turning A1 off. 

4. The rails lifted at A1 causing them to tilt and roll the ball either towards A3 or A2, 

depending on any small asymmetry. Assume it rolled towards A2. 

5. As the ball neared A2, it pushed A2 down and raised its capacitance above threshold 

Coff, turning A2 off. 

“Off” State 

Duty Cycle = 8% 

V ≈ 700V 

“On” State 

Duty Cycle = “Max Duty Cycle” 

700V < V < 3000V 

Capacitance < Con 

Capacitance > Coff 
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6. The rails were now lifted at A1 and A2 causing them to tilt and roll the ball towards 

A3. 

7. As the ball neared A3, it pushed A3 down and raised its capacitance above threshold 

Coff, turning A3 off. 

8. Meanwhile the lifting of the rails near A1 lowered its capacitance below Con, turning 

A1 on. 

9. The rails then tilted the ball to roll it towards A1. 

10. Steps 7-9 repeated and the ball rolled around the rails indefinitely 

 

Figure 5-8: Top view of the array with actuator elements labeled A1-3. 

To measure the speed at which the ball circuited the track the state machines were configured 

to emit a pulse every time they changed state. In this manner six different measures of the 

period of the travelling wave were found per circuit of the track. The un-weighted rolling 

average of these six periods was maintained and inverted to measure the frequency (Equation 

(5-1)). Ta, Off and Ta, On are the periods between two consecutive “off” pulses and “on” pulses 

for each of the three actuators respectively and F is the current frequency estimate. This 

estimate would change abruptly every time a new pulse was emitted so a simple digital 

Infinite Impulse Response (IIR) filter was implemented to smooth the value. This filter is 

given in equation (5-2) where Fi is the current output value of the filter and Fi-1 is the previous 
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output. The time step size for the filter was approximately 25 ms giving a 3 % settling time of 

8.75 seconds to a step input. The mathematical formulation of the complete observer law 

including the IIR filter is given in equation (5-3).  
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The multi-level controller was implemented as shown in Figure 5-9. The “on” state duty cycle 

of the state machines controlled the speed at which the ball travelled around the track. 

Increasing the maximum duty cycle increased the maximum voltage and thus the tilt of the 

track. The ball frequency observer provided feedback based on the transitions of the state 

machines. A simple Integral Derivative controller was chosen for the higher level component 

of the multi-level controller and is given in equation (5-4) where ki and kd were the integral 

and derivative gains respectively, BFerror was the difference in the set point and actual ball 

frequency, and DCmax was the maximum duty cycle applied to the state machines.   

 
dt

dBF
kdtBFkDC error

derrori  max  (5-4) 
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Figure 5-9: Multi-level control system. The ID controller controls the speed of the travelling wave 

created by the local control loops. 

 

5.2.3  Ball passing array 

The purpose of the ball passing array was to revisit the control of DEMES using the newer 

self-sensing hardware developed in this chapter and to highlight how the robustness of 

travelling wave control is dependent on the distributed self-sensing controller design. The ball 

passing array is shown schematically in Figure 5-10. The conveyor consists of four DEMES 

arranged to pass a ball to the top of a ramp. The ball then rolls back down the ramp to start 

over. The DEMES are triggered by the weight of the ball pushing them back, rather than 

being pushed forward which makes their state machine similar to the ball rolling array.  
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Figure 5-10: Cilia Passing a ball up some steps. Cilium B is currently triggered. Cilium C will trigger once 

it feels the weight of the ball. Cilium D will place the ball on the ramp (shown in blue), where it will roll 

back down to cilium A to begin the circuit again. 

DEMES were fabricated out of a single layer of 4:4 (equibiaxially) pre-stretched VHB 4905 

adhered to a 101.7 micron PET frame (DURALAR 004).  The frame was reinforced top and 

bottom with 3 mm Perspex supports. The bottom support served to mount the DEMES and 

the top support served as reinforcement and a panel on which the ball could sit. The final 

developed design is given in Figure 5-11 to Figure 5-14. 

 

Figure 5-11: PET Frame Geometry. Dimensions are 

in mm. 

 

Figure 5-12: Top Perspex Support. Dimensions are 

in mm. 
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Figure 5-13: Bottom Perspex support. 

Dimensions are in mm. 

 

Figure 5-14: Exploded DEMES structure. 

The DEMES were bolted together with a 9 mm spacer between each to form the array. The 

spacers connected the upper mounting holes in one with the lower mounting holes in the next. 

The array was tilted by bolting a bottom Perspex support onto the lower mounting holes of the 

final DEMES. A ramp for the ping-pong ball was built structured around the array so that 

when placed on the ramp the ball would roll back to the first DEMES. The layout is given in 

Figure 5-15 and Figure 5-16. 

 

 

Figure 5-15: Side view of the second array. The ping-pong ball is shown in red. The arrows show the ball 

rolling to the bottom of the ramp. 
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Figure 5-16: oblique view of the second array. 

The state machine used for control of the array was the same as the one used for the ball roller 

array except the addition of a “wait state” for better noise tolerance. The state machine design 

is given in Figure 5-17. Each state machine polled the capacitance at a resting duty cycle. 

Under the weight of the ball a DEMES would displace down, causing the capacitance to 

decrease. Once the capacitance dropped below a threshold the state machine transitioned to 

the wait state. The state machine remained in the wait state until 150 ms had elapsed, or the 

capacitance transitioned back above the threshold. The former case was caused by the steady 

weight of the ball, so the actuator turned on. The latter case was caused by noise or the ball 

bouncing off so the actuator stayed off. The DEMES turned off and returned to the polling 

state after they had fully actuated.  

 

Figure 5-17: Array state-machine. Each actuator switched on and off when capacitance thresholds were 

reached. 
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5.3 Results 

5.3.1  Linear array 

Test arrays were triggered by setting the state of a single element to active and allowing the 

array to run freely from there. The linear array was unable to consistently establish a looping 

wave of actuation which can be explained by considering the element coupling in Table 5-1 

where percentage change on elements describes the % change in capacitance on all elements 

when a single element is activated. For example, activation of A-E caused a 130 % expansion 

in A-E, an 8 % contraction in B, and a 13 % contraction in C and D. The numbers in bold 

highlight the strongest couplings between elements (looking down a column
6
) and the 

coloured squares indicate the desired forward and reverse looping waves of actuation.  

Table 5-1: Element coupling for linear array. 

Active 

element 

Element rest 

capacitance (pF) 

Percentage change on elements 

A-E B C D 

A-E 1300 + 130 % - 8 % - 13 % - 13 % 

B 650 - 8 % + 160 % - 6 % - 7 % 

C 800 - 8 % - 8 % + 160 % - 7 % 

D 750 - 8 % - 8 % - 6 % + 210 % 

 

Key Forward Wave Reverse Wave 

 

Ideally the strongest couplings (numbers in bold) would correspond with the forward and 

reverse waves of actuation; this was not the case and there was extensive interaction between 

nonadjacent elements which prevented a looping wave from forming for longer than a few 

cycles. Furthermore the coupled A-E elements influenced the C element the most (when 

compared to the influence of the other elements on C), with the intermediate elements acting 

                                                 
6
 The strongest coupling looking down a column shows whether an element can determine the source of its 

deformation as well as which neighbour(s) causes the largest contraction.  



5.3. RESULTS 

85 

 

as transmitters of the mechanical deformation. Still images of an actuation sequence are 

presented in Figure 5-18 and a video is provided on the supplementary DVD (Movie # 6). The 

still images and video both show that the array exhibited no stable looping wave. The desired 

wave did form occasionally, but would rapidly decay into chaotic behaviour or stop 

altogether. 
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Figure 5-18: Linear array actuation stills, stars denote activation. Element A is at the bottom of the array 

1: Elements are off. 2: AE element is triggered. 3: All other elements are triggered in quick succession. 4-

5: AE element turns off then on again. 6: C and D elements trigger before B. No looping wave of 

actuation was observed in this array for more than a few cycles. 
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5.3.2  Triangle array 

The triangle array settled into a stable rotational travelling wave. The coupling between 

elements is shown in Table 5-2. Some asymmetry of actuation was exhibited in that elements 

A and B would trigger preferentially off element C, and element C would preferentially trigger 

off element A. This meant that elements B and C tended to form a rotor wave in one direction, 

and element A in the other. If the asymmetry was caused by the layout then the maximum 

couplings (bold numbers) would all fall into either the forward or reverse wave, and as they 

don‟t the asymmetry is most likely due to fabrication variability. Once a wave was formed the 

refractory period of the state machine maintained the pattern even against asymmetry in the 

element coupling. A stable rotor wave is shown in Figure 5-19 and a video of the array in 

operation is provided on the supplementary DVD (Movie # 7).  

Table 5-2: Element coupling for triangle array. 

Active 

element 

Element rest 

capacitance (pF) 

Percentage change on elements 

A B C 

A 980 + 73 % - 11 % - 16 % 

B 1100 - 14 % + 55 % - 14 % 

C 1120 - 16 % - 16 % + 61 % 

 

Key Forward Wave Reverse Wave 

 

1 

 

2 

 

3 

 

Figure 5-19: Triangle array actuation stills, Stars denote activation. 1: Element C is on, B is in refractory. 2: 

Element A is on, C is in refractory. 3: Element B is on, A in refractory. The cycle repeated and ran stably. 
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5.3.3  Inflated array 

The inflated array settled into a stable rotational looping wave with a bulge travelling around 

the outside of the sphere. The coupling between elements is given in Table 5-3. It can be seen 

that B would be triggered by either A or C. This made the inflated array susceptible to a back 

and forth wave of actuation that typically degenerated into a rotation wave. A stable rotor 

wave is shown in Figure. 5-20 with a brown circle added to aid understanding and a video of 

the array in operation is provided on the supplementary DVD (Movie # 8).  

Table 5-3: Element coupling for inflated array. 

Active 

element 

Element rest 

Capacitance (pF) 

Percentage change on elements 

A B C 

A 3200 + 88 % - 24 % - 24 % 

B 3550 - 25 % + 69 % - 21 % 

C 3280 - 28 % - 24 % + 83 % 

 

Key Forward Wave Reverse Wave 

 

1 

 

2 

 

3 

 
Figure. 5-20: Inflated array actuation stills, stars denote activation. Images 1-3 are viewed from the top with 

the elements actuating in the sequence A-B-C. A brown circle was added to the images to aid visualization. 

The cycle was stable. 



5.3. RESULTS 

89 

 

5.3.4  Ball roller 

The array successfully rolled the ball around the rails using a travelling wave of actuation as 

shown in Figure 5-21 and Movie # 9 which is provided on the supplementary DVD. The array 

operated in either direction. The direction of the ball could be changed by stopping it and 

rolling it in the opposite direction. The array was generally able to self-start
7
, although 

occasionally it would fail to do so if the ball was placed directly over an actuator and the other 

two actuators triggered with insufficient asymmetry. The ball needed to be above a certain 

mass to load the self-sensing actuators sufficiently to trigger the state machine. With no ball 

or an insufficiently heavy ball the array would oscillate at a higher frequency in one of or a 

combination of three main modes: all actuators up and down simultaneously; one then two 

actuators firing; or a staggered 1-2-3 rotational wave at a higher frequency than when 

mediated by the ball.  

 

 

                                                 
7 i.e: Get the ball rolling when it was simply placed on the rails 
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Figure 5-21: Stills of the array actuating. The ball is rolling clockwise. 

To test the robustness of the travelling wave, first one, then two of the actuators were broken 

and replaced with fixed height pillars. The distributed control strategy was still able to roll the 

ball around the rails and this is shown in Movies # 10 and 11 which are provided on the 

supplementary DVD.  

The observer law provided a smooth and accurate approximation of the array speed but it 

would take a few ball circuits before it settled to a constant value. The observer also provided 

insight into whether or not the ball was rolling around the track. If the ball was rolling around 

evenly then the six different period measurements converged onto one value. If the ball 

changed direction or the ball stopped moving the periods would rapidly diverge as some 

actuators would be triggered multiple times and some would not be triggered at all. This could 

provide a useful watchdog mechanism for detecting that the ball was rolling around the rails 

and had not stopped or changed direction. The effect of varying the maximum duty cycle on 

the speed of the 33 gram ball is shown in Figure 5-22. The ball was allowed to find a stable 

speed with a maximum duty cycle of 60 % and then the maximum duty cycle was decreased 

at a rate of 0.2 % per second until the ball stopped rolling. The ability of the integral-

derivative controller to control the speed of the ball to match a setpoint is shown in Figure 

5-23. The setpoint was a 0.4 to 0.47 Hz square wave with a period of 8 minutes. The system 

had a rise time of approximately 25 seconds. 
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Figure 5-22: Frequency vs maximum duty cycle for a 33 gram ball. 

 

Figure 5-23: ID control of the ball speed by varying the maximum duty cycle applied by the state 

machines. 
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5.3.5  Ball passing DEMES array 

The ball passing array operated successfully with the ball continuing around the circuit 

indefinitely. Still images of this cycle are given in Figure 5-24 and a video of the array in 

operation on the supplementary DVD (Movie # 12). In the movie it can be seen that the 

distributed control law exhibited robust behaviour, as if the ball fell back down a step, the 

relevant DEMES would keep actuating periodically until the ball moved on. The only failure 

mode that the controller was initially unable to deal with was when the ball became wedged 

between two DEMES; the result of the later DEMES triggering prematurely. This is shown in 

Figure 5-25 where DEMES 3 has triggered prematurely causing the ball to get stuck between 

it and DEMES 2. This premature triggering was prevalent when a simple on-off state machine 

was used and adding the wait state significantly decreased its occurrence.  
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Figure 5-24: Stills showing the DEMES 

array passing the ball under the control 

of the mechano-sensitive state machines. 
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Figure 5-25: Image showing the ball wedged between DEMES 2 and 3. Wedging occurred because 

DEMES 3 triggered prematurely. Addition of the wait state to the state machine reduced incidence of this 

fault substantially.  

5.4 Discussion 

The objectives of this chapter were to explore how self-sensing DEA arrays could be designed 

to support travelling waves of actuation, and to explore the benefits of using the travelling 

control strategy. With regard to the second objective and to illustrate the benefits of 

biomimetic distributed self-sensing control, consider the ball rolling application. The 

advantages of self-sensing are obvious; it obviates the need for external sensors which may be 

difficult to couple to compliant actuators, and will at any rate add additional mass, cost, and 

bulk to the device. With regard to the control strategy, a centralised controller could 

potentially achieve better response time, better disturbance rejection, and greater maximum 

ball speed. However the travelling wave and distributed intelligence strategy has three key 

advantages: 

1. It should scale well to large array sizes. No information was shared between the local state 

machines and very little was shared between the local and higher level controllers. This 

independence should result in low computational overhead even for large arrays.  



5.4. DISCUSSION 

95 

 

2. It is damage tolerant and inherently robust. The local controller was able to maintain a 

travelling wave of actuation even with failure of one or two elements of the array.  

3. It can easily control flexible arrays of soft actuators where disturbances are large and both 

external sensor feedback and accurate modelling of the system is very difficult. These are 

the sorts of devices to which DEA are well suited. 

 

The ball passing application provided a good example of adaptability; it could deal with the 

ball falling back or landing on the middle of the array, DEMES sticking together temporarily, 

variability in the fabrication of the actuators, and the ball being conveyed at different rates 

depending on which side of the actuator it landed on. These advantages would become 

especially apparent if the scale of the array were increased. It is worth noting that careful 

design of the state machines was required to ensure that when the ball rolled back the next 

DEMES in line did not trigger prematurely.  

With regard to the first objective the following design rules and observations were abstracted 

from the experiments: 

1. Careful attention must be paid to the inter element coupling especially on continuous 

membranes. The failure of the linear array to establish a repeating travelling wave was due 

to poor specificity of coupling i.e. all elements interacted approximately equally with each 

other. In the instance of the linear array this could have been addressed by increasing the 

length and size of the array as shown in Figure 5-26. By making the array much longer 

than the range of interaction there should be significantly more coupling between near 

than distant actuators.  

 

Figure 5-26: Much longer linear array. The range of interaction is much less than the size of the array so 

stable repeating waves of actuation should result.  
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2. Attempts to create asymmetric coupling between identical units patterned onto the same 

free membrane completely failed. From this the following conjecture is proposed: It is 

impossible to design asymmetry into identical elements patterned onto a continuous 

compliant membrane. This has implications for design of large soft networks as 

asymmetry will need to be introduced into the control strategy or through having more 

than one type of element.  

3. Initialisation of a wave of actuation in the desired direction can be difficult. Ideally the 

wave should be “self-starting” and thus be able to recover from disturbances or disruption 

automatically. The triangle array exhibited this capability due to the accidental asymmetry 

of its elements. 

4. Distributed arrays with looping travelling waves of actuation often have more than one 

stable operational mode. For example the inflated array was able to oscillate in a back-

and-forward as well as rotational mode. In the specific instance of the inflated array the 

back-and-forward oscillation tended to decay into the rotational wave, however this may 

not be the case for a more complex system. There is a striking parallel with fibrillation of 

the heart, which is caused by re-entrant waves of actuation running through the cardiac 

tissue without causing useful pumping. Care must be taken to avoid conditions leading to 

these undesirable waves. 

5. Multi-level controllers operate on different time and space scales between levels. For 

example the ball roller state machines made decisions approximately every 25 ms, and the 

observer law rate-limited the frequency controller to time scales greater than 10 seconds. 

6. It is more effective to use hysteresis based state machines than time delay based state 

machines to create travelling waves. i.e.; transitions between on and off states should 

ideally have a dead band between rather than below the states. Consider Figure 5-27, the 

scenario on the left will respond when the capacitance drops below the dead band, then 

will actuate, and turn off once fully actuated. The scenario on the right will in turn 

respond once the capacitance rises above the dead band,  then will actuate, and turn off 

once fully actuated. The problem with the second case is that it requires a refractory 

period to ensure transition to the dead band without actuating in the mean time. 
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Figure 5-27: It is better to create state machines with hysteretic bands like the case on the left. 

One limitation of this work is that only simple 3 or 4 unit arrays have been built and 

controlled. This was largely due to time constraints. In the future more complex devices 

capable of exhibiting a richer range of behaviours should be built and tested. Despite the self-

sensing circuitry being effective and appearing to exhibit little crosstalk the quasi-static 

method of capacitance self-sensing is fundamentally limited to systems with slow response 

requirements. Implementation of dynamic self-sensing methods should correct this limitation.  

By far the biggest limitation of the approach is the need for the rigid, bulky and expensive 

self-sensing driver circuitry and external computer control. This external circuitry is fine for a 

laboratory environment or with small arrays, but as array sizes grow into the thousands and as 

applications move out of the lab it will become a fatal flaw. A solution to this problem is the 

Dielectric Elastomer Switch, which will be presented in the next chapter.  

5.5 Applications 

The inflated array is quite striking in that it spontaneously formed a solid state rotor. Such a 

device could have wide application in the field of mobile robotics. Consider an inflated ball 

made of DEA arranged in a grid around the outside. By deforming in a rotary fashion the ball 

could be made to roll where it desired and over a variety of terrain. For deployment from an 

airborne platform the balls could be made to bounce. With the integration of self-sensing the 

ball could „rotate‟ as the correct rate automatically, with a travelling wave of actuation being 

mediated by release of contact from the ground. This mediation is shown schematically in 

Figure. 5-28 where elements contract then actuate as they come out of contact with the 

ground.  
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Figure. 5-28: Inflated rolling robot. From left to right 1) Element A is activated rolling the robot right. 2) 

As Element B comes out of contact with the ground it is free to contract under the influence of element A, 

lowering its capacitance. 3) Element B is then triggered continuing the cycle. In this manner the mechano-

sensitive wave will run at the speed necessary to drive the robot forward. 

Earlier in the chapter the heart was introduced as a flexible pump coordinated with a 

travelling wave control strategy. One vision is to use 3D printing techniques (see Rossiter, 

Walters, and Stoimenov [123]) to create a robotic heart formed by a three dimensional 

network of mechano-sensitive DEA. The pumps beating motion would be coordinated by 

waves of mechano-sensitive actuation running periodically around it and would adapt to 

changing load conditions or deformation in the same way as a real heart. All this would be 

achieved with very low computational overhead especially when considering the control 

challenge of coordinating the firing of sections of an entirely soft, deformable pump.  

Menon, Carpi, and De Rossi identified peristaltic pumps based on DEA as a useful 

technology for space exploration [124]. Peristalsis propels objects down a flexible pipe via a 

wave of actuation, or a travelling pinch. The human body utilises peristalsis in the oesophagus 

during swallowing and the intestines and stomach for the passage of food and waste. DEA are 

well suited to this application as they are lightweight, strong, soft, flexible, potentially 

efficient, and suited to a wide range of environmental conditions  

Consider a DEA flexible peristaltic pump as shown in Figure. 5-29. The travelling pinch must 

be coordinated to move at the correct speed despite complex bending and stretching of the 

tube, changing and unknown load composition and dynamics, and through a potentially very 

large number of interacting actuator segments. A mechano-sensitive travelling wave strategy 

could be ideal to coordinate the travelling pinch, where the proximity of the pinch triggers the 

next actuator in the array. Multi-level control could be used to control the speed of the 

travelling pinch and thus the overall flow rate of material through the pipe. In this manner a 
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highly intractable control and sensing challenge potentially becomes easy to solve. (Figure. 

5-29). 

 

Figure. 5-29: Peristaltic pump. A Mechano-sensitive travelling wave could be used to coordinate the 

pump; the expansion of element E will register as a contraction of element F triggering it to expand. 

Element D is in its refractory period so the wave will travel in one direction.  

5.6 Chapter summary 

This chapter applied distributed self-sensing travelling wave control to a wide range of DEA 

arrays. Not only was the control strategy able to coordinate the devices, it conferred the same 

natural robustness and adaptability seen in natural systems. The test applications were 

categorized according to the nature of inter element coupling.  

Common membrane arrays consisted of patterns of identical DEA coupled through the 

deformation of a common membrane. Stable and unstable waves of actuation were observed 

running around the arrays and decaying into each other. Such behaviour was analogous to the 

waves of contraction found in the human heart. Thus a future direction is to make a compliant 

artificial heart controlled in the same manner. Design of inter element coupling and wave 

initialisation was found to be critical to the operation of common-membrane arrays. Finally a 

conjecture was proposed that it is impossible to build asymmetry into a pattern of identical 

self-sensing elements on a common membrane. 

The inertially coupled array consisted of a set of actuators configured to tilt rails to roll a ball 

around controlled with a biomimetic multilevel controller. The array demonstrated different 

time and space scales, that it could be controlled with minimal information passing between 

levels, and an ability to support travelling waves even with failure of elements.  
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The discretely coupled array consisted of a line of DEMES passing a ball to the top of some 

rails. The array demonstrated robustness against the ball falling back, variability in the 

elements, and changing passing time for the ball.  

Future work involves building larger arrays, utilizing better self-sensing techniques, and the 

implementation of dielectric elastomer switches which are presented in the next chapter and 

can eliminate the need for external circuitry.  
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6 

Dielectric Elastomer Switches 

In the previous two chapters it was shown how capacitive self-sensing state machines form an 

effective basis for the control of distributed networks of DEA. However it was identified that 

conventional self-sensing approaches suffer from the requirement for bulky, heavy, and rigid 

external circuitry. This external circuitry is a fatal limitation when applied to biomimetic 

arrays. Thus this chapter addresses the third objective of the thesis: the creation of a method 

of distributing sensor, driver, and logic circuitry throughout DEA arrays themselves. 

The chapter is based in part on the author‟s paper “Dielectric elastomer switches for smart 

artificial muscles”, Applied Physics A, (2010) [125] and consists of several parts. The first 

part introduces a new concept called Dielectric Elastomer Switch(es) (DES), which use 

electrode piezoresistance to charge and discharge DEA. The conceptual application of DES to 

form different circuits is presented, and a suitable electrode material for switching is 

developed and characterised. The second part covers the development and experimental 

validation of three different applications of the proposed DES: a NAND gate, inverting 

Schmitt trigger, and smart oscillator circuit. The chapter finishes with a selection of 

speculative applications and a discussion of future work. 

6.1 Introduction 

Some of the most exciting possibilities for dielectric elastomer artificial muscles consist of 

biologically inspired networks of smart actuators working towards common goals. The 
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creation of these networks will only be realised once intelligence and feedback can be fully 

distributed throughout an artificial muscle device. In Chapter Four and Five the first steps 

were taken in this quest and distributed control strategies were shown to be appropriate for 

arrays of DEA. The mechano-sensitive ciliated comb paddles of ctenophore were imitated 

with capacitive self-sensing DEMES in Chapter Four, and in Chapter Five the mechano-

sensitive travelling wave strategy was extended to a variety of other arrays. 

Recall the plant stomata presented in Chapter One. Stomata coordinate collectively to solve 

the gas exchange problem without a central brain. They achieve this with only their own local 

sensor, logic, and driver capability. Stomata present an elegant solution to the distributed 

control problem for flexible actuator arrays that is currently beyond our ability to replicate 

with DEA. This is because current approaches, including capacitive self-sensing state 

machines, require any application to be tethered to custom high voltage external circuitry. 

Thus although DEA are able to self-sense and exhibit servo-controlled responses, they require 

signal conditioning circuitry and microcontrollers. The voltages involved are high, often in 

the several kilovolt range, while the currents are very low, in the hundreds of micro-ampere 

range, and there are few electronic components designed for this combination. All of this 

circuitry tends to be complex, bulky, heavy, costly, and rigid and cannot be easily used to 

distribute feedback throughout a device.  

This chapter presents Dielectric Elastomer Switch(es) (DES), a new concept which will move 

DEA arrays closer towards the elegance of stomata, and nature, by the elimination of external 

circuitry. DES utilise the piezoresistivity (change in resistance with stretch) of dielectric 

elastomer electrodes to charge or discharge DEA. DEA in turn create deformation fields that 

change the resistance of the switches. This two-way interaction between actuation and 

switching is encapsulated in Figure 6-1.  

 



6.1. INTRODUCTION 

103 

 

 

Figure 6-1: Two way DEA/DES interaction. DEA control the resistance (R) of the switches via 

deformation and DES control the charge (Q) on DEA via their changing resistance. The functions Q=f(R) 

and R=f(Q) are determined by the specific device design. 

DES can act as sensors by responding to external deformations, act as driver circuits by 

directly charging or discharging artificial muscles, and provide for complex analogue or 

digital logic circuits using multiple actuators and switches coupled through charge and 

deformation. It will be shown that with careful design a wide variety of circuit components 

can be created. These components are more than integrated within DEA, they are intrinsic to 

dielectric elastomer devices. Ideally the only external component required by a DES 

controlled DEA is the power supply, and even this could be eliminated using a dielectric 

elastomer generator [89, 126-131].  

The first section of this chapter defines what dielectric elastomer switches are, with 

emphasises on sensor, driver and logic functionality. The second section covers the creation 

and characterisation of a carbon grease compound for dielectric elastomer switches. The 

experimental validation of the concept follows by building NAND gates, electromechanical 

oscillators, and inverting Schmitt trigger memory elements. Note that: 

a. NAND gates are functionally complete, in that any other Boolean logic operation 

can be formed out of a combination of NAND gates [132].  

b. The oscillator demonstrates the combination of self-sensing artificial muscles, 

proportional analogue logic, and artificial muscle driver capability.  

c. Combined oscillator circuits and NAND gates make it possible to create an 

artificial muscle digital computer. 
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The chapter finishes with a discussion of the implications of dielectric elastomer switch 

concept as well as possible uses including diodes, voltage clamps, motor controllers and 

electrical oscillators.  

6.2 The DES concept 

The DES concept can be illustrated with three simple applications: sensor, driver and logic. 

First, Figure 6-2 shows how a piezoresistive element can be configured to act as a sensor. A 

strip of elastomer material is fixed to a support at one end and has a pull ring at the other. A 

user pulls on the ring which stretches the switching material and causes its resistance to rise 

sharply from 500 Ohms at rest to 50 kOhms at maximum extension. The switching material is 

configured to sit in a voltage divider with a 5 kOhm fixed resistance and a 5 V supply. Thus 

as the material is stretched the output voltage Vout will change from 0.45 V to 4.54 V. This 

application is clearly just a simple piezoresistive displacement sensor.  

 

Figure 6-2: Simple Piezoresistive Sensor. The user pulls on the ring displacing it a distance x. The 

resistance of the sensor element is a function of this displacement and can be interrogated using a simple 

resistor ladder. This sensor circuit is one use of DES however it is not a novel use of piezoresistive 

material. 

The second hypothetical application uses DES for both a sensor and a DEA driver circuit as 

shown in Figure 6-3. The same pull-ring setup as in Figure 6-2 is used with the addition of a 
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DEA lifting a mass. The output from the sensor circuit is coupled directly to the DEA so that 

when the user pulls the ring the voltage across the DES and DEA will increase, the actuator 

will expand, and the mass will be lowered. For the DES element to act as a driver in this way 

its electrical characteristics must be radically different from those of the above sensor circuit. 

DEA are high voltage, low current devices so the DES must withstand thousands of volts 

while switching currents on the order of 0.1 – 1 mA. For this reason a piezoresistive element 

which switches between 5 and 500 MOhm and a fixed resistor of 50 MOhm are used in the 

voltage divider. These values could change if the DEA were scaled up or down or had 

different speed requirements. 

 

Figure 6-3: DES acting as a sensor and driver circuit. When the user pulls on the ring the resistor Rs 

increases, increasing the voltage applied to the DEA. The DEA then expands, lowering the mass. Note that 

the scale of the electrical components for this circuit is radically different to the components presented in 

the simple piezoresistive sensor in Figure 6-2.  

The third application shows how DES can form logic circuitry. At the heart of this concept is 

the idea that information can flow either electrically or mechanically. The DES elements can 

charge or discharge DEA electrically, and the DEA elements can deform the DES 

mechanically. A DES/DEA circuit with simple inverter functionality is shown in Figure 6-4. 

In this circuit the weight has been removed and replaced with a second DES element, Rt. The 

DEA element and Rt are in tension so that if the DEA actuates then Rt will shrink, lowering 

its resistance. Rt is connected into a second resistor ladder that outputs a voltage, which could 

then drive another DEA. The device functions when the user pulls the ring, which drives the 

activation of the DEA. The DEA then expands, causing Rt to shrink and the output voltage 
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Vout to drop. Thus Vout changes are inverted with respect to voltage changes applied to the 

DEA.  

In the equivalent circuit of this application the idea of drawing mechanical deformation in the 

circuit diagram is introduced. The sign of the mechanical coupling is given by a “+” or “–” 

sign on the arrows. A “+” sign means that an increase in voltage on the capacitor gives rise to 

an increase in resistance on the coupled resistor. A negative sign means the opposite. Note 

that DEA can also mechanically interact, and more than two components could interact with 

each other.  

 

Figure 6-4: DES sensor, driver and inverter circuit. When actuated by the user pulling on the ring, the 

DEA compresses the resistor Rt, giving rise to an inverted signal.  

6.3 Development of a switching material 

The first task for development of a real DES enabled device is creation of a suitable switching 

material. Whilst the eventual adoption of DES technology into artificial muscle devices will 

require long lasting and quality switching material, the objective at this stage is to simply 

develop a material good enough to prove the DES concept. Further development, i.e. for long 

life or environmental compatibility, can be considered beyond the scope of the present work.  

Piezoresistivity is the variance of resistivity with stretch. In artificial muscles piezoresistivity 

can be achieved by making the electrodes from a composite of conductive particles in a non-
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conductive matrix. As the electrode stretches the density of conducting particles changes, and 

due to percolation the resistance changes by orders of magnitude [27, 133-136]. A powder can 

be said to have percolated across a given volume when there exists a continuous path of 

touching particles from one side of the volume to the other. In the ideal case when the 

particles are randomly distributed within the volume there is a percolation density threshold 

above which the particles will always percolate and below which they will never. In the real 

case the conductivity density curve can be seen to be a very steep „S‟ shaped curve (Figure 

6-5). At the base of the curve the conductivity is that of the empty volume. As the density 

increases the conductivity will change little until close to the percolation threshold where it 

will suddenly and rapidly increase, often through several orders of magnitude. Above the 

percolation threshold there is little increase in conductivity as the density increases.  

 

Figure 6-5: Hypothetical/typical conductivity vs density curve for a low conductivity matrix with high 

conductivity filler particles. Note the strong „S‟ shape which indicates percolation.  

For use in DES, piezoresistive elements should exhibit substantial and repeatable variations in 

resistance as well as being patternable, compliant up to large strains, and tolerant of high 

voltages. A carbon grease switching compound was developed to meet these requirements 

consisting of approximately 5:1 by weight non-conductive Molykote 43G grease to Cabot 

Vulcan XC72 carbon black. The components were weighed and then kneaded together by 

hand to achieve a good mix. This kneading was possible as the mix is tacky.  

 

To characterise the compound it was applied by hand onto VHB 4905. The VHB was pre-

stretched by 3:3 and affixed to a 3 mm thick plastic frame with an 80 mm diameter window as 

shown in Figure 6-6. A 50 mm diameter, 3 mm thick plastic disk was fixed at the centre of the 

membrane. The frame was mounted on a 10 mm thick cast acrylic base and a Sanyo Denki 
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stepper
viii

 motor used to displace the centre of the disk via a 300 mm wooden dowel. The 

motor was connected to the dowel with a 7.5 mm radius cam so that during operation the disk 

would undergo a 15 mm peak to peak sinusoidal oscillation with an average displacement of 

7.5 mm. Four approximately 50 mm long, 1 mm wide “M” shaped tracks of the switching 

electrode material were hand painted onto the membrane using a size zero soft taper point 

colour shaper from Royal Sovereign Ltd UK. Resistance was sensed by measuring the current 

through the switching compound when in series with a 50 MOhm resistor and a 2000 V DC 

power supply (Biomimetics Lab EAP Controller Mk2). The results for a single cycle of 0.75 

Hz sinusoidal displacement with 15 mm peak to peak amplitude are given in Figure 6-7 

showing moderate hysteresis and a 2 to 3 orders of magnitude change in resistance with 

displacement of the disk. 

 

Figure 6-6: Electrode characterisation experimental setup. 

                                                 
viii

 1.875 degrees per step 
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Figure 6-7: Resistance vs displacement for electrodes 30 minutes after fabrication (left) and 24 hours after 

fabrication (right). 

To geometrically normalise the results the approximate stretch state was calculated from the 

displacement data by assuming that the membrane deformed only in its initially radial 

direction. The deformation is shown schematically in Figure 6-8 where d is the displacement 

of the centre disk (0 to 15 mm), L is the initial length of the membrane cross-section (15 mm) 

and l is the length of the cross-section for a given displacement.  

 

Figure 6-8: Deformation of the membrane and thus electrodes during the electrode characterisation. 

l can be found using Pythagoras: 

22 dLl   

 

And then the stretch ratio can be given by: 

L

dL 22 
  

The resistance can therefore be plotted against stretch ratio, as given in Figure 6-9.  
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Figure 6-9: Resistance vs stretch ratio for electrodes 30 minutes after fabrication (left) and 24 hours after 

fabrication (right). 

As shown in Figure 6-9, when stretched by 40 % these variable resistors exhibited changes in 

resistance of approximately 2 orders of magnitude immediately after fabrication, increasing to 

nearly 3 orders of magnitude 24 hours later. This increase is possibly due to evaporation of 

volatiles in the grease. Substantial hysteresis was observed and there was some variability 

from sample to sample most likely due to the hand fabrication process. When several 

thousand volts were applied the resistors were stable while they were stretch-cycled, but were 

prone to spark erosion when not cycled. Despite these limitations the performance of the mix 

was sufficient for many applications, and it has been used to create a NAND gate, inverting 

Schmitt trigger, and smart oscillator circuit. 

6.4 Experimental demonstrations 

The carbon grease switching compound has been used to build and control three different 

applications: a NAND gate, an inverting Schmitt trigger memory element and a ball rolling 

smart oscillator. 
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6.4.1  NAND gate 

NAND gates are three terminal devices with two inputs and one output. During operation, the 

output of a NAND gate will be high unless both inputs are high, see Table 6-1. Multiple 

NAND gates can be connected to form any other Boolean logic circuit [132]. It can also be 

seen that with trivial alterations to a NAND gate other gates can be formed; an inverter can be 

formed by tying the NAND inputs together, an AND gate by inverting the NAND output, and 

an OR gate by inverting the NAND inputs.   

Table 6-1: NAND gate truth table. 

 Input 1 = Low Input 1 = High 

Input 2 = Low Output = High Output = High 

Input 2 = High Output = High Output = Low 

 

It is desirable to create NAND gates using DES and DEA because this will enable the 

integration of arbitrary digital logic circuits into artificial muscle devices. The addition of 

oscillator circuits to NAND gates (see section 6.4.3) enables the possibility of building a 

programmable digital computer using DES. Finally, due to the comparatively low quality of 

the carbon compound switching material, digital dielectric elastomer devices are more likely 

to work than analogue as they are less sensitive to the exact location of switching thresholds.  

The NAND gate presented here was based on two actuators placed on either side of a DES 

switch. If both actuators were active the switch was substantially compressed. If only one of 

the actuators was active then the switch was displaced to one side, with only minor 

compression. If neither actuator was active then obviously there was no compression of the 

switch at all.  

A schematic of the design based on this concept is given in Figure 6-10. The gate consisted of 

two DEA and two DES painted onto a 3.67:3.67 pre-stretched VHB 4905 membrane fixed to 

a frame with a 115 x 85 mm window. The two DEA were formed out of Nyogel 756G carbon 

grease electrodes, and were each electrically connected between ground and an independent 
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input. DES (Rvar and Rfixed) were formed out of the switching compound and arranged as a 

voltage divider so that the output voltage was proportional to the ratio of their resistances. The 

DES were applied when the membrane was partially stretched so that once the membrane was 

fully stretched, Rfixed was stretched 31 % and Rvar 36 %.  

 

Figure 6-10: NAND Gate Design. The resistance of Rvar will only drop below Rfixed to produce a low 

output voltage when both inputs are charged.  

Photos showing the active region of a NAND gate for all possible input combinations are 

given in Figure 6-11 and a video showing the same is provided in the supplementary DVD 

(Movie # 13). At rest Rvar > Rfixed and the output voltage was high. When either input was high 

Rvar was displaced to one side but remained largely uncompressed, thus Rvar > Rfixed and the 

output voltage remained high. When both inputs were high Rvar was compressed causing its 

resistance to drop by orders of magnitude so that Rvar < Rfixed. This caused the output voltage 

to drop, which is the essence of a NAND gate. The vertical components of Rvar were made to 

have low resistance as compression only affected the horizontal components.   
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Figure 6-11: Active region of a NAND gate for all different input combinations. 

A photo of a completed gate is given in Figure 6-12. Note that there are multiple Rfixed 

resistors applied to the frame. Multiple resistors were created because the hand fabrication 

process was unreliable and making many ensured that some would be of good quality. Note 

that the gate works when the Rvar moves above or below Rfixed. If Rfixed was to change 

substantially either due to poor fabrication or degradation then the gate may stop working.  
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Figure 6-12: Fabricated NAND gate. Multiple fixed resistors were painted onto the gate to speed the 

tuning process. The zones without grease in the DEA electrodes are where visible defects in the membrane 

have been painted around to reduce the likelihood of electrical breakdown.  

A NAND gate output was connected to an input DEA of a second NAND gate and its 

response was characterized in Labview using a Biomimetics Lab EAP Controller Mk2. A 

supply of 2800 V was applied to the HV terminal. The output voltage was measured using a 5 

GOhm - 5 MOhm voltage divider whilst the inputs were cycled in a square wave: 20 V - 2600 

V, period = 28 seconds, phase shift between inputs = 90 degrees. The experimental results are 

given in Figure 6-13.  
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Figure 6-13: NAND gate response showing voltage versus time. 

The response was as expected, with the output dropping low only when both inputs were 

high. The response time was approximately 1.5 s to turn off and 0.1 s to turn on, if low and 

high thresholds of 1.25 kV and 2.15 kV are assumed respectively. Note that as DEA action is 

proportional to voltage squared, the output load response will amplify voltage waveform 

changes. To demonstrate this amplification, Figure 6-14 shows the nominal Maxwell pressure 

plotted for each channel as a function of time where εr and the thickness were assumed to 

remain constant at 4 and 37 μm respectively. It is clear that the response in Figure 6-14 is 

sharper than in Figure 6-13. Maxwell pressure is a good measure of mechanical information, 

as it has an approximately linear relationship with deformation.  

 

Figure 6-14: NAND gate response showing nominal Maxwell Pressure vs time for all channels. 

The response of the gate could be sped up by scaling down to the micro-scale to reduce 

channel capacitances, or by replacing the viscous VHB 4905 membrane with a more elastic 
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silicone or polyurethane membrane. The ability of the device to drive the input of a second 

gate demonstrates that more complex digital circuits could be built. In a sense the NAND gate 

is an electromechanical relay, thus coming full circle from the relays used in the earliest 

computers, through the all-electric nature of transistorised logic, and back again.  

6.4.2  Inverting Schmitt trigger 

With NAND gates it is possible to create volatile memory such as flip flops which are very 

useful components for a wide variety of circuits.  The basic operation of a Set Reset (SR) flip 

flop is given in Table 6-2. It can be seen that the flip flop remembers the last input and will 

only change if the set or reset line goes high. Schmitt triggers are essentially digital hysteretic 

components. They track an input, but with hysteresis defined by two thresholds (see Table 

6-3). If the input goes above the upper threshold the output is high. If the input drops below 

the lower threshold the output is low. If the input is between the thresholds the output does 

not change. Schmitt triggers thus remember their previous state and are highly useful for de-

bounce, oscillator, and timing circuits.  

Table 6-2: SR Flip Flop Operation. 

Set Reset Q 

0 0 Previous Q 

1 0 1 

0 1 0 

1 1 NA 

 

Table 6-3: Schmitt Trigger Operation. 

Input Q 

Input > THigh 1 

Input < TLow 0 

TLow < Input < THigh Previous Q 

 

 

In this section a DES inverting Schmitt trigger based on a SR flip flop is introduced. The flip 

flop will be described conceptually and the inverting Schmitt trigger will be tested 

experimentally. Despite the fact that flip flops can be made out of NAND gates, a different 

approach will be taken here. The design is based on three VHB 4905 membranes pre-



6.4. EXPERIMENTAL DEMONSTRATIONS 

117 

 

stretched 3.67:3.67 and affixed to frames with 100 mm by 100 mm windows in the middle 

(see Figure 6-15). A single ~ 60 by 70 mm DEA was painted on each membrane and a 36 % 

stretched DES was applied next to it. Expansion of the DEA resulted in compression of the 

DES and a drop from a high to low resistance.  Each frame had four corner legs which served 

as electrical interconnects for the four terminals of the device.  

 

Figure 6-15: Single element of the flip flop. When the DEA expands it compresses the DES. Three such 

elements were connected to form the complete device.  

To form the SR flip flop the three units were connected together as shown in Figure 6-16. 

Note that the “R” unit had its DES element halved in size to ensure that at rest its resistance is 

approximately half the resistance of the other two. At rest the voltage applied to Q was low. 

When S was activated it expanded, compressing the DES next to it and increasing the voltage 

on Q. Q then expanded compressing the DES next to it. The effect of this was that when S 
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was deactivated, Q remained activated as its DES remained compressed. To reset the flip flop 

R was activated, causing Q to discharge.  

 

Figure 6-16. SR flip flop formed out of three of the elements shown in Figure 6-15. The resistance on the R 

element is designed to be less at rest than the resistance of the other two elements at rest.  

To form the input of the inverting Schmitt trigger R was connected to S which was inverted 

by referencing it against a high voltage instead of ground. A schematic is given in Figure 

6-17. The input-output waveforms of the fabricated Schmitt trigger are given in Figure 6-18 

for a high voltage supply of 4 kV, an inverting reference voltage of 3.5 kV for the S DEA, and 

a 0.35 Hz 0-3.5 kV triangle input signal. A video of the Schmitt trigger in operation is 

provided on the supplementary material DVD (Video # 14). 

 

Figure 6-17: Inverting Schmitt Trigger based on a SR flip flop. The S input is inverted by connecting its 

reference electrode to a high voltage instead of ground. Note that the reference values of all three elements 

can be manipulated to control the thresholds of the device.  
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Figure 6-18: Experimental results for the response of the inverting Schmitt trigger to a triangle wave. The 

thresholds where transition occurs are marked and the dotted vertical lines were added to aid 

visualisation.  

Preliminary results in Figure 6-18 demonstrate that the circuit approximates the action of a 

Schmitt trigger with remarkably stable thresholds of 600 and 2900 V respectively. One source 

of uncertainty is the relatively slow transition between the on and off states which could be 

caused by the RC or mechanical time constants of the device. However the lag could also be 

caused by the device entering a proportional regime. The latter case could be tested for by 

comparing the circuit behaviour with different input slew-rates. If it is behaving truly as a 

Schmitt trigger then different input slew rates will not affect the speed of the output transition.  

It is worth noting that the behaviour and thresholds were governed by the displacements 

required to drive the switches past their percolation thresholds as well as the reference 

voltages. Thresholds could therefore be tuned by changing either the reference voltages or the 

geometry of the components.  
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6.4.3  Smart oscillator 

DES oscillator circuits would have wide use in artificial muscle applications such as clock 

signals for digital computation and timers, multiphase motor and pump drivers, and vibration 

sources. The term „smart‟ has long use in mechatronics to describe an actuator with built in 

sensor and control capability, and the ability to create smart DEA is a major strength of DES. 

Thus far we have only seen DES applied to digital logic however the concept has wide 

reaching application to analogue circuits. 

For these reasons the third demonstration was a smart analogue oscillator. The oscillator 

consisted of three annular DEA sitting at the corners of an equilateral triangle and supporting 

a set of rails on which a ball rolled (see Figure 6-19). The oscillator was augmented with DES 

circuitry to detect the weight of the ball and roll it automatically around the rails. When an 

actuator activated it would extend downwards under the influence of gravity and tilt the rails 

to roll the ball. The only circuitry external to the oscillator was a single high voltage DC 

power supply. This application demonstrates proportional analogue logic; smart, self-sensing 

actuator behaviour; and the creation of an AC signal from a DC supply.  
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Figure 6-19: Ball rolling oscillator. Three actuators supported a set of rails and a ball. When one of the 

actuators was actuated the rails tilted, rolling the ball. By actuating in the correct sequence the ball could 

be made to roll around the tracks. 

Actuators were placed at the corners of a 90 mm sided equilateral triangle. Each actuator 

consisted of a 80 mm diameter membrane of 3.5:3.5 pre-stretched VHB 4905 with a 50 mm 

diameter and 6 mm thick Perspex disk at its centre. The 466 gram Perspex rails were 

supported on three M4 bolts with dome head nuts to provide a bearing surface. The inner and 

outer rolling surfaces were 200 and 250 mm respectively. The ping pong ball was filled with 

silicone and weighed 35 grams. The arrangement is similar to the ball rolling array presented 

in chapter five except for heavier rails and DES control. 

The electrode layout is shown in Figure 6-20 and an equivalent circuit in Figure 6-21. The 

electrodes were patterned to form actuator sections and switching sections. The actuator 

sections were designated C1-3, made using Nyogel 756G carbon grease, split into two halves 

connected by a track across the middle of the unit, and had a capacitance of approximately 2 

nF. Coupled to each actuator were two switching sections designated R1-3a and R1-3b and made 
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of the switching compound. When an actuator section was displaced down under the weight 

of the ball, the switches acted to throttle the charging current of the actuator in the 

anticlockwise direction and the discharging current in the clockwise direction. This caused the 

rails to tilt, rolling the ball around the track in the clockwise direction. The oscillator was 

designed so that the ratio of actuator displacement under the ball to the actuation that this 

displacement induced was less than one. If not, the rails would not tilt sufficiently and the ball 

would stall. 

 

Figure 6-20: DES and DEA layout. DEA are labelled C1-3 and DES are labelled R1-3, a/b. 

 

Figure 6-21: Circuit diagram of the oscillator. For example: the downwards displacement of actuator 1 

under the ball will increase R1a and R1b. This will increase the voltage on C3 and decrease the voltage on C2 

rolling the ball clockwise towards C3.   
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To help understand the array we can envisage a snapshot of its operation with 4000 V applied 

to the high voltage terminal as follows: 

1. The weight of the rails displaces all three elements approximately 8 mm down. Looking at 

an imaginary centre line of the hysteresis curve of Figure 6-7 (24 hours after fabrication) 

the resistance of the switching elements „a‟ and „b‟ on each actuator will be approximately 

50 MOhm. Looking at Figure 6-21 it can be seen that the voltage applied to each actuator 

C1-3 will be approximately 2000 V.  

2. The 2000 V will cause the actuators to actuate and their centres to sink to 9 mm 

displacement. Looking at Figure 6-7 the resistances of all the switches will increase to 

approximately 80 MOhm, however the voltage applied to each actuator will remain stable 

at 2000 V.  

3. The 35 gram ball is added to the rails directly above actuator C1, displacing it to 11 mm 

and C2 and C3 to 8 mm. Using Figure 6-7 and Figure 6-21 we can estimate the effect of 

these displacements, shown in Table 6-4: 

Table 6-4: Instantaneous electrical effect of placing the ball over C1. 

Designator Approximate Value 

R1a, R1b 700 MOhm 

R2a, R2b, R3a, R3b 50 MOhm 

VC1 2000 V 

VC2 266 V 

VC3 3733 V 

 

4. The increased voltage on C3 causes it to actuate to 12 mm displacement and the decreased 

voltage on C2 causes it to relax back to 7 mm displacement. The rails tilt and the ball rolls 

towards C3. As the ball rolls around the rails, the tilt of the rails will follow it accelerating 

it until it reaches a maximum speed. It is important to note that this analysis is 

approximate and illustrative only, in reality the system is highly dynamic and its states 

will change continuously over time.  

The device was fabricated and Figure 6-22 shows the procession of the ball around the track. 

A video of the operation of the array is provided with a DVD attached to the thesis (Movie # 

15). In the movie it can be seen that the array was able to self start at 3000 V and run at 0.53 
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Hz. Changing the supply voltage provided an effective mechanism for controlling the speed 

of the oscillator. Removing the ball caused the device to oscillate at approximately 2.3 Hz 

governed by the inertia of the rails.  

   

Figure 6-22: Still images showing the array roll the ball around the rails. 

 

A second way to think about the operation of the oscillator is to consider the voltage on an 

actuator given the displacements on the other two. This is shown in Figure 6-23 where 

anticlockwise displacement is the displacement of the actuator in the anticlockwise direction, 

clockwise displacement is the displacement of the actuator in the clockwise direction and 

voltage is the resultant voltage applied to the actuator. This graph was formed out of the 

topmost edge of the resistance displacement curve given in the right side of Figure 6-7. A 

2000 V plane has been added to highlight that the even displacement of the rails results in no 

change in voltage on the actuators. It can also be seen that due to the mirrored charge and 

discharge resistances the device self-tunes to sit in the active part of the surface. Finally it can 

be seen that there are clear plateaus at 4000 and 0 V which explains the somewhat jerky 

operation of the oscillator when seen in the movie running at full speed.  
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Figure 6-23: Voltage on an actuator in the array given the displacements on the other two actuators. A 

2000 V reference plane has been added to show that even displacement of the rails results in no change in 

voltage.  

The oscillator successfully created a frequency tuneable AC signal from a DC supply. This 

could have application in creating a clock signal for an artificial muscle digital computer or 

could be used to directly drive applications such as the DEA rotary motor developed by 

Anderson et. al. [86]. It is worth considering the oscillator from the point of view of a ball 

rolling application. To control DEA to roll a ball in this manner, conventional circuitry would 

have required external sensors to detect the location of the ball, a microcontroller to calibrate 

the sensor data and implement a control law, and high voltage driver circuits drive the 

actuators. Whilst this conventional approach could be more computationally powerful than 

the specific DES design presented here, it would add significant mass, volume, cost and 

complexity. These differences are encapsulated in Figure 6-24. 
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Figure 6-24: Schematic comparing the conventional, self-sensing and DES solutions to the problem of 

controlling the ball rolling array. 

6.5 Speculative applications 

It is worth speculating on some possible applications for DES to show how wide reaching the 

concept could be. The following applications are not an exhaustive list and consist of 

unproven ideas that might be worth exploring once better switching materials and fabrication 

processes are developed.  

6.5.1  Schmitt oscillator 

The inverting Schmitt trigger was applied to make a second oscillator circuit; it is included in 

this section because at this stage of development it did not work very well. By connecting the 

output of the device to the input via a 300 MOhm resistor and playing with the reference 

voltages a simple bistable oscillator was formed
ix

 (Figure 6-25). The device did exhibit 

oscillating behaviour, however because the losses in the systems were substantial compared to 

the switched currents the oscillator was slow, hard to tune, and had a low amplitude. Scaling 

the size of the device down might present a good solution to this problem, as it would reduce 

loss currents.  

                                                 
ix

 The oscillator works because output will always change to the opposite of whatever the input is, and the input 

tracks the output with a time lag. 
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Figure 6-25. Inverting Schmitt Trigger Oscillator. The input to the S and R lines are inverted, connected 

together, and arranged to lag the output on the Q line via a 300 MOhm resistor. 

6.5.2  Voltage clamp 

A voltage clamp could be built using one of the elements of the SR flip flop (Figure 6-15) 

with its resistor arranged in parallel with the input and ground as shown in Figure 6-26. The 

voltage to be clamped is applied to the input. As the voltage rises the DEA begins to actuate. 

As the DEA actuates it compresses the resistor raising its conductivity. At some critical 

voltage the track starts to draw significant charge off the DEA. As the voltage increases the 

current required to maintain it increases exponentially. The effect could be very sensitive as 

the DEA will actuate with voltage squared and percolation is also a highly nonlinear 

phenomenon. This could be a suitable device for protecting against over-voltaging in a small 

dielectric elastomer generator. Figure 6-27 shows a hypothetical current-voltage curve for a 

dielectric elastomer voltage clamp. The clamp behaviour could be shifted left or right by 

varying the reference voltage.  
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Figure 6-26: Voltage Clamp. As the input voltage 

rises, the DEA expands, and compresses the below 

percolation track. At some voltage threshold the 

track begins to percolate and conduct charge off 

the DEA, clamping the voltage.  

 

Figure 6-27: Hypothetical current-voltage curve for 

dielectric elastomer voltage clamp. Note that the 

clamp works equally well for positive or negative 

potentials.  

6.5.3  Diode 

A diode could be formed using a simple membrane on a frame as shown in Figure 6-28. The 

membrane is segmented into a forward bias DEA (FWD), a reverse bias DEA (REV) and a 

zone with the switching element. The back side of the diode is grounded. When the diode is in 

forward bias (VFWD > VREV) FWD will expand more than REV. This will cause the centre 

dead zone with the percolating track to move towards REV and compress the track, lowering 

its resistance. When the diode is in reverse bias REV will expand more than FWD, increasing 

the resistance of the percolating track as it is stretched. Ribs are applied perpendicular to the 

DES so that it can only be stretched length wise.  

Note that this is not a true diode as it is a three terminal device, however it should still be 

suitable for many applications. For example, it could be useful for dielectric elastomer 

generators. McKay et al. recently presented a generator design where the only external 

components were diodes [137]. If DES based diodes were used instead, it could become 

possible to build a elastic, self-priming, high-voltage, and robust generator.  
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Figure 6-28: DEA/DES diode. There are two DEA (FWD and REV) and a variable resistor between them 

which near the percolation threshold (red). The track has vertical (brown) ribs perpendicular to it (on the 

underside) that constrain it to only deform down its length. If the Fwd terminal is at a higher potential 

than the Rev terminal then the track will be compressed and the diode will conduct. If the Rev terminal is 

higher, the track will stretch and the diode will not conduct.  

6.5.4  Rotary motor 

Recently Anderson et al. presented a thin film DEA rotary motor [86, 138]. This motor has a 

very high specific torque, is very thin, and made of non-ferrous materials. The smart oscillator 

design presented in section 6.4.3 could easily provide a controller for the Anderson rotary 

motor. This would create a truly flat motor as the only component not built into the membrane 

would be the high voltage power supply. As extra membrane layers are added to the motor, 

the switching will scale to exactly meet the needs of the motor. Such a hypothetical motor is 

presented in Figure 6-29 where between each of the three DEA phases exists a DES to switch 

the adjacent element when stretched. When the motor design is connected to a crank, the 

displacement of a DES will cause the actuator in the clockwise direction to actuate, turning 

the crank.   
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Figure 6-29: Flat rotary motor controller using DES to switch the phases in sequence. 

6.6 Discussion 

DES make it possible to realise artificial muscle devices with intrinsic high voltage analogue 

and digital circuitry. However, practical applications will require substantial improvements to 

fabrication processes and better quality switching electrodes that are more sensitive, easier to 

pattern, and longer lasting. Elimination of the tendency of un-stretch-cycled resistors to spark-

erode is particularly critical, as this limited the lifetime of the NAND gate to several hundred 

cycles before Rfixed ablated. The oscillator had a much better lifetime, likely because of the 

mirrored charge and discharge resistances that meant change over time tended to cancel out. 

Ion implantation [80, 81], quantum tunnelling composites [139], and carbon nanotube 

electrodes [140] provide promising technologies to meet these needs.  

Once long lasting switching materials are developed even the simple circuit primitives 

presented in this chapter could have wide reaching implications in the artificial muscle field. 

Simple oscillator circuits could control artificial muscle pumps or motors, diodes and voltage 

clamps could regulate entirely soft artificial muscle generators, and self-sensing circuitry 

could control large arrays of artificial cilia. DES driving circuitry can be scaled to suit device 

size, a very considerable advantage over existing discrete switching circuitry. However, 
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whilst these primitives are interesting in and of themselves, it is their application in concert 

that is most exciting.  

More complex circuitry consisting of hundreds of circuit elements could be used to make 

lifelike prostheses, or to form biomimetic networks such as robotic hearts which are light, 

beat automatically, and have no bearing surfaces to wear. Simple reprogrammable DES 

digital computers could be embedded directly into off-the-shelf DEA enabling an end user to 

implement them directly into an application.  

DES also provide a fundamental new way to create flexible electronics. Whilst there are other 

flexible polymer-based electronic circuit technologies [141], they lack the ability to directly 

couple mechanics with digital logic and their elongation to break is much smaller than that of 

dielectric elastomers.  

Obviously DES in their current form are a long way from challenging established integrated 

circuit technologies. However, if DES were miniaturised their capacitances would drop, 

increasing response times significantly. As the dielectrics are made thinner the operating 

voltages would decrease, allowing switching tracks to get shorter and more reliable. With 

extensive development DES promise a new method of computation based on cheap, readily 

available soft and nonmagnetic materials that just might enable the creation of an artificial 

brain.  

6.7 Chapter summary 

In this chapter the new concept of dielectric elastomer switches was presented. Dielectric 

elastomer switches are based on the piezoresistive behaviour of dielectric elastomer electrodes 

and enable the embedding of sensor, driver and logic circuitry directly into artificial muscle 

devices. The concept was proven experimentally with the creation of a NAND gate, inverting 

Schmitt trigger, and a smart oscillator circuit. A variety of speculative circuit primitives were 

also presented.  
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It is anticipated that dielectric elastomer switches will reduce the need for bulky and rigid 

external circuitry as well as provide the simple distributed intelligence required for soft, 

biologically inspired networks of actuators. Imagine the advantages of a prosthetic heart that 

is light, beats automatically, and has no bearing surfaces to wear or a new type of artificial 

muscle embedded, electro-mechanical computer. Ultimately DES enable artificial muscle 

networks to approach the distributed control elegance of Stomata, making artificial muscles 

the world‟s first truly smart actuators.  
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7 

Conclusions 

This thesis has achieved its goal of enabling the creation of biomimetic networks of soft 

actuators coordinated using distributed self-sensing and control. The four main objectives of 

the thesis were all met. Firstly, a Low Degrees of Freedom (LDOF) modelling approach was 

developed to meet the need for a rapid and robust simulation tool for DEA engineering 

design. Secondly, conventional self-sensing techniques were used to underpin the biomimetic 

control of DEA arrays in a robust, adaptable and scalable manner. Thirdly, Dielectric 

Elastomer Switch(es) were invented to allow for the distribution of sensor, driver and logic 

circuitry throughout biomimetic arrays. Finally, all of the research in the thesis was 

experimentally validated on real world devices. Collectively these achievements form a tool 

kit which is hoped will accelerate the development and use of biomimetic DEA arrays around 

the world.  

This chapter presents a brief recap of the thesis followed by a section on potential impacts and 

contributions. The chapter finishes with a section on outlook and future work, and a list of 

publications. 

7.1 Summary 

Ctenophores, hearts, and stomata are examples of highly successful flexible actuator networks 

coordinated with distributed self-sensing and control. Dielectric Elastomer Actuator(s) (DEA) 

are an ideal technology for making the artificial equivalents of these networks. In Chapters 
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One and Two it was shown that before DEA could be used in arrays with distributed sensing 

and control there were requirements: a) for rapid and robust simulation tools to aid in the 

engineering design of DEA; b) to demonstrate that conventional self-sensing can underpin 

distributed control of DEA arrays; c) to develop methods of distributing sensor, driver and 

logic circuitry throughout DEA arrays; and d) to experimentally validate all solutions to the 

above needs.  

The rest of this thesis was geared around meeting these requirements. Chapter Three 

introduced a LDOF modelling approach based in ABAQUS utilising membrane elements and 

Wissler and Mazza‟s SEF for VHB. The approach was analytically verified and 

experimentally validated with DEMES bending actuators. The LDOF model was shown to be 

faster than a conventional approach and was used as a virtual experimentation environment to 

expedite the design of a ctenophore inspired mechano-sensitive DEMES array in Chapter 

Four.  

The ctenophore inspired array of Chapter Four was the first demonstration that capacitance 

self-sensing could be used to underpin the distributed control of a DEA array. DEMES 

actuated when contacted by the previous in the array and were used in a conveyor 

configuration to propel cylindrical loads up a set of rails. In Chapter Five the use of 

capacitance self-sensing was explored further with travelling waves of actuation in a variety 

of different DEA arrays. The effects of inter-element coupling, multilevel control, and state 

machine design were investigated and test arrays were shown to be robust, adaptable, and 

scalable.  

Chapter Six presented DES which overcame the limitations of conventional distributed self-

sensing and control by enabling sensor, logic, and driver circuitry to be embedded directly 

into dielectric elastomer devices. DES make use of electrode piezoresistivity to switch the 

charging of discharging current applied to DEA elements. The DES concept was validated by 

applying it to form a NAND gate, inverting Schmitt trigger, and smart oscillator. Speculative 

applications for DES were also presented. 
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7.2 Impact and contributions 

The goal of this thesis was to realise a technology capable of creating soft biomimetic 

actuator arrays coordinated with distributed sensing and control. It was identified early on that 

a lack of engineering design tools and scalable control methodologies would hold back any 

attempts to do so. To address these limitations the following contributions were made that 

bring the capabilities of DEA closer to the high standards set by nature.  

Invention of the dielectric elastomer switch concept: The DES concept presented in 

chapter six has a large potential impact on the EAP community. In the short-term there are 

many applications for dielectric elastomers such as actuators, sensors, generators, and 

dampers that have been „lab-locked‟ by the need for rigid, expensive and bulky external 

circuitry. By eliminating this external circuitry DES could allow many of these applications to 

move into industry. In the mid-term DES have the potential to control and create biomimetic 

smart dielectric elastomer networks with sensing, feedback, and actuation distributed 

throughout the device. Applications such as soft robotic hearts that beat automatically and 

have no bearing surfaces to wear should become possible. Finally in the long-term the DES 

concept embodies a new method of computation that could be applied to make dielectric 

elastomer computers. 

Development of DES material and circuit primitives: The DES concept has been proven 

experimentally and applied to make a range of devices. The presented circuit primitives can 

be implemented directly into new applications as well as provide both theoretical and 

practical insight for others working with the new technology. 

Development of a low degrees of freedom DEA modelling approach: The LDOF 

modelling framework is a rapid and robust tool for the engineering design of VHB based 

dielectric elastomer devices. The LDOF model was used successfully as a virtual 

experimentation environment for DEMES allowing for substantially shorter development 

time. The move towards rapid, experimentally validated simulations of DEA devices should 

help the wider community develop more complex real-world devices.  
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Creation of the ctenophore inspired DEMES array: To the best of the author‟s knowledge, 

the ctenophore inspired array was the first example of self-sensing being used to underpin the 

control of a DEA array. The use of self-sensing and distributed control provides a robust, 

adaptable, and scalable option for the coordination of complex DEA arrays where external 

sensing may be difficult.  

Exploration of travelling waves for DEA array control: As evidenced by the human heart 

and the ctenophore; the use of travelling waves of actuation is a key reason for the robust, 

adaptable, and scalable performance of mechano-sensitive arrays. Chapter Five conducted 

experimental studies from which rules were extrapolated that should help future designers 

capitalise on these advantages. 

7.3 Outlook and future work 

This thesis has made substantial progress towards eliminating the major hurdles standing in 

the way of soft flexible DEA arrays coordinated with distributed sensing and control. It is 

hoped the development of such arrays across a range of scales can now begin. However, there 

are important issues that still need addressing: 

Low degrees of freedom simulation tools need to become faster and more powerful. They 

should be able to simulate multiple failure modes, dynamic as well as static electromechanical 

responses, be electrically back-drivable, and able to simulate DES via heterogeneous surface 

resistivity. For simulation of DEMES, effects such as adhesion and material imperfections 

should be incorporated too.  It is envisaged that some of these advances could be achieved by 

moving to open software architectures which allow more control of the simulation process. 

Other effects, such as electrical-back-drivability could be simulated with multiple simulation 

platforms and reduced order modelling approaches. Finally, modelling is expected to be a key 

tool in establishing scaling laws for DES miniaturisation, thus its validity at micro-scales 

should be established.  

Conventional self-sensing approaches require substantial external hardware, however they can 

provide for higher precision and better insight into the function of an array than a DES based 
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approach. This highlights a design trade off that is poorly understood: DES are suitable for the 

control of large numbers of actuators in applications where cost, size, or mechanical 

flexibility is of concern. Conventional self-sensing approaches are suitable for the control of 

smaller numbers of actuators in applications where precision and observability are more 

important. To help understand this design trade off, capacitive self-sensing distributed control 

approaches should be explored further. Larger numbered arrays of actuators, use of dynamic 

self-sensing (see Gisby et al. [142]), and application to micro-scale systems provide rich 

avenues of inquiry. Hybrid approaches could also be envisaged. Consider a cilia array where 

one cilium in twenty is controlled remotely using dynamic self-sensing for feedback, and the 

rest controlled locally using DES.  

The practical application of DES awaits improved fabrication processes and switching 

electrodes that are more sensitive, easier to pattern, and longer lasting. These improvements 

could be realised with automated fabrication techniques and a materials discovery 

programme. Theoretical understanding of DES should be enhanced and efficient circuit 

primitives, new computational architectures, and circuit design tools should be developed. 

Exploration of miniaturisation and scaling laws is particularly important for DES as this will 

improve response times and lower driving voltages. Also note that micro-scale applications 

can benefit the most from elimination of bulky external circuitry.  

Potential application of these technologies is broad: Imagine using high fidelity simulations to 

design dielectric elastomer networks with actuator, sensor, generator, and computer 

functionality all mixed together in an intricate web. Once a design is settled on 3D printing 

techniques could work to make the device a reality. Ctenophore inspired robots, patient 

customised prosthetic hearts, and octopus arm type manipulators could literally be the push of 

a button away.  

Or imagine a new type of computer, the „Dielectric Elastomer Computer‟ that utilises both 

electrical and mechanical information to perform computations. Such a computer would be 

miniaturised to the nanoscale using photolithography processes, and because of scaling effects 

would both be low voltage and fast enough to compete with current approaches. Even more 

exciting however, this computer would be flexible, nonmagnetic, and made of cheap and 
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abundant materials. The computer could be embedded in the dielectric elastomer networks 

mentioned earlier, playing puppet master to the distributed control and reflexes of the network 

in a truly biomimetic way. 

7.4 Chapter summary 

In conclusion, this thesis presented simulation tools and control strategies which were key 

enabling technologies needed to develop biomimetic DEA arrays. The simulation tools were 

rapid, experimentally validated and were used to develop actual devices. Distributed control 

strategies were developed and tested using capacitive self-sensing and a new concept called 

the dielectric elastomer switch. Application of these technologies will move us closer towards 

the creation of complex networks of actuators, inspired by nature, locally controlled, and 

working together for common goals.  
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 O‟Brien, B., E. Calius, T. Inamura, S. Xie, I. Anderson, “Dielectric elastomer switches for 

smart artificial muscles”, Applied Physics A: Materials Science & Processing, 2010. v100 (2): 
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Appendices 

Appendix A: Derivation of the combined Arruda-Boyce and electrostatic strain energy 

function from Chapter Three. 

Appendix B: UHYPER implementation of the new strain energy function in Fortran code 

from Chapter Three. 

Appendix C: Modelling results of the iterative ctenophore inspired DEMES design process 

from Chapter Four. 

Appendix D: Descriptions of movies on the supplementary material DVD. 
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8.1 Mathematical derivation of the SEF 

Maths Deriving the Arruda-Boyce Maxwell pressure strain energy function for use in the Abaqus UHYPER user defined subroutine:  

We will assume that the strain energy function U takes the form  
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 So we have a problem, our expression for U is not entirely expressed in terms of 1I  and 2I …. 

Step (1) Rewrite U in terms of 1I  and 2I : 

Full Strain Energy Function  
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Material Strain Energy Function  





5

1

1221 3)(

i

ii

i
m

i I
C

IAB




 
(8-2) 



APPENDIX A 

143 

Sub (8-2) into (8-1) 
2
3

1 )(


K
IABU 

 
(8-3) 

Remember 1321   (8-4) 

 2
3

2
2

2
11  I  (8-5) 

 
2
3

2
2

2
1

2

111


I

 
(8-6) 

Sub (8-4) into (8-3) and rearrange 2
2

2
12

3

1 1)(







K

IABU

 
(8-7) 

Sub (8-4) into (8-5) 
2
2

2
1

2
2

2
11

1


 I

 
(8-8) 

Sub (8-4) into (8-6) 2
2

2
12

2
2
1

2

11



I

 
(8-9) 

Rearrange (8-9) 4
2

4
1

2
2

2
1

2
2

2
12  I  (8-10) 



APPENDIX A 

144 

Sub (8-8) into (8-10) 4
2

4
12

2
2
1

1
2
2

2
12

1



  II

 
(8-11) 

Sub (8-7) into (8-11) 
2

1

1

1
1

2

)(

)(

)(













 







K

IABU

IABU

K
I

K

IABU
I  (8-12) 

Rearrange (8-12) 3
1

3
1

2
1

2
12 ))(())(())(( IABUKIABUKIKIABUI   (8-13) 

Rearrange (8-13) 0))(())(())(( 3
1

2
1

2
12

3
1  KIABUKIIABUKIIABU  (8-14) 

We now have an expression for U in terms of the Arruda-Boyce Material law, K, and 1I  and 2I  
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(8-29) 
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Summarise our equations! 
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Strain Energy Function  
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8.2 UHYPER/USDFLD implementation 

C     Benjamin O'Brien 

C     Sample UHYPER and USDFLD for VHB 4905 pre-stretched equibiaxially by 

3.5 in each direction       

       

      SUBROUTINE UHYPER(BI1,BI2,AJ,U,UI1,UI2,UI3,TEMP,NOEL, 

     1 CMNAME,INCMPFLAG,NUMSTATEV,STATEV,NUMFIELDV,FIELDV, 

     2 FIELDVINC,NUMPROPS,PROPS) 

C 

      INCLUDE 'ABA_PARAM.INC' 

C 

      CHARACTER*80 CMNAME 

      DIMENSION U(2),UI1(3),UI2(6),UI3(6),STATEV(*),FIELDV(*), 

     2 FIELDVINC(*),PROPS(*) 

 

      PARAMETER (ZERO=0.0D0,ONE=1.0D0, TWO=2.0D0, THREE=3.0D0) 

C      

C     Arruda-Boyce Material Parmeters  

      DOUBLE PRECISION::Mu = 1.3276e-7 

      DOUBLE PRECISION::LamM = 124.88 

       

C     Note that all J terms will be ignored in an incompressible analysis  

      DOUBLE PRECISION::D = 2.013423E-04 

       

      DOUBLE PRECISION::C1 = 0.5 

      DOUBLE PRECISION::C2 = 0.05 

      DOUBLE PRECISION::C3 = 0.01047619 

      DOUBLE PRECISION::C4 = 0.002714285714 

      DOUBLE PRECISION::C5 = 0.0007703153989 

C 

C     Electric field strength and initial capacitance 

      DOUBLE PRECISION::e0 = 8.854e-12 

      DOUBLE PRECISION::er = 4.1 

C      

C     Thickness in meters, and stretch in the thickness direction after 

3.5:3.5 Prestretch 

      DOUBLE PRECISION::Thickness = 40.816e-6 

      DOUBLE PRECISION::Lamb3PS = 0.08163 

       

C     Various variable initialisations       

      DOUBLE PRECISION::Voltage = 0.0D0 

      DOUBLE PRECISION::K = 0.0D0 

      DOUBLE PRECISION::J = 0.0D0 

      DOUBLE PRECISION::AB = 0.0D0 

      DOUBLE PRECISION::dABdI1 = 0.0D0 

      DOUBLE PRECISION::d2ABdI12 = 0.0D0 

      DOUBLE PRECISION::UNITS=1e-12 

      DOUBLE PRECISION::Str1 = 1 

      DOUBLE PRECISION::Str2 = 1 

             

C     Relax Ratio should eventually be a variable, slaved to the proney 

series, for now we can just use the long term ratio       

      DOUBLE PRECISION::RelaxRatio = 3.2478 
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C     Import the stretch states from state variable 1 and 2 (you will need 

14 state variable defined for your material in ABAQUS) 

      Str1 = STATEV(1) 

      Str2 = STATEV(2) 

       

C     Assign state variable 3 to the voltage if the material is called 

VHBABUHYPERA, otherwise zero the voltage 

      IF (CMNAME(1:12) .EQ. 'VHBABUHYPERA') THEN 

            Voltage = STATEV(3) 

      ELSE 

            Voltage = 0 

      END IF 

                   

C     Finding K for the SEF      

      J = UNITS*RelaxRatio*e0*er*Voltage**2/(2*Thickness**2) 

      K = J*Lamb3PS 

             

C     First we need the arruda boyce derivatives 

C     Strain energy function       

      AB = Mu*(C1*(BI1-3)  

     1+ (C2/LamM**2)*(BI1**2-9) 

     2+ (C3/LamM**4)*(BI1**3-27) 

     3+ (C4/LamM**6)*(BI1**4-81) 

     4+ (C5/LamM**8)*(BI1**5-243)) 

      

C     1st I1 Derivative      

      dABdI1=Mu*(C1 

     1+ (2*C2/LamM**2)*(BI1) 

     2+ (3*C3/LamM**4)*(BI1**2) 

     3+ (4*C4/LamM**6)*(BI1**3) 

     4+ (5*C5/LamM**8)*(BI1**4) ) 

 

C     2nd I1 Derivative             

      d2ABdI12=Mu*((2*C2/LamM**2)  

     1+ (6*C3/LamM**4)*(BI1)  

     2+ (12*C4/LamM**6)*(BI1**2) 

     3+ (20*C5/LamM**8)*(BI1**3) ) 

       

C     When there is no maxwell pressure 

      IF(J.EQ.ZERO) THEN  

      

      U(1)=AB 

      UI1(1)=dABdI1 

      UI2(1)=d2ABdI12 

       

C     Setting d^U/dI2, d2U/dI2^2, d^2U/dI1dI2 to zero 

      UI1(2)=ZERO 

      UI2(2)=ZERO 

      UI2(4)=ZERO 

       

C     For when we are applying a maxwell pressure 

      ELSE 

C     Solving for U(1): Strain energy function               

      U(1)= AB + J*(Str1**2)*(Str2**2)    
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C     Solving for UI1(1): dU/dI1  

      UI1(1)= dABdI1 + (K**2*(AB-U(1)))/ 

     1(3*(U(1)-AB)**2 - 2*BI2*K*(U(1)-AB) + BI1*K**2) 

 

C     Solving for UI1(2):dU/dI2 

      UI1(2)=(K*(U(1)-AB)**2)/ 

     1(3*(U(1)-AB)**2 - 2*BI2*K*(U(1)-AB) + BI1*K**2) 

       

C     Solving for UI2(1): d^2U/dI1^2         

      UI2(1)=d2ABdI12 + 

     1((UI1(1)-dABdI1)**2*(2*BI2*K - 6*(U(1)-AB))+2*K**2*(dABdI1-UI1(1)) 

     2)/(3*(U(1)-AB)**2 - 2*BI2*K*(U(1)-AB) + BI1*K**2) 

       

C     Solving for UI2(2):d^2U/dI1^2   

      UI2(2)= (4*K*(U(1)-AB)*UI1(2)-(6*(U(1)-AB)-2*BI2*K)*UI1(2)**2)/ 

     1(3*(U(1)-AB)**2 - 2*BI2*K*(U(1)-AB) + BI1*K**2) 

           

C     Solving for UI2(4):d^2U/dI1dI2      

      UI2(4)=(2*K*(U(1)-AB)*(UI1(1)-dABdI1)-K**2*UI1(2)- 

     1(6*(U(1)-AB)-2*BI2*K)*UI1(2)*(UI1(1)-dABdI1))/ 

     2(3*(U(1)-AB)**2 - 2*BI2*K*(U(1)-AB) + BI1*K**2) 

     

      END IF 

       

      UI1(3)=ZERO   

      UI2(3)=ZERO 

      UI2(5)=ZERO 

      UI2(6)=ZERO 

      UI3(1)=ZERO 

      UI3(2)=ZERO 

      UI3(3)=ZERO 

      UI3(4)=ZERO 

      UI3(5)=ZERO 

      UI3(6)=ZERO 

             

C     Debug Variables       

      STATEV(4) = AB 

      STATEV(5) = J*(Str1**2)*(Str2**2)    

      STATEV(6) = UI1(1) 

      STATEV(7) = UI1(2) 

      STATEV(8) = UI2(1) 

      STATEV(9) = UI2(2) 

      STATEV(10) = UI2(4) 

      STATEV(11) = BI1 

      STATEV(12) = BI2 

      STATEV(13) = e0*er*(Str1**2)*(Str2**2)*Voltage**2/(Thickness**2) 

      STATEV(14) = Str1*Str2*Voltage/Thickness 

             

      RETURN 

      END 

       

C     We use USDFLD to find the stretches and define the voltage 

      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 

     1TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 

     2KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 

C 
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      INCLUDE 'ABA_PARAM.INC' 

C 

      CHARACTER*80 CMNAME,ORNAME 

      CHARACTER*3  FLGRAY(15) 

      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 

     1T(3,3),TIME(2) 

      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 

      DOUBLE PRECISION::m1 = 0 

      DOUBLE PRECISION::m2 = 0 

 

C     Call GETVRM to get the stretch state 

      CALL GETVRM('DGP',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO,LAC 

     1CFLA) 

      

C     Array 1 and 2 are the planar stretches. 

      STATEV(1) = ARRAY(1) 

      STATEV(2) = ARRAY(2) 

      

C     Voltage, Linear Ramp up to 3000V in step 4 

      IF(KSTEP.EQ.4) THEN 

            STATEV(3) = TIME(1)*300 

      ELSE 

            STATEV(3) = 0 

      END IF     

       

      RETURN 

      END
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8.3 DEMES development by virtual experimentation 

This table presents the design iteration process for the first 8 DEMES designs of Chapter four. The columns of the table from left to right are: 

 Design number;  

 Plan drawing of each DEMES frame to scale; 

 Equilibrium state showing maximum principle strain over the frame which must be less than 1 % to avoid creep;  

 Interaction of 20 mm spaced DEMES which must contact the next in line;  

 Tip height of the DEMES plotted against voltage with the height of the rails plotted as a pink line. The tip must start below the rails and 

then transition above them; 

 Methodology. 

# Plan view  

(to scale) 

Maximum strain? 

(not to scale) 

Stroke contact? 

(not to scale) 

Tip height (mm) versus 

voltage (kV) 

Rail height given by pink 

dashed line 

Comments on the 

design 

 

 

1 

 

1.13 % = Fail 20 mm spacing = Pass Doesn‟t clear rails = Fail 
Too much strain in the frame 

and not high enough.  

   
 

Design 1 tip height during actuation
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2 

 

1.52 % = Fail 20mm Spacing = Pass Clears rails = Pass 
Increased height of the design, 

which increased strain. 

   
 

3 

 

1.50 % = Fail 20 mm Spacing = Pass Clears rails = Pass 
Increased width of the top 

cross piece of the frame. No 

real change 

   
 

4 

 

1.20% in frame = Fail 

1.6% Corners = Fail 
20 mm  Spacing = Pass Clears rails = Pass 

Increased width of the frame 

near the base. This improved 

the strain in the main frame. 

Notice we have stress 

concentrations in the corners 
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5 

 

0.95% in frame = Pass 

1.24% Corners = Fail 
20 mm Spacing = Pass Clears rails = Pass 

Increased the width near the 

base further. The strain in the 

frame is now acceptable, but 

there are concentrations in the 

corners by the mounting point 

and internally  

   
 

6 

 

0.96% in frame = Pass 

1.6 % Corners = Fail 
20 mm Spacing  = Pass Clears rails = Pass 

Design 6 is the same as design 

5 except for rounded internal 

corners to try to fix the corner 

stress concentrations. This 

didn‟t affect the frame strain, 

but increased the corner strain.  

   
 

7 

 

0.73 % in frame = Pass 

0.95 % Corners = Pass 
20 mm spacing = Pass Clears Rails = pass 

Increased width of the frame 

near the base even further. All 

criteria pass! 
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8 

 

0.7% in frame = Pass  

1.2% Corners = Fail 
20 Spacing = Pass Clears rails = Pass 

Design 8 is the same as 7 

except it has internal rounds. 

This increases the corner 

stress, but I think this is not 

real or an issue.  
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8.4 Description of supplementary movies  

This section contains short descriptions of the movies found on the supplementary DVD 

attached to this thesis. 

8.4.1  Videos from Chapter One 

1. Ctenophores swimming at Monterey Bay Aquarium: Note the waves of actuation 

travelling down the sides of the animals. Video courtesy of Mr. Todd Gisby.   

8.4.2  Videos from Chapter Four 

2. Video of DEMES operating under water: This video shows that the double layer 

design for DEMES can make actuators fundamentally water tolerant. The device 

lasted approximately a week.  

3. Ctenophore inspired DEMES array in operation: The first DEMES was triggered 

manually and a wave of actuation traveled along the array.  

4. Ctenophore inspired DEMES array in operation with a Teflon roller: The wave of 

actuation was harnessed to propel a Teflon roller up some rails. The hand-fabricated 

self-sensing hardware limited sensitivity of the array.  

5. Ctenophore inspired DEMES array in operation with a Brass roller: The wave of 

actuation was harnessed to propel a brass roller up some rails. The hand-fabricated 

self-sensing hardware limited sensitivity of the array. 

8.4.3  Videos from Chapter Five 

6. Linear array in operation: Notice how the response of the array was chaotic and 

repeating waves of actuation were not formed on the membrane. This failure was due 

to the extensive and nonspecific coupling between the elements. 

7. Triangular array in operation: Stable repeating waves of actuation ran around the three 

elements. Attempts to instill asymmetrical coupling failed.  
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8. Inflated array in operation: Stable repeating waves of actuation formed, both rotational 

waves and back-and-forth waves. The formation of different waves is intriguing as 

this is what happens in the heart in some disease states. Happily for the inflated array 

the back-and-forth wave decayed into the rotational wave over time.  

9. Ball rolling array in operation: The array successfully rolled the ball around the track 

in an emergent manner. The ball roller sometimes had difficulty in starting as it had no 

preferential direction to roll in.  

10. Ball roller operating with failure of one of its actuators: As the local controllers 

operated independently of each other, the system was robust to partial failure. 

11. Ball roller operating with failure of two of its actuators: As the local controllers 

operated independently of each other, the system was robust to partial failure. 

12. Ball passing array: The DEMES detected the weight of the ball and passed it to the top 

of the ramp. Note that the array was robust to the ball falling back in a manner that 

could be described as partial failure of the conveyor.  

8.4.4  Videos from Chapter Six 

13. DES NAND gate showing active deformations: The two inputs were cycled in square 

wave 90 degrees out of phase. The displacement and compression of the central active 

DES can be seen.  

14. DES inverting Schmitt trigger: The two inputs of a SR flip flop were tied together and 

the S DEA was inverted. When the set DEA turned on sufficiently the Q DEA turned 

off, when the reset DEA turned on sufficiently the Q DEA turned on. 

15. DES controlled smart oscillator: The only external electronic component to the array 

was a single DC power supply. The supply was varied gradually from 3000 V to 2000 

V to show how the speed of the oscillator can be controlled. Removal of the ball 

caused oscillation at a higher frequency mediated by the inertia of the rails. The 

oscillator can be compared with the ball roller array of Chapter Six which required 

external self-sensing high voltage driver circuitry, a PC with a DAQ card running 

Labview, and a DC power supply. 
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