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Abstract 

 

Dielectric Elastomer Transducers (DETs) are deformable capacitors that are capable to 

transform electrical energy into mechanical energy and vice versa. DETs are generally considered 

as light, flexible structures with good energy density, and have been utilized in variety of 

applications as actuators, generators and sensors. The main component in a DET system is the 

compliant Dielectric Elastomer (DE) material, which is a highly elastic dielectric polymer. To 

verify the feasibility of DET applications, electromechanical properties of DE materials and 

reliability of DET systems should be thoroughly explored. 

This thesis focused on the investigation of electromechanical properties of DE materials and 

lifetime characterization of DET specimens. Three DE materials have been considered for 

electromechanical characterization: THERABAND YELLOW 11726 styrenic rubber, OPPO 

BAND GREEN 8003 natural rubber and VHB 4905 acrylic elastomer. DET specimens based on 

two DE materials have been considered for lifetime characterization: THERABAND YELLOW 

11726 as mentioned previously and WACKER ELASTOSIL®  2030, a commercialized silicone 

elastomer.  

Electromechanical characterization has been conducted according to existing standards, while 

for lifetime characterization, a novel experimental setup and procedure have been proposed. This 

proposed methodology makes it possible to perform reliable and efficient lifetime experiments on 

standardized custom-prepared DET specimens under high voltage operating condition.  

A series of tests have been conducted following the proposed methodologies and the obtained 

results have been collected and analyzed. In particular, comparison has been made between the 

three DE materials considering dielectric and mechanical behaviors. A Gent-Gent model has been 

found to be able to describe precisely the observed mechanical behavior of considered DE 

materials. Lifetime results on the styrenic DET specimens have shown, for the first time, how 

operating conditions and system configuration affect the lifetime behavior of DET systems. For 

silicone DET specimens, promising lifetime values (over 2 million operating cycles) have been 

observed under an operating condition with energy density larger than 300𝐽/𝑘𝑔. 
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Chapter 1  

Introduction 

 

1.1 Dielectric Elastomer Transducer (DET) application 

 

Dielectric elastomer transducer (DET) technology has become a popular topic since 1990s. 

DETs are basically electrostatic devices that can convert electrical energy into mechanical energy 

and vice versa, i.e. electromechanical transducers. The crucial components in a DET system are 

the dielectric elastomer (DE) materials. Some typical examples of DE materials are: acrylic 

elastomers [1], silicone elastomers [2], natural and styrene-based rubbers [3]. DE materials belong 

to polymer category, thus DETs are also referred as a type of Electroactive polymer (EAP) 

transducers. From the electrical point of view, DETs are essentially deformable capacitors which 

typically work under high voltage and low current (compatibly with the overall power output 

requirements). 

Compared to other electromechanical transducers, DET are usually considered to possess 

advantages such as high compliance, large energy density, low cost, ease of manufacturing and 

integration, silent operation etc. 

Currently, many research works have exploited the electro-mechanical coupling behavior of 

DETs in actuator, generator and sensor applications. In particular, possible actuator applications 

are as micro-fluidic pumps and valves [4], [5], loudspeakers [6], braille displays [7], tunable lenses 

[8], [9], soft actuators for robots interacting with humans and the environment [10], self-sensing 

actuators [11]–[14]. 

Possible generator applications are energy harvesters from human motion [15] as well as from 

natural resources, like wind energy [16] or ocean waves [17]–[20]. 
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1.2 Motivation 

 

To make a step forward from the DET demonstrators to products of practical value, there are 

still issues related to the DETs to be thoroughly explored. 

In an on-going research project that is supported by Wave Energy Scotland (WES), a Power 

Take Off (PTO) device based on DETs has been developed for harvesting energy from ocean 

waves (reported in [21]). But the proposed wave energy harvester should endure a relatively long 

lifespan (typically from 5 to 25 years) with an acceptable level of performance (for instance, an 

energy density above 100 J/kg) to ensure practical viability and economic feasibility of the 

application. This consideration also holds for all DET applications, which requires a good 

understanding of the reliability and lifetime characteristics of DET systems working under their 

near-limit conditions. 

During operation, the previously mentioned DET generator will suffer from cyclical electrical 

and mechanical loading due to the energy harvesting cycle, humidity, corrosion and shocks due to 

the harsh ocean environment. All these factors might influence the lifetime behavior of a DET 

system, which makes this topic very broad and difficult. 

So far, the only existing evidence on the lifetime characterization of DET systems is reported 

in [22], where the lifetime characteristic of DETs based on acrylic elastomers has been studied. 

The results highlight that: 

• DET systems with a variety of configurations (such as roll, expanding circle/square etc.) 

based on acrylic elastomer have been tested under different working conditions. Lifespans 

in the range of millions of working cycles have been observed in a number of specimens; 

• Electrode formulation have considerable influence on the lifetime of DET systems: carbon 

black based electrode has shown longer lifetime than graphite fibril-loaded electrode; 

• Humidity influences significantly the lifetime of the DET systems: a difference of more 

than 20 times has been observed between DET actuators working under dry and open-air 

conditions; 

• The average lifetime is highly affected by the operating electric field level; 

• Actuation strain for DET actuator seems to have a mild effect on the lifetime characteristics. 
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Though the results are impressive and interesting, the work [22] only considered DETs based 

on acrylic elastomer. Acrylic elastomer, though popular in the field, might not be optimal for DET 

applications. In fact, acrylic elastomer has in general larger viscoelasticity than other DE material 

such as silicone elastomer ([2]), hence the power loss and heat generation during the operation are 

relatively large. Viscoelasticity also lowers the dynamic response of the transducers. Lifetime 

characterization considering other DE material is thus important for a comprehensive comparison 

between the performance of different materials. In addition, in [22] the DET sample quantities 

were too small for certain tested conditions, the tested DET devices were also in different shapes 

and structures. Characterizing the lifetime behavior of DETs instead requires testing on 

standardized DET specimens. 

In this work: 

• Electromechanical characterizations on three typical DE materials (natural rubber, styrenic 

rubber and acrylic elastomer) have been performed and analyzed.  

• Four test benches have been designed and implemented to perform lifetime 

characterization on the DET specimens. DET specimens based on two types of DE material 

(styrenic rubber and silicone elastomer) have been prepared and tested. Results have been 

collected and analyzed. 

In particular, Chapter 2 introduces the basic working principles of DETs and presents some 

interesting applications in current research field; Chapter 3 discusses the general failure 

mechanisms and the stochastic procedure for studying the lifetime characteristics of polymers; 

Chapter 4 reports results of the electromechanical characterization on three typical DE materials: 

styrenic rubber, natural rubber and acrylic elastomer; Chapter 5 reports results of the lifetime 

characterization on DETs based on styrenic rubber and silicone elastomers. 
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Chapter 2  

Introduction on Dielectric Elastomer Transducers 

(DETs) Applications 

 

DETs have been utilized in many applications in innovated material research field. Their 

deformability offers new possibilities in designs of applications as actuators, generators and 

sensors. At present DET applications generally appear in forms different from each other in the 

aspect of geometry configurations, materials, functionalities etc. Hence universal rules or routines 

in designing and validating the DET applications are still under developing.  

In this chapter, only basic DET working principles will be elaborated. In particular, we will 

focus on the relation between performance and operating conditions of DETs. After a brief 

introduction on principles of DETs (Section 2.1), notable applications of DETs working as 

generator, actuator and sensor will be introduced in Section 2.2, 2.3 and 2.4 respectively.  

 

2.1 General working principles of DETs 

 

To elaborate the operation principles of DET, a very basic configuration of DET is introduced 

as a simple example in Fig. 2.1. It is essentially a compliant plate capacitor with the key elements 

comprises: 

• A thin membrane made of Dielectric Elastomer (DE) material 

• Compliant electrodes applied to top and bottom of the DE membrane 

Assume there is no resistance on the electrodes, no leakage current through the DE material 

and the DE material has a linear, isotropic and uniform dielectric properties, the considered system 

has a capacitance that can be expressed as, 

 

 𝐶 =
𝜀0𝜀𝑟𝐴

𝑧
 (2.1) 
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with 𝐴 and 𝑧 the area and the thickness of the DE membrane, 𝜀0 the vacuum permittivity and 

𝜀𝑟 the relative permittivity of the DE material. When this DET system is charged via outer circuit, 

the electrical energy 𝑈𝑒 held by the capacitor can be written as, 

 

 𝑈𝑒 =
1

2

𝑄2

𝐶
=

1

2
𝐶𝑉2 =

1

2
𝜀0𝜀𝑟𝐸2𝑉𝑜𝑙 (2.2) 

 

with 𝑄 the charge retained on the capacitor, 𝑉 the applied voltage, 𝐸 the electric field across 

the DE material and 𝑉𝑜𝑙 the volume of the DE material (𝑉𝑜𝑙 = 𝐴𝑧). DE materials are usually 

considered as incompressible, thus 𝑉𝑜𝑙 = 𝐴𝑧 = 𝑐𝑜𝑛𝑠𝑡.. 

The applied electric potential will generate stress within the DE material according to 

electrodynamic theory. The effective Maxwell stress inside the DE material can be deduced from 

an energy point of view, as introduced in [23]. Assume no electrical energy could enter or leave 

the capacitor via charge flowing through outer circuit, i.e. the constant charge condition, the 

mechanical work done by the effective Maxwell stress is equal to the loss of electrical energy 

stored in the capacitor. For an infinitesimal displacement in 𝑧  direction, the energy balance 

equation can be written as (from Eq. 2.1, 2.2 and incompressible assumption), 

 

 𝜎𝑒𝐴𝑑𝑧 = −𝑑𝑈𝑒 = −
𝑑

𝑑𝑧
(𝑈𝑒)𝑑𝑧 = −

𝑑

𝑑𝑧
(

1

2

𝑄2𝑧2

𝜀0𝜀𝑟𝑉𝑜𝑙
) 𝑑𝑧 (2.3) 

 

Solving this equation for 𝜎𝑒, the effective Maxwell stress along the 𝑧 direction, we have, 

 

 𝜎𝑒 = −𝜀0𝜀𝑟𝐸2 (2.4) 

 

This expression is a well-known result in DET research field. The negative sign indicates that 

the Maxwell stress is opposite to the thickness direction, i.e. the stress will always try to compress 

the DE membrane.  

Geometry of DET systems can be largely deformed due to the high compliance of DE materials. 

The variation on system geometry will change also the capacitance 𝐶 according to Eq. 2.1, hence 
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the stored electrical energy. The Maxwell stress will compress the system, increase the area 𝐴 and 

shrink the thickness 𝑧. In this case the Maxwell stress does work to the ambient mechanisms that 

coupled with the system: the DET system is working in actuator mode. By applying additional 

stresses, system geometry might be contracted in area and thus increased in thickness due to 

incompressibility. This contraction will increase the capacitance 𝐶 according to Eq. 2.1, so as the 

electrical energy stored in the system. In this case the geometry deformation is against the Maxwell 

stress and mechanical energy from outer mechanical sources is converted into electrical energy: 

the DET system is working in generator mode. As can be seen, in both cases the performance of 

energy conversion is directly related to the Maxwell stress. According to Eq. 2.4, the applied 

electric field level and the relative permittivity of DE material define generally the Maxwell stress, 

hence they are also directly related to the performance of DET actuators and generators. DE 

materials with large relative permittivity and high dielectric strength are thus preferred for DET 

applications. In particular, the dielectric strength has a quadratic effect in Eq. 2.4. 

By adopting methods from capacitive sensing field, the capacitance of DET system can be 

measured by various of techniques. Based on the measured capacitance, the current geometry of 

the system can also be estimated through Eq. 2.1: the DET system can now work as sensors.  

 

 

Figure 2.1. Basic DET configuration: a layer of DE material is sandwiched by two compliant electrodes. 

 

2.2 DET generator 

 

2.2.1 Basic working principle 

In generator application, the DETs are usually working cyclically, with each cycle can be 

referred as an energy conversion cycle ([19]). Within each cycle, the DET system switches 
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between stretched and contracted geometry states. During this procedure, the mechanical energy 

is transduced to electrical energy and then taken off from the system. The DET system will operate 

under both external mechanical input and electrical stress during the working cycle. To elaborate 

the correlation between the performance of DET generator and the applied electrical field, a simple 

example is introduced here as a square-shape DET generator with initial side length 𝐿  and 

thickness 𝑧. The DET system is shown in Fig. 2.2. 

 

 

Figure 2.2. A square shape DET generator is compressed by both electrical and mechanical stresses, resulting an equi-

biaxial stretching. The outer circuit provides an electric potential of  𝑉 onto the DET and the DET system retains a charge of 𝑄. 

 

The DET generator is powered up by an outer circuit with voltage 𝑉 and the transducer retains 

a charge of 𝑄. Here we assume a simple uniaxial stress 𝜎𝑚 is externally applied to the system along 

the 𝑧 direction. The geometry will be stretched equi-biaxially with a stretch ratio 𝜆 in 𝑥 and 𝑦 

directions (in-plane). From the incompressibility assumption (𝜆𝑥𝜆𝑦𝜆𝑧 = 1) the stretch ratio in the 

𝑧 direction is 𝜆𝑧 =
1

𝜆2, hence the current thickness of the system is 𝑧′ = 𝜆𝑧𝑧 =
𝑧

𝜆2. In constant 

voltage case, the resultant Maxwell stress 𝜎𝑒 can be written as (based on Eq. 2.4), 

 

 𝜎𝑒 =  −𝜀0𝜀𝑟 (
𝑉

𝑧′
)

2

= −𝜀0𝜀𝑟 (
𝑉

𝑧
)

2

𝜆4 (2.5) 

 

The current capacitance 𝐶′ of DET can be calculated as, 

 

 𝐶′ =
𝜀0𝜀𝑟𝐴′

𝑧′
=

𝜀0𝜀𝑟𝜆2𝐿2

𝑧
𝜆2

=
𝜀0𝜀𝑟𝐿2𝜆4

𝑧
 (2.6) 
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The 𝑄-𝑉 relationship now becomes, 

 

 𝑄 = 𝐶′𝑉 =
𝜀0𝜀𝑟𝐿2𝜆4

𝑧
𝑉 (2.7) 

 

For stationary scenario, the force balance equation can be expressed as, 

 

 𝜎𝑚 + 𝜎𝑒 = 𝜎𝑚 − 𝜀0𝜀𝑟 (
𝑉

𝑧
)

2

𝜆4 = 𝜎𝐷𝐸(𝑆𝑧) (2.8) 

 

with 𝜎𝐷𝐸(𝑆𝑧) the strain-stress characteristics of the DE material along the 𝑧 direction under 

simple extension, with the strain 𝑆𝑧 = 𝜆𝑧 − 1. This stress can be viewed as a recovery stress by 

the elastomer itself to compensate the compression stresses. 

For an ideal DET generator as shown above, the state can be completely described by 𝑄, 𝑉, 

𝜎𝑚 and 𝜆 ([24]). To illustrate the performance of an energy conversion cycle, a common way (as 

mentioned also in [24]) is to present a state of the DET generator as a point on 𝑄-𝑉 plane or on 𝜆-

𝜎 plane as shown in Fig. 2.3. For instance, when a DET system has its geometry fixed, i.e. its 

capacitance is fixed, the state set of the DET generator is a straight line passing the origin on 𝑄-𝑉 

plane. While geometry deformations might be difficult to be reflected on 𝑄-𝑉 plane, they can be 

easily observed on 𝜆-𝜎 plane as stretch-stress curves. 
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Figure 2.3. Example of a simple energy conversion cycle with maximum electric field control law plotted in (a) 𝑄-𝑉 

plane and in (b) 𝜆-𝜎 plane. 

 

The range of state of a DET generator during the operation is limited by many factors. The 

most significant ones are the electrical breakdown field 𝐸𝑏𝑑, the maximum principal stretch 𝜆𝑚𝑎𝑥 

and the electromechanical instability of the DET configuration. 

When the applied electric field reaches the dielectric strength 𝐸𝑏𝑑 of the material, electrical 

breakdown might occur in the DE material. During the electrical breakdown, conductive paths will 

form across the material, resulting short-circuit and dysfunctional of the DET system. 

Assume the DE material has a fixed dielectric strength 𝐸𝑏𝑑 , from the electrical energy 

expression Eq. 2.2, the 𝑄-𝑉 relationship is limited by the function, 

 

 𝑉𝑄 = 2𝑈𝑒 = 𝜀0𝜀𝑟𝑉𝑜𝑙𝐸𝑏𝑑
2  (2.9) 

 

which represents a hyperbola on the 𝑄-𝑉  plane (an example is plotted in Fig. 2.3a). The 

permissible range for states is the area below this hyperbola curve. From [24], the dielectric 

strength is in fact correlated to the stretch (for example, in VHB DE material the dielectric strength 

increases when the applied stretch is increased), the actual curve might only be approximate to a 

hyperbola.  

For maximum principal stretch 𝜆𝑚𝑎𝑥, the simplest fracture criterion is the Kawabata’s criterion 

[25], which postulates that rupture will not happen in the 𝑖-th principle direction if 𝜆𝑖 < 𝜆𝑚𝑎𝑥 (for 

𝑖 = 1,2,3). According to Eq. 2.6, capacitance is dependent solely on the stretch 𝜆. Hence 𝜆𝑚𝑎𝑥 is 
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actually associated to a straight line that passes origin on 𝑄-𝑉 plane, with a relatively small slope 

(the reciprocal of capacitance). The permissible range for states is the area above this line. On 𝜆-

𝜎 plane, this limitation can be shown straightforwardly as 𝜆2 < 𝜆𝑚𝑎𝑥, with 𝜆2 the largest stretch 

ratio that the DET generator will experience during an energy conversion cycle, as shown in Fig. 

2.3b. 

Since Maxwell stress will always try to compress the DE material, in constant voltage 

condition, decrease of thickness will increase the electric field across the DE material. This 

increased electric field will lead to an even larger Maxwell stress, which will compress further the 

DE material. At certain level of voltage, this procedure will lead to instability of the system.  

Assume a linear material with a constant elastic modulus 𝑌 in 𝑧 direction, the strain-stress 

characteristic 𝜎𝐷𝐸(𝑆𝑧) can be put as, 

 

 𝜎𝐷𝐸(𝑆𝑧) = 𝑌𝑆𝑧 (2.10) 

 

If there is no mechanical input applied to the system, Eq. 2.8 can be transformed as, 

 

 𝑉 = √−
𝑧2𝜆𝑧

2𝜎𝐷𝐸(𝑆𝑧)

𝜖0𝜖
= √−

𝑧2𝜆𝑧
2𝑌(𝜆𝑧−1)

𝜖0𝜖
=√−

𝑧2𝑌(1/𝜆2 −1)

𝜆4𝜖0𝜖
 (2.11) 

 

which is referred as voltage-stretch curve in [26]. When 
𝑑𝑉

𝑑𝜆
 reaches zero, the voltage-stretch 

curve reaches a peak. If 𝜆 is continuously increasing, the curve will decrease accordingly. The 

decrease of voltage-stretch curve indicates that the DE material will not be able to compensate the 

Maxwell stress and shrink indefinitely. Hence this peak can be considered as the instability point 

and calculated (for 𝜆𝑧) as, 

 

 
𝑑𝑉

𝑑𝜆𝑧
= √

𝑧2𝑌

𝜖0𝜖
∙

2 − 3𝜆𝑧

2√−𝜆𝑧
2(𝜆𝑧 − 1)

= 0 (2.12) 

 

in which the solution is simply 𝜆𝑧 =
2

3
. The strain 𝑆𝑧  is equal to 𝜆𝑧 − 1 = −

1

3
, which is 

identical to the demonstrational result shown in [23]. 𝜆𝑧 =
2

3
 or 𝑆𝑧 = −

1

3
 is only a theoretical 
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instability point, under the assumptions that there is no external mechanical input and the material 

has linear strain-stress characteristic with constant modulus.  

This so-called electromechanical instability (EMI) has been studied in the work [26]–[28], just 

to list a few. Common methods to avoid EMI include pre-stretching, calibrating DE material 

characteristic through fillers etc. In this work EMI is not considered since it is highly dependent 

on the DE material characteristic and is out of the scope of this thesis. 

Limits introduced above constrain the state trajectory of DET generator during the energy 

conversion cycle. A simple control law of energy generation which maintains highest possible 

electric field is elaborated as an example here. This basic energy conversion cycle is composed of 

four phases of operations (as shown in Fig. 2.3): 

(1) Starting from state with no applied electrical potential and charges (OFF state), the DET 

generator is stretched from initial stretch state 𝜆1 to 𝜆2 by external mechanical input. The 

capacitance of the DET generator is increased correspondingly from 𝐶1 to 𝐶2. This phase 

cannot be reflected on 𝑄-𝑉 plane since all the related states locate within the origin point. 

On 𝜆-𝜎 plane this phase can be represented as the upper strain-stress curve. 

(2) With the stretch 𝜆2 kept fixed, the DET generator is charged through outer circuit till the 

electric field reaches 𝐸𝑏𝑑 (close to the dielectric strength of the DE material). This phase 

locates as a straight line passing through origin with smaller slope on 𝑄-𝑉 plane in Fig. 

2.3a and as a vertical line on 𝜆-𝜎 plane in Fig. 2.3b. 

(3) With the voltage controlled to maintain the electric field at 𝐸𝑏𝑑  (ON state), the DET 

generator is contracted in area and restored to the initial stretch 𝜆1. The generated electrical 

energy can be deduced from inspecting the infinitesimal variation on the electrical energy 

𝑑𝑈𝑒 . According to Eq. 2.1, Eq. 2.2 and the incompressible assumption, 𝑑𝑈𝑒  can be 

calculated as (as introduced in [23]), 

 

 𝑑𝑈𝑒 = (
𝑄

𝐶
) 𝑑𝑄 − 2𝑈𝑒 (

1

𝐴
) 𝑑𝐴 (2.12) 

 

The first term (
𝑄

𝐶
) 𝑑𝑄 = 𝑉𝑑𝑄 is just the electrical energy input from the outer circuit by 

the flowing-in of charges. The second term is the generated energy, or in other words the 

mechanical-transduced electrical energy. This generated energy is directly proportional to 
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the 𝑈𝑒, the currently stored electrical energy by the DET. From Eq. 2.2, 𝑈𝑒 is also directly 

related to the applied electric field. By maintaining the applied electric field as high as 

possible during this phase will indeed maximize the generated energy by the DET generator 

per cycle. This phase locates as the electric breakdown limitation hyperbola on 𝑄-𝑉 plane 

and as the lower strain-stress curve on 𝜆-𝐸2 plane from 𝜆2 to 𝜆1. 

(4) With the deformation 𝜆1 kept fixed, the DET generator is discharged to zero. The DET 

generator can now perform another energy conversion cycle. This phase locates as a 

straight line passing the origin with larger slope on 𝑄-𝑉 plane and as a vertical line on 𝜆-𝜎 

plane. 

After the finishing of one energy conversion cycle, the area enclosed by the state trajectory of 

the DET generator on the state plane is proportional to the generated electrical energy. Since state 

is limited by the electric breakdown and the rupture strength of the material, these two constraints 

are the significant factors that affect the efficiency of the DET generator. 

 

2.2.2 Applications 

DET generators generally have decent energy density. The following figures have been 

demonstrated in experimental laboratory tests: 173 J/kg for an inflating circular diaphragm DET 

made with a silicone elastomer dielectric layer undergoing bubble like deformation ([21]); 370 

J/kg for a DET with similar geometry except the DE layer is made with a natural rubber dielectric 

([3]); 780 J/kg for a planar circular DET made with an acrylic elastomer dielectric layer undergoing 

equi-biaxial expansion ([29]). High energy density, cheapness of DE materials and ease of 

manufacture characteristic of DET, all these advantages make DET generators good candidates 

for harvesting clean energy in large scale. As introduced previously, DET system generally prefers 

high voltage to maximize the performance, which is also in favor with power distribution system.  

DET generators are also relatively insensitive to the operating frequency. From the previous 

elaboration, the operation of DET generator mainly depends on the strain and stress that applied 

to the system rather than the rate of the mechanical input, i.e. the DET generator usually have large 

dynamic range ([23]). This enables DET generator to harvest energy sources with irregular 

frequencies, which are common in renewable energy sources such as ocean waves and wind. 
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Energy harvester based on DET for harvesting ocean wave energy have been exploited in [17]–

[19], [21], [29], [30]. The cyclic characteristic of the ocean wave well fits the operational principle 

of DET generator.  

In particular, in [18], [30], DET generators with cylinder shape were designed to harvest the 

ocean wave energy. The proposed device has a hollowed cylinder chamber as the main body, with 

the top sealed by a bubble like DET layers and the bottom left opened. The device can work either 

as a buoy or as a stationary facility at the shore. The chamber is half-immersed in the ocean, with 

the bottom beneath and the top DET generator above the ocean surface. When the waves strike the 

device, the air pressure within the chamber will push the DET layer sealed on-top to inflate and 

deflate cyclically. The controlling circuit will perform the proper control law and charge take-off 

operation to harvest the energy. 

In [17], the generator is composed of a chain of hollowed cylinder chambers with their side-

walls composed of DET layers. By immersing totally underneath the ocean surface, this setup will 

be deformed cyclically by the ocean waves, so as each unit of DET layers along the chain.  

In [19], the generator is composed of a four-bar linkage with DET layers constrained onto the 

links. The four-bar linkage is then connected additionally to an oscillating flap. With waves push 

onto the flap, the four-bar linkage is deformed in area and so as the DET layers.  

Since DE materials are generally light and deformable, wearable devices that harvest energy 

from human activities are also proposed. A proof-of-principle example is shown in [23], with DET 

generators placed in the heels of shoes to collect energy from walking activities. Step-up converter 

is needed for DET for working as wearable devices. 

 

2.3 DET actuator 

 

2.3.1 Basic working principle 

While in generator mode the DET is compressed by the external mechanical input in the OFF 

state (no electrical load applied), in actuator mode the DET is compressed by the Maxwell stress 

and hence in the On state. 
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Assume again the simple DET system as mentioned in Section 2.2. For small strain 𝑆𝑧, the 

stress-strain relationship can be approximated to a linear elastic characteristic as Eq. 2.10, thus the 

strain generated by the Maxwell stress can be written as (with Eq. 2.5), 

 

 𝑆𝑧 =
𝜎𝑒

𝑌
= −

𝜀0𝜀𝑟

𝑌
(

𝑉

𝑧
)

2

𝜆4 = −
𝜀0𝜀𝑟

𝑌
(

𝑉

𝑧
)

2 1

(1 + 𝑆𝑧)2
 (2.13) 

 

Under the small-strain assumption, this expression can be further simplified as, 

 

 𝑆𝑧 = −
𝜀0𝜀𝑟

𝑌
(

𝑉

𝑧
)

2

= −
𝜀0𝜀𝑟

𝑌
𝐸2 (2.14) 

 

From the incompressible assumption, the relationship between the equi-biaxial strain 𝑆 = 𝜆 −

1 and 𝑆𝑧 is given by, 

 

 𝜆2𝜆𝑧 = 1 = (1 + 𝑆)2(1 + 𝑆𝑧) (2.15) 

 

Again, with the small strain assumption, the in-plane expansion 𝑆 can be approximated as 

(with Taylor’ expansion), 

 

 𝑆 = −
1

2
𝑆𝑧 (2.16) 

 

These results are under the assumption of small strain, but some natures of the DET actuators 

can be observed and qualitatively discussed. The electric field across the DE material determines 

the Maxwell stress, affects both the possible thrust and stroke of the actuator quadratically. Hence 

the performance of DET actuator is also directly related to the applied electric field. 

DET actuators usually need additional mechanical frames to transform the in-plane or normal-

to-plane stress and strain into usable thrust and stroke.  

Some basic configurations of DET actuators are shown in Fig. 2.4 (from [23]). 
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Figure 2.4. Basic DET actuator configurations (from [23]): (a) stack, (b) extender, (c) bimorph and unimorph bending 

beam actuators, (d) diaphragm and (e) tube. 

 

These basic configurations use only the in-plane or normal-to-plane strain and stress of the DE 

materials to generate stroke and thrust. Some of the designs utilize stacking method for scaling up 

the effective stroke and thrust. For example, the stack configuration (2.4a) piles up DET layers to 

enhance the normal-to-plane strain and stress, while the extender (2.4b) and the tube configuration 

(2.4e) adopt similar methods but to enhance the in-plane strain and stress. Some of the designs 

make use of the deformability of the DE materials. For example, the bending beam (2.4c) and the 

diaphragm configuration (2.4d) permit out-of-plane deformation during operation, the tube 

configuration (2.4e) roll up a single long DET layer to implement stacking method for space saving. 

Although these designs are straightforward and relatively simple, they have shown the two major 

advantages of DET: scalability and deformability.  

Advanced design in the mechanical frames in DET actuators will largely increase the stroke or 

thrust from the basic configurations. For example, mechanical frames with negative spring 

constant will perform work to the DET configuration during the operation to increase the effective 

stroke of the actuator. 

 

2.3.2 Applications 

Many DET actuators have been proposed in recent researches. DET actuators can improve the 

existing applications for space-saving, interactivity, conformability and inhibition of noise. DET 

actuators can also be essential in brand new designs of actuators. 

Some examples of DET actuators improve the existing applications are:  
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In [5], DET-based micro gas valves were introduced. The setup utilizes stacked DET actuators 

that located at the inlets as the valve stem. Once activated, the shrink in thickness of DET layers 

will enable the gas to flow into the valve. DE materials usually work in silent, thus they might 

lower the noise and power loss for gas valve applications. 

In [6], DET loudspeakers were proposed. The DET layers work both as actuator and sound-

radiated medium. The deformability of DE materials enables the proposed loudspeakers to be 

placed to curved surface.  

In [8], [9], DET tunable lenses were proposed. With clear fluid enclosed within transparent 

DET layers, the ensembled lenses will change the focal of length when proper commanding 

voltage is applied. In this way no additional mechanical mechanism is needed comparing to 

traditional tunable lenses. The transparency of certain DE materials enables this design, which also 

shows the diversity in the characteristics of different DE materials. Benefit from the polymer 

industry, a large variety of DE materials are available, and the material choice can be optimized 

for the considered applications.  

Other applications that improved by DET actuator can also be found in [10] considering soft 

actuators for robots interacting with humans and the environment and in [7] considering braille 

displays. 

For actuator designs that are originated from DET technology, artificial muscle is an interesting 

topic since the very beginning of DET history. Among many other electromechanical transducer 

technologies, DET is considered as one of the most similar to how human muscle behaves. A 

variety of artificial muscle designs were covered in [31]. For example, robot driven by rolled DET 

actuators, inchworm-type climbing robot with the body actuated by DET actuators. 

Advanced designs on the mechanical frames of DET actuator are also of interest in current 

DET research field. In particular, DET actuator with bow-tie shape frame was introduced in [32]. 

The proposed frame with designed elastic characteristic forms a negative stiffness mechanism that 

help to increase the effective stroke of the plain rectangular DET actuator. 

In [33], the proposed biasing frame mechanism combines both negative stiffness and linear 

elastic springs. The DET layer has a basic ring structure which will only have meaningful stroke 

in normal-to-plane direction with the help of biasing mechanisms. The negative stiffness part of 

the frame enables operation states to be bi-stable, lowers energy for maintaining stroke at large 

deformation. 



 

2.4 DET sensor 

18 

 

In [34], flexible frames were proposed for DET actuator to perform out-of-plane deformation. 

The flexible frames can also be the medium between the soft DE material and the additional rigid 

frames for ease of attachment. 

Other DET actuators with interesting mechanical frames can also be found in [35], [36]. 

 

2.4 DET sensor 

 

2.4.1 Basic working principle 

From Eq. 2.6, the capacitance of the DET is correlated to the current geometry. In constant 

charge condition, the relationship between the current voltage and the original voltage can be 

written as, 

 

 𝑉′ =
𝑄

𝐶′
=

𝑄𝑧

𝜀0𝜀𝑟𝐿2𝜆4
=

𝑉

𝜆4
 (2.17) 

 

The current voltage will vary with the fourth power of the equi-biaxial stretch ratio. Since the 

DE materials generally allow larger deformation than most other deformable electromechanical 

materials, with proper settings the variance range in 𝑉′ could be tuned to be sufficient for accurate 

measurement. Based on the variance on 𝑉′, geometry information can be extracted. This approach 

is suitable for alternative mechanical input ([23]): for DC or very slow frequency mechanical input 

the variance in 𝑉′ will be affected also by the current leakage of the DET and other factors, which 

will lead to inaccurate measurement. 

An alternative way is to measure the capacitance of the DET directly. A common method is to 

construct a RC circuit with the DET as the capacitor and an additional measurement resistance 𝑅𝑚. 

This circuit behaves as a high-pass filter as shown in Fig. 2.5. Fig. 2.5 assumes both the capacitance 

𝐶𝐷𝐸𝑇  and the electrode resistance 𝑅𝐷𝐸𝑇  are correlated to the system geometry. A sampling 

sinusoidal voltage signal 𝑉𝑠, with a frequency 𝑓𝑠 =
𝜔𝑠

2𝜋
 higher than the cut-off frequency of the high-

pass filter, will be applied across the RC circuit. The voltage 𝑉𝑚 or the current 𝐼𝑚 of resistance 𝑅𝑚 

will be measured and recorded.  
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Figure 2.5. High-pass filter consist of DET system and measurement resistance. 

 

From the measured 𝑉𝑚 and 𝐼𝑚, many approaches can be utilized to estimate the capacitance of 

the DET. For example, as introduced in [37], the rms of 𝐼𝑚, 𝐼𝑚,𝑟𝑚𝑠 and the phase shift 𝜙 at the 

measurement frequency 𝜔𝑠  can be firstly extracted from the measured 𝐼𝑚 . Then the Kirchhoff 

voltage equation can be written as,  

 

 
𝑉𝑠

𝐼𝑚
= 𝑅𝐷𝐸𝑇 + 𝑅𝑚 −

𝑖

𝜔𝑠𝐶𝐷𝐸𝑇
 (2.18) 

 

Here 𝑉𝑠 and 𝐼𝑚 are phasors of signals 𝑉𝑠 and 𝐼𝑚. 𝐶𝐷𝐸𝑇 and 𝑅𝐷𝐸𝑇 can now be calculated as, 

 

 𝑅𝐷𝐸𝑇 = 𝑅𝑒 (
𝑉𝑠

𝐼𝑚
) − 𝑅𝑚 =

𝑉𝑠,𝑟𝑚𝑠

𝐼𝑚,𝑟𝑚𝑠
∙ cos 𝜙 − 𝑅𝑚 (2.19) 

 
𝐶𝐷𝐸𝑇 = −

1

𝐼𝑚 (
𝑉𝑠

𝐼𝑚
) ∙ 𝜔𝑠

= −
1

𝑉𝑠,𝑟𝑚𝑠

𝐼𝑚,𝑟𝑚𝑠
∙ sin 𝜙 ∙ 𝜔𝑠

 
(2.20) 

 

with 𝑉𝑠,𝑟𝑚𝑠 the rms value of the sampling signal. 

Besides classic phasor analysis, online regression algorithm can also be utilized on the datums 

of 𝑉𝑚 and 𝐼𝑚 to estimate 𝐶𝐷𝐸𝑇 and 𝑅𝐷𝐸𝑇.  

By carefully tuning the sampling frequency and magnitude of 𝑉𝑠, the sampling signal might be 

superimposed onto commanding voltage signal without affecting the normal operation of DET 

systems. This enables the so-called self-sensing characteristic for the DETs, that the DET 

applications can operate without additional sensors. Self-sensing generally lowers the complexity 

of application structure or increases the reliability when additional sensors are available. 
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DET sensors are also benefit from the scalability and deformability of DE materials. Arrays or 

stacks of DET sensors can be manufactured to achieve multi-point sensing. The flexibility of DET 

structure makes it possible to place the DET sensors to irregular surfaces or hard-to-reach places 

with least interference to the monitored object. This is useful in bioengineering and many other 

application fields. 

 

2.4.2 Applications 

Attempts of making self-sensing DET devices have been made in recent researches. In [11] 

and [37], high frequency, small magnitude sampling voltage is superimposed onto commanding 

signals. The capacitance is estimated through basic phasor equations as introduced previously. In 

[14], similar sampling voltage is used, but regression algorithms such as Least Mean Squares and 

Recursive Least Square are utilized to estimate the parameters of the circuit. 

Alternative measurement methods for system geometry are also available: in [38], the charging 

current is measured for determining the capacitance; in [39], resistance of the compliant electrodes 

is measured for geometry estimation. 
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Chapter 3  

Theoretical Background for Fatigue in DET Systems 

 

As can be seen in Chapter 2, DET generators are generally subjected to cyclically electrical 

and mechanical loading. Since DET systems usually have structures of layers rather than rotary 

structures, they need to return to initial condition from time to time for continuously operating. 

The same situation is also common in DET actuators: reciprocating motion is the major task for 

actuators working as system engines. As such, even if the applied electrical and mechanical 

conditions are well within the endurable range, DET applications are still susceptible to electro-

mechanical fatigue and degradation during the operation. Understanding the lifetime and reliability 

behavior of DETs under cyclically loading is thus crucial for validating the feasibility of the 

technology.  

The major factors that are likely to affect the lifetime of DET systems are: 

• Mechanical and electrical loading history due to the normal operation of DET applications; 

• DE material formulation, processing and pre-conditioning; 

• DET configuration scale and size; 

• Working environmental effects (for example, kinematic constraints due to electrode 

configuration, surrounding media, temperature, humidity, etc.); 

• Dissipative effects due to the material constitutive response (viscoelasticity and electrical 

conductivity). 

Since DE materials belong to polymer category, to establish approaches for characterizing 

lifetime and reliability of DET systems, existing practices for polymer technologies and research 

fields can be reasonable starting points and references. Lifetime characterizations in polymer 

industry regarding to either mechanical and electrical loading are well-established. In particular: 

• For mechanical loading, a significant number of test methods and results exist on the 

fatigue life characterization of elastomeric specimens under cyclic loading conditions. 

Examples are the ASTM standards D430, D4482, D623, the ISO standards 6943, 466-1, 

466-3, and papers [40]–[44]; 
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• For electrical loading, the existing standards, such as ASTM D149 and IEC 60243, only 

cover the determination of the short-time dielectric strength of solid insulating materials 

subjected to direct current or alternative current with power frequencies (between 48 Hz 

and 62 Hz) conditions. However, established practices exist for the electrical degradation 

and breakdown characterization of polymers [45], mostly developed in power cable 

industry. 

From [22] and our own experience, electrical degradation and breakdown seems to be the most 

probable mode that lead to the failure of DETs. In this study the investigation on the lifetime of 

DETs will consider electrical loading only. No mechanical loading is applied except the Maxwell 

stress and the constant pre-stretch ratio. Models, test plans and data analyses used in this study are 

developed in accordance with those currently employed in other fields of research and industry 

(mainly [45], [46]). 

In this chapter, the electrical degradation and breakdown mechanisms for polymers are covered 

in Section 3.1. The adopted stochastic approach for handling the DET lifetime result is introduced 

in Section 3.2. 

 

3.1 Electrical degradation and breakdown for polymer 

 

Common DE materials such as natural rubber, silicone elastomer, acrylic elastomer all fall into 

category of polymers. Polymers are composed of long-chain macromolecules with repeating 

monomer units. They usually have excellent dielectric characteristic and controllable mechanical 

behavior. Hence they are widely used in power cable industry for electrical insulation, mechanical 

support etc. 

The electrical degradation and breakdown processes in polymers can be defined as: the 

degradation procedure during which damage is accumulated within the material at the presence of 

electrical loading, and the final breakdown stage in which conducting channels are formed across 

the material. The electrical degradation and breakdown processes are complex procedures involve 

many physical and chemical mechanisms. In [45], the models of electrical degradation and 

breakdown mechanisms are divided into three categories: (1) low-level degradation models; (2) 

deterministic breakdown models and (3) stochastic models of the breakdown. However, the 

practical degradation and breakdown processes are indeed a combination of all the mechanisms, a 
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detailed and accurate description on the process is generally difficult to achieve. Each of the 

category will be briefly introduced in the following sections. 

 

3.1.1 Low-level degradation models for polymer  

Degradation mechanisms that present within the polymer under low or even no electrical 

loading are introduced in this section. Degradation processes such as physical aging, chemical 

aging are not necessarily triggered by the electrical loading. But they can affect the probability of 

the electrical breakdown and can also be involved in electrical degradation procedures. Electrical 

degradation processes such as water treeing and partial discharging are initiated and intensified by 

the applied electrical loading. 

 

Physical aging 

The glass transition temperature 𝑇𝑔 is the temperature below which the polymer will transform 

into glass-like state. Polymers such as elastomers have their glass transition temperature 𝑇𝑔 below 

room temperature, thus elastomers are normally soft and flexible. Polymers such as polyvinyl 

chloride (PVC) have their glass transition temperature 𝑇𝑔  above room temperature, thus they 

generally appear to be hard and rigid. The exact value of  𝑇𝑔 depends on many factors, including 

the cooling or heating rate prior to the temperature. A more well-defined temperature level 𝑇𝑔
′ is 

at which the macroscopic viscosity and the relaxation rate of the polymer asymptotically approach 

infinity. 𝑇𝑔
′ is generally lower than 𝑇𝑔. Between 𝑇𝑔 and 𝑇𝑔

′ is where the physical aging appears. In 

this temperature interval, the chain segmental motions of the polymer are inhibited and the 

returning to the equilibrium is slow down, thus the non-equilibrium state is now metastable. In this 

non-equilibrium state, slow structural relaxation via segmental motion is still allowed within the 

polymer and known as the physical aging. Physical aging can present above 𝑇𝑔 of the bulk material: 

the amorphous regions adjacent to the crystalline lamella or the filler particles will have a higher 

local 𝑇𝑔 than that of the rest amorphous body. Eventually the local mechanical stresses due to the 

structural relaxation (physical aging) will generate additional microvoids or increase the size of 

existing microvoids. Physical aging will also increase the number of interfaces between amorphous 

and chain-fold regions within the polymer. This leads to a greater density of traps and defects, and 

consequently an increase in local space charge concentrations. All these effects of physical aging 



 

3.1 Electrical degradation and breakdown for polymer 

24 

 

will increase the propensity of the polymer to electrical degradation procedures. Hence the 

physical aging will indeed compromise the dielectric performance of the polymer. 

 

Chemical aging 

Chemical aging processes occur when polymer free radicals are formed due to certain initiating 

steps. The initiating steps could be thermal, oxidative, UV absorption, ionizing radiation, or even 

mechanical. Free radicals are very chemically active and will lead to chain scission or cross-linking 

network formation. Either way the dielectric behavior of polymer will be changed, which might 

lead to unexpected electrical degradation or breakdown processes.  

 

Electrical aging 

The main electrical aging processes include water trees, partial discharges and electrical trees. 

These aging processes can be triggered by electric field orders of magnitude lower than the 

dielectric strength of the polymer, thus they are still belonging to the low-level degradation models.  

Water trees occur at relatively low field (lower than electrical trees), but water is essential for 

the process to origin and continue. Polymer material should be in contact with aqueous electrolyte 

for water trees to form. Water trees are generally visible with shape like tree branches. They can 

grow across the dielectric material without forming conducting path that leads to direct electrical 

breakdown, but the tree path can initiate electrical tree and thus degrade the insulation of the 

polymer. 

Partial discharges occur in the gaseous contents enclosed by the microvoid within the polymer,. 

Since the gas enclosed within the voids usually have a permittivity lower than the surrounding 

polymer material, when electrical loading is applied, the electric field within the voids will be 

enhanced. When the applied electric field reaches certain threshold value, this enhanced field will 

ionize the gas. The carriers of the ionization might erode the compact wall of the voids, generate 

defects within the material. If the discharge persists, these defects are likely be the starting points 

for electrical trees or other degradation mechanisms. The critical electric field level depends on 

the size of microvoid, the gas pressure and the gaseous contents. 

Electrical trees usually originate from the defects caused by partial discharge or other 

degradation processes. The tree branches are consisting of connected channels which are only 

weakly conductive. Thus, the forming and growing of electrical trees do not necessarily lead to 
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immediate breakdown, but dielectric performance is definitely degraded. Hence electrical trees 

can still be considered as a degradation model. 

 

3.1.2 Deterministic breakdown models for polymer 

The deterministic electrical breakdown models will provide an exact critical electric field level 

based on operating conditions of the polymer, above which the breakdown will occur. These 

models can be categorized according to the processes that lead to the final breakdown stage. In 

[45], four such models have been introduced as: 

 

Electric breakdown 

Two types of electric breakdown are essential for polymer: 

• Avalanche breakdown, which requires relatively high electric field level. In this case, when 

an electron with high enough energy collides with a bound electron, both electrons will be 

freed. With the help of the applied electric field, the two electrons can again be accelerated 

and achieve enough energy before next collisions. As this procedure continues, the number 

of carriers will increase exponentially and eventually cause irreversible damage to the 

polymer. This type of breakdown can be described by the required number of generations 

of ionizing collisions and level of applied electric field. 

• Intrinsic breakdown, which happens when the rate of losing energy, from electrons to 

lattice in polymer via electron-photon scattering, reaches a critical value. When the energy 

cannot be completely absorbed by the lattice, the electrons will eventually acquire 

sufficient energy for the final breakdown. The crucial electric field level for intrinsic 

breakdown can be found by solving the balancing equation between the energy gaining and 

losing functions for electrons.  

 

Thermal breakdown 

When the polymer is electrically stressed, some leakage current will flow within the material 

and some electrical power will be dissipated through the polymer. If the heat input (either from 

electrical power dissipation or the ambient environment) exceed the heat loss during the operation, 

the temperature on the polymer will increase indefinitely. The increasing in temperature might 

lead to two types of electric breakdown:  
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• The high temperature permanently changes the physical properties of the polymer (for 

example melting), which might cause the dielectric strength lower than the applied electric 

field level and hence lead to electrical breakdown. 

• The increase of temperature will increase also the conductivity of the polymer: high 

temperature will free more bound electrons within the material. The current will be 

enhanced due to the increase of the conductivity and so as the Joule heating. The Joule 

heating will further increase the temperature and thus the conductivity. This positive 

feedback procedure is the so-called ‘thermal runaway’ and will eventually lead to material 

breakdown.  

 

Electromechanical breakdown 

This mechanism is similar to DET electromechanical instability introduced in Section 2.2.1: 

the polymer cannot compensate the electrostatic stress due to the electrical loading and eventually 

lead to electrical or mechanical breakdown. 

 

Partial discharge breakdown 

 Partial discharge has been introduced in section 3.1.1 as degradation model. The same 

procedures can lead to directly breakdown of the polymer. The level at which partial discharge 

breakdown occurs is also dependent on the gaseous content, polymer material and the microvoid 

configuration. 

 

For deterministic degradation and breakdown mechanisms, given the operation condition and 

material characteristic, the critical condition is defined by the corresponding models. This is 

generally not the case in practical applications where lifespan and dielectric strength cannot be 

predicted exactly. Hence they are better described through stochastic approach with corresponding 

probability distribution models. In this thesis we will focus on the stochastic approach for 

characterizing the reliability and lifetime behavior of DET with methods adopting from the 

polymer industry. The detailed theoretical background on the stochastic approach will be 

introduced in next section. 
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3.2 Stochastic approach for DET lifetime 

 

3.2.1 Basic introduction on reliability statistics 

For polymer dielectric under electrical loading, it is impossible to predict the exact lifetime 

before electrical breakdown or the breakdown electric field level for certain operating condition, 

as mentioned previously. But if the lifetime probability distribution under electrical loading are 

known information, the failure probability at certain lifetime can be estimated within degree of 

confidence. To explore the lifetime distribution and probability, stochastic approach is thus 

necessary. Stochastic approach generally involves testing a large set of identical specimens under 

the same electrical loading. Each specimen will fail at a random different time that is likely to obey 

certain lifetime probability distribution model.  

An intuitive way to present the result of this kind of tests is plotting the obtained lifetime results 

as histogram. In this histogram, the vertical dimension represents the number of failed specimens, 

while the horizontal dimension represents the lifetime of the specimens. Thus, each bar in the 

histogram shows number of failed specimens (height) within a time interval (width). Fig. 3.1 shows 

an example of lifetime results for 60 specimens presented as histogram figures (reproduced from 

[45]). Fig. 3.1a, shows a direct histogram of the testing result, and in Fig. 3.1b shows a histogram 

for cumulative number of specimens failed before the time intervals. The fraction of failed 

specimens is shown at the right axis. 

 

 

Figure 3.1. (a) Histogram representation of results for constant-stress tests, the height of each vertical bar represents 

number of specimens or the proportion of the total number of specimens failed within the corresponding time interval; (b) 

cumulative histogram representation of the same set of results (reproduced from [45]). 
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If the test is consisting of infinite number of specimens, the histogram will have infinite number 

of bars with infinitesimal width, i.e. the histogram becomes a smooth curve, as shown in Fig. 3.2. 

The fraction of the failed specimen in these two histograms will now correspond to the probability 

density and the cumulative probability of the failure. Thus, the two curves indeed represent, 

accordingly, the probability density function (PDF) 𝑓(𝑡) and the cumulative probability function 

(CDF) 𝐹(𝑡) of failure.  

 

 

Figure 3.2. Examples of (a) probability density function and (b) cumulative distribution function of failure based on the 

same result set in Figure 3.1 (reproduced from [45]). 

 

The CDF 𝐹(𝑡) is the probability of a specimen failed before time 𝑡, i.e.  

 

 𝐹(𝑡) = 𝑃𝑟𝑜𝑏(𝑡𝑏 ≤ 𝑡) (3.1) 

 

with 𝑡𝑏 the time-to-breakdown for the specimen. 𝐹(𝑡) will always start at the origin and tend 

to 1 with 𝑡 → ∞, under the general assumption that no specimen is broken at the start of the test 

and eventually all specimens will fail in finite time. The relationship between CDF 𝐹(𝑡) and the 

PDF 𝑓(𝑡) is given by, 

 

 𝐹(𝑡) = ∫ 𝑓(𝜏)𝑑𝜏
𝑡

0

 (3.2) 
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since 𝑓(𝑡)  can be interpreted as 𝑓(𝑡)𝑑𝑡 = 𝑃𝑟𝑜𝑏(𝑡 ≤ 𝑡𝑏 < 𝑡 + 𝑑𝑡)  for 𝑑𝑡 → 0 . Thus 𝐹(𝑡) 

equals geometrically to the area under 𝑓(𝑡) curve between times 0 and 𝑡. The inverse relationship 

is also useful, which is: 

 

 𝑓(𝑡) =
𝑑𝐹(𝑡)

𝑑𝑡
 (3.3) 

 

The reliability function or the survivor function 𝑅(𝑡) is the probability that a specimen will not 

fail before the time 𝑡, hence it is the complement of 𝐹(𝑡): 

 

 𝑅(𝑡) = 𝑃𝑟𝑜𝑏(𝑡𝑏 > 𝑡) = 1 − 𝐹(𝑡) = ∫ 𝑓(𝜏)𝑑𝜏
∞

𝑡

 (3.4) 

 

The hazard function (HF) ℎ(𝑡) represents the instantaneous rate of failure at time 𝑡  for a 

specimen that has already survived so far, namely: 

 

 ℎ(𝑡) = lim
𝛿𝑡→0

𝑃𝑟𝑜𝑏(𝑡 ≤ 𝑡𝑏 < 𝑡 + 𝛿𝑡|𝑡𝑏 ≥ 𝑡)

𝛿𝑡
=

𝑓(𝑡)

𝑅(𝑡)
 (3.5) 

 

The reliability function and the hazard function for the previous mentioned example (from [45]) 

are reproduced in Fig. 3.3. 

 

 

Figure 3.3. Examples of (a) reliability function and (b) hazard function based on the same result set in Fig. 3.1 

(reproduced from [45]). 
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From Eq. 3.3 and Eq. 3.4, 𝑓(𝑡) = −
𝑑𝑅(𝑡)

𝑑𝑡
. Together with Eq. 3.5, we can get a differential 

equation: 

 

 
𝑑𝑅(𝑡)

𝑑𝑡
= −𝑓(𝑡) = 𝑅(𝑡)ℎ(𝑡) (3.6) 

 

which has a solution with the form 𝑅(𝑡) = exp [− ∫ ℎ(𝜏)𝑑𝜏
𝑡

0
]. The relationship between ℎ(𝑡) 

and 𝐹(𝑡) can now be written as, 

 

 𝐹(𝑡) = 1 − 𝑅(𝑡) = 1 − exp [− ∫ ℎ(𝜏)𝑑𝜏
𝑡

0

] (3.7) 

 

This expression emphasizes the effect of time-varying hazard function on the CDF. In the next 

section, time-varying parameters (such as the applied electric field level) can be accounted based 

on this expression. 

 

3.2.2 Weibull distribution model 

 

Basic introduction on Weibull distribution 

Weibull distribution is widely used in reliability statistics for assessing the lifetime of 

specimens, and is also suggested in [45] to characterize the lifetime behavior of polymer dielectric 

under electrical loading. The CDF 𝐹(𝑡), the PDF 𝑓(𝑡) and the reliability function 𝑅(𝑡) of a two-

parameter Weibull distribution are defined as, 

 

 𝐹(𝑡) = 1 − exp [− (
𝑡

𝛼
)

𝛽

] (3.8) 

 𝑓(𝑡) = (
𝛽

𝛼
) (

𝑡

𝛼
)

β−1

exp [− (
𝑡

𝛼
)

𝛽

] (3.9) 
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𝑅(𝑡) = exp [− (

𝑡

𝛼
)

𝛽

] (3.10) 

 

in which the distribution model can be determined with two parameters: 𝛼 the scale parameter 

and 𝛽 the shape parameter. From Eq. 3.5, the hazard function of Weibull distribution has the form 

 

 ℎ(𝑡) =
𝑓(𝑡)

𝑅(𝑡)
= (

𝛽

𝛼
) (

𝑡

𝛼
)

𝛽−1

 (3.11) 

 

In Weibull distribution, parameter 𝛼 is also known as characteristic lifetime since at 𝑡 = 𝛼, 

𝐹(𝛼) = 63.21%. As the name indicated, parameter 𝛽 determines the shape of the CDF and PDF 

curves, so as the hazard function. The effects of 𝛽 on CDF, PDF and HF curves are shown in Fig. 

3.4 (reproduced from [45]).  

For CDF (Fig. 3.4a), the increase of 𝛽 will lower the probability for specimen to fail at the 

early stage, but in the meantime increase the failure probability at the late stage. 𝛽 will not change 

the characteristic lifetime (which is defined by 𝛼) of the distribution, all curves intersect at the 

characteristic lifetime with percentile of 63.21%.  

For PDF (Fig. 3.4b), 𝛽 dramatically changes the shape of the PDF curves. For 𝛽 ≤ 1, the PDF 

decreases monotonically. For 𝛽 > 1, the PDF is peaked with the probability density at the peak 

increases along with the increasing of 𝛽. Since integral of the PDF from 0 to ∞ should maintain 

unity, the PDF becomes narrower. The peak also approaches the characteristic lifetime 𝛼 when 

𝛽 → ∞. In other words, as 𝛽 increases, the lifespans of specimens will have a smaller deviation. 

For HF (Fig. 3.4c), the function curve is highly dependent on the values of 𝛽. Specifically: 

• 𝛽 < 1 indicates a HF that decreases over time, which is typical of early-life failures; 

• 𝛽 = 1 indicates a constant HF, which means that there is no damage accumulation. The 

CDF now becomes an exponential distribution as 𝐹(𝑡) = 1 − exp (−
𝑡

𝛼
); 

• 𝛽 > 1  indicates a HF that increases over time, which provides a strong evidence of damage 

accumulation that is typical of wear-out failures. Very large values of 𝛽 (i.e., 𝛽 > 5) are 

typically distinctive of bad system design or extreme testing conditions. 
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Figure 3.4. Comparison of different values of 𝛽 on (a) CDF, (b) PDF and (c) hazard function with normalized time axis 

(reproduced from [45]).  

 

Two-parameter Weibull distribution is a particular case from the general three-parameter 

Weibull distribution, which has the CDF defined as, 

 

 𝐹(𝑡) = {
1 − exp [− (

𝑡 − 𝑡𝑡ℎ

𝛼
)

𝛽

] , 𝑡 ≥ 𝑡𝑡ℎ

0, 𝑡 < 𝑡𝑡ℎ

 (3.12) 

 

with 𝑡𝑡ℎ an inception time or threshold value below which the specimen will not fail. 𝑡𝑡ℎ also 

serves as a location parameter as it shifts the distribution along the time axis by the value of itself. 

In this thesis we mainly focus on the two-parameter Weibull distribution as initial assumption for 

DET lifetime distribution. 
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Incorporating effect of electrical loading into Weibull distribution 

The following reasoning has also been reported in [47], [48]. 

As suggested in [45], the effect of electric field can be incorporated into Weibull distribution 

model through the characteristic lifetime 𝛼. In [45], two empirical laws are introduced: the inverse 

power law and the exponential law. 

The inverse power law relates 𝛼 and the applied electric field level 𝐸 as, 

 

 𝛼(𝐸) =
exp (𝑎1)

𝐸𝑎2
 (3.13) 

 

with 𝑎1 and 𝑎2 new parameters to be determined by numerical fitting of experiment results.  

The exponential law relates 𝛼 and the applied electric field level 𝐸 as, 

 

 𝛼(𝐸) = 𝑎1exp (
𝑎2

𝐸
) (3.14) 

 

Both laws make a common assumption that the increase of the electrical loading will decrease 

the characteristic lifetime, hence parameter 𝑎2 > 0. This thesis will consider the inverse power 

law as initial assumption for DET lifetime distribution, for the general reason that this relationship 

can be easily incorporated into Weibull distribution model. In inverse power law, parameter 𝑎2 

reflects how the electric field affects the distribution, i.e. relates to the breakdown mechanism of 

the testing condition. While 𝑎1 works as a scale parameter which converts the electric field level 

to the range of lifetime. Additional parameter 𝐸𝑡ℎ can be included in as, 

 

𝛼(𝐸) = {

exp(𝑎1)

(𝐸 − 𝐸𝑡ℎ)𝑎2
, 𝐸 ≥ 𝐸𝑡ℎ

∞, 𝐸 < 𝐸𝑡ℎ

 

 

with 𝐸𝑡ℎ  the threshold electric field, below which the specimens will not fail. As a first 

assumption, we have considered 𝐸𝑡ℎ = 0. With a time-varying electric field 𝐸(𝑡), the inverse 

power law can be incorporated into the hazard function (Eq. 3.11) of Weibull distribution model 

as, 
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 ℎ(𝑡) =
𝛽

exp(𝑎1𝛽)
𝑡𝛽−1[𝐸(𝑡)]𝛽𝑎2 (3.15) 

 

Substitute Eq. 3.15 into Eq. 3.7, the CDF can now be written as, 

 

 𝐹(𝐸, 𝑡) = 1 − exp {− ∫
𝛽

exp(𝑎1𝛽)
𝜏𝛽−1[𝐸(𝜏)]𝛽𝑎2

𝑡

0

𝑑𝜏} (3.16) 

 

The operation of DET generator, as introduced in Chapter 2, involves applying electrical stress 

when DET configuration is expanded and withdrawing when it is contracted. Hence the operating 

electrical loading on the DET generator can be roughly approximated by a square-wave electric 

field waveform. In this thesis square-wave electric field waveform with 50% duty cycle is 

considered as the test condition.  

The considered periods of electrical loading are relatively small compared to the estimated 

lifespan of the DET system (DET generators usually work in 0.1-10Hz while the expected lifetime 

should be of months or even years). During each operating cycle, the DET system will also 

experience charging and discharging phases in addition to normal constant electric loading. Hence, 

the lifetime characteristic might be better described in terms of number of energy conversion cycles. 

In this way, the performance of a DET generator can also be directly related to the lifetime. Hence, 

we postulate that the CDF incorporated with square-wave electric field signal can be written as: 

 

 𝐹(𝑁) = 1 − exp [− (
𝑁

𝑁𝑐
)

𝛽

] (3.17) 

 

which describes the probability of failure for a DET specimen during the 𝑁th operating cycle. 

𝑁𝑐 is now called the characteristic lifetime cycles. If the effect of electrical loading needs to be 

incorporated, 𝑁𝑐 can share the same expression of 𝛼(𝐸) as 𝑁𝑐 = 𝛼(𝐸) =
exp (𝑎1)

𝐸𝑎2
, in which 𝐸 now 

represents the magnitude of the square-wave electrical field waveform. The associated parameters 

might be affected additionally by the frequency and shape of the square-wave electrical stress now.  
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The effect of frequency might be deduced through Eq. 3.16 which deals with elapsed time. For 

square wave electric field waveform with 50% duty cycle, the CDF can be written as, 
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(3.18) 

 

with 𝑇 the period of the square wave waveform. No simple explicit form is available for this 

expression, but since generally 𝑁 ≫
1

2
, a rough approximation can be calculated using integral with 

rectangle method and the first order Taylor approximation: 

 

 𝐹(𝐸, 𝑡) ≈ 1 − exp [−
𝐸𝛽𝑎2𝑇𝛽𝑁𝛽

2exp(𝑎1𝛽)
] = 1 − exp {− [

𝑇𝑁

2
1
𝛽𝛼(𝐸)

]

𝛽

} (3.19) 

 

which compared with Eq. 3.17 will have 𝑁𝑐 =
21/𝛽𝛼(𝐸)

𝑇
. This expression indicates that the 

larger the period, the shorter the characteristic lifetime cycles since the material is electrically 

stressed longer with larger period. Here, this conclusion is not considered at first: Eq. 3.16 is based 

on continuous constant electric field that might not be suitable for square-wave electric field 

waveforms, also the expression is a result of many approximations. Hence here we will use Eq. 

3.17 as a primary distribution model and the dependence of 𝑁𝑐 on the frequency of square-wave 

waveform will be explored through experiments. 

In Eq. 3.17, assumption has been made that the shape parameter 𝛽 will not be affected by the 

applied electric field. But from [45], parameter 𝛽 might indeed vary for different levels of electric 

field since different levels might trigger different failure mechanisms. To include this possible 

dependency of 𝛽 on the electric stress, here we postulate an expression of 𝛽 as, 

 

 𝛽 = 𝑎3 − 𝑎4 log 𝐸 (3.20) 
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with additional parameters 𝑎3  and 𝑎4 . This proposed expression is simply stating that 𝛽 is 

linearly dependent on the logarithm of the electric stress. Logarithm of the stress has been chosen 

since Weibull analysis is more conveniently assessed in logarithmic scale. 

After estimating the parameters 𝑁𝑐  and 𝛽 , the Mean-Cycle-To-Failure (MCTF) can be 

calculated as the mean value of the Weibull distribution, 

 

 𝑀𝐶𝑇𝐹 = 𝑁𝑐 ∙ Γ(1 + 1/𝛽) (3.21) 

 

Eq. 3.17 and Eq. 3.21 alone can be fitted with experimental data without considering the effect 

of electrical loading to validate how test conditions other than electric field level (such as electric 

field frequency, kinematic constraints and DET device size) affect the lifetime distribution. 

 

Weibull parameters estimation and confidence analysis 

In previous section, parameters 𝑎1 , 𝑎2 , 𝑎3 , and 𝑎4  (or 𝑁𝑐 , 𝛽  neglecting effect of electrical 

loading) needed to be estimated for defining the model. A generally accepted method for 

estimating the Weibull parameters is the Maximum Likelihood Estimation (MLE) method.  

As introduced in [46], The MLE method is aiming to find the parameters that maximize the 

joint likelihood function. For lifetime characterization, a likelihood function represents how likely 

a lifetime result set would be observed, if the lifetime indeed follows the distribution model defined 

by certain parameters. Assume each specimen’s lifetime is independent and identically distributed, 

the joint likelihood function will be the product of likelihood functions for all the obtained results, 

thus can be presents as a function 𝐿(𝒕; 𝜽) = ∏ 𝑓(𝑡𝑖 , 𝜽)𝑖 , with 𝒕 the obtained lifetime result vector 

and 𝜽 the parameter vector. Joint likelihood function is generally logarithmized as the sample log-

likelihood function with the form ℒ(𝒕; 𝜽) = ln[𝐿(𝒕; 𝜽)]. The MLE method can now be interpreted 

as: given sample vector 𝒕 and the proposed distribution model, finding the estimated parameter 

vector �̂� that maximize the sample log-likelihood function ℒ(𝒕; 𝜽). 

General optimization tools, such as fmincon function from MATLAB©  Optimization Toolbox, 

can be easily utilized to solve this kind of problems. fmincon function finds the minimum of an 

objective function under given constraints, thus the negative of ℒ(𝑵; 𝜽)  can be used as the 

objective function. Additional constraints have been made as 𝑁𝑐 > 0 and 1 ≤ 𝛽 ≤ 5, to prevent 
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the identification of distributions that have failure rate decreases over time or with excessive 

accelerated failure. 

From [46], if the number of samples is large and the given distribution models satisfy certain 

regularity conditions, parameter set �̂� estimated through MLE method converges in distribution to 

a normal distribution. This means that the joint sampling distribution of �̂�  converges to a 

multivariate normal distribution with means as the true parameter 𝜽0. Most numerical optimization 

tools provide the approximated Hessian of the objective function at the found optimal vector �̂�. 

Hessian is the matrix of second derivative of the objective function, and can also be used to 

estimate the covariance matrix for the estimated parameter vector �̂� . Based on the normal 

asymptotic behavior of MLE method and the estimated covariance matrix, the two-sided 100𝛾% 

confidence interval can be approximated on the estimated parameters or on functions that depend 

on the parameters. 

In this work, parameters 𝑎1, 𝑎2, 𝑎3, and 𝑎4 or 𝑁𝑐, 𝛽 have been estimated through MLE method. 

The two-sided 95% confidence intervals for parameters, lifetime under certain percentile and 

MCTF under certain electric field level are also estimated. 

 

Weibull distribution graphical presentation 

Weibull probability paper is a common way to present the obtained result and is intuitive for 

validating how well the Weibull distribution model fits the obtained result. Weibull probability 

paper has non-linear scale on the two axes: 

• The vertical axis shows the cumulative probability. The scale is log10[− ln(1 − 𝑃)] with 

𝑃 the cumulative probabilities of the sample result; 

• The horizontal axis shows the observed lifetime. The scale is log10(𝑡) . 

To plot the result data points onto the Weibull probability paper, the cumulative probabilities 

𝑃  for the obtained results need to be estimated. A good and simple approximation on 𝑃  is 

suggested in IEC 62539. Assume 𝑛 specimens with observed lifetime have been acquired through 

testing under identical conditions. Specimens need firstly to be sorted from lowest to largest 

according to the observed lifetime, then a rank 𝑖 = 1, … , 𝑛 is assigned to each specimen according 

to the sorted order. The cumulative probability for the 𝑖th specimen can now be estimated as, 
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 𝑃(𝑖, 𝑛) =
𝑖 − 0.44

𝑛 + 0.25
× 100% (3.22) 

 

When plotted on the Weibull probability paper, the two-parameter Weibull distribution model 

Eq. 3.17 can be transformed as, 

 

 log10[− ln(1 − 𝐹)]  = 𝛽 log10 𝑁 − 𝛽 log10 𝑁𝑐 (3.23) 

 

This expression represents a straight line on Weibull probability paper. Thus, the observed 

lifetimes will scatter along this straight line if the lifetime distribution model indeed follows the 

two-parameter Weibull model. Parameters 𝑁𝑐  and 𝛽  represent the offset (as the location of 

63.19% percentile) and the slope of the straight line.  

Presenting the results on the Weibull probability paper will also reflect the characteristics of 

other distribution. For three-parameter Weibull distribution, the line will be curved towards −∞ 

along vertical axis at around the lifetime threshold 𝑡𝑡ℎ  in Eq. 3.12. In certain cases, the life 

distribution following two-parameter Weibull model might have time-varying shape parameter 𝛽, 

for example the specimen might have 𝛽 < 1 at early stage indicating a decreasing failure rate at 

the beginning of operation and have 𝛽 > 1 later on for damage cumulating failure rate. This kind 

of distribution is the so-called multiplicatively-mixed two-parameter Weibull distribution ([45]) 

and on the Weibull probability paper the distribution is consist of two straight lines with different 

slopes in different lifetime regions. Examples of standard two-parameter, three-parameter and 

multiplicatively-mixed two-parameter Weibull distribution are plotted in Fig. 3.5. 
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Figure 3.5. Different types of Weibull distribution model plotted on the Weibull probability paper, in particular: (a) two-

parameter Weibull model; (b) three-parameter Weibull model; (c) multiplicatively-mixed two-parameter Weibull model 

(reproduced from [45]). 

 

But generally, without enough observed data points, the curviness of distribution line on 

Weibull probability paper is difficult to be observed and validated. 

The two-sided 100𝛾% confidence interval of time to breakdown for certain percentile will 

form two curves that sandwich the estimated straight line of Weibull distribution. These two curves 

can be used to validate the reliability of the estimation. 

 

Size scaling 

In practical applications, specimens usually have sizes larger than those tested under laboratory 

condition. In order to apply the distribution model (obtained from tests) to practical situation, a 

simple and straight-forward method has been suggested in [45] and IEC 62539. Assume specimens 

with experimental sizes that are capable to capture sufficient characteristics of the material, 

specimens with bigger sizes can be considered as plain multiplicity of specimens with 

experimental size. The reliability probability of larger sample can now be expressed as the product 

of reliability probabilities for multiple smaller samples. Let the scale ratio 𝐷  defined as 

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑧𝑒

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑖𝑧𝑒
, based on Eq. 3.17 and the reliability function Eq. 3.12, the joint reliability can be 

calculated as, 

 

 𝑅𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑅𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
𝐷 = exp [−𝐷 (

𝑁

𝑁�̂�

)

 �̂�

] (3.24) 
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From this expression, the scaling of size will not affect the shape parameter �̂� but only reduce 

the characteristic life cycle 𝑁�̂� to  
𝑁�̂�

𝐷

1

�̂�

. In practice specimens with larger sizes might be affected by 

different failure mechanisms, thus Eq. 3.24 needs to be verified through experiments. 
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Chapter 4  

Electromechanical Characterization on DE Materials 

 

Before conducting the lifetime characterization, electromechanical characterization has been 

performed on three typical DE materials to compare their capabilities in DET applications. The 

three considered DE materials are: 

• Styrenic rubber (THERABAND YELLOW 11726), which will also be used in the lifetime 

characterization experiments; 

• Natural rubber (OPPO BAND GREEN 8003); 

• Double sensitive acrylic tape (VHB 4905 by 3M). 

The thickness of specimens based on these three DE membranes are firstly measured. Then the 

dielectric strength, electrical conductivity, dielectric constant and mechanical response 

characteristics will be measured accordingly following the proposed procedures. The experimental 

set-ups and procedures are introduced in Section 4.1, the results for electrical characterization are 

reported in Section 4.2 and the results for mechanical response characterization are reported in 

Section 4.3. 

 

4.1 Experimental set-ups and procedures 

 

This section describes the experimental set-ups and procedures that have been used for 

determining the electromechanical properties of the three considered DE membranes.  

For each DE membrane under investigation, the different characterization tests have been 

conducted on the same batch of material. 

Specimens of the THERABAND YELLOW 11726 and OPPO BAND GREEN 8003 materials 

are prepared from the virgin band as is provided by the manufacturer. Specimens of the VHB 4905 

material are prepared by first laminating (thereby, gluing) three virgin pieces of tape one on top of 
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the other to obtain a three-layered membrane. This has been done for the following two reasons: 

1) in practical DET applications, the VHB 4905 is frequently used in the form of laminates made 

by two/three layers of the base material [49]; 2) to make the initial working thickness of the VHB 

4905 specimen similar to the initial working thicknesses of THERABAND YELLOW 11726 and 

OPPO BAND GREEN 8003 specimens. 

Every experiment has been conducted in a laboratory environment, with a temperature of 

around 25 °C and a relative humidity of around 60%. Although the electromechanical properties 

of DEs are known to be affected by temperature, humidity and other environmental factors, these 

effects are not considered in this work.  

 

4.1.1 Measurement of membrane thickness 

Film thickness has been measured via a high-accuracy CCD laser displacement sensor 

(Keyence LK-G152). As shown in Fig. 4.1, tests are performed with the DE membrane specimen 

interposed between a base flat circular plate and a calibrated disc (made of brass, 50𝑚𝑚  in 

diameter and 10𝑚𝑚 in height).  

In the set-up, the laser is kept fixed and is used to measure the distance of the same central 

point of the calibrated disc both in presence and in absence of the DE material under test. 

Membrane thickness is then estimated as the difference between these two measures. Correctness 

and repeatability are verified by performing the measurements five times on the same specimen 

and by checking that the acquired values do not differ by more than three per cent; then, the average 

value is taken as the membrane thickness estimate, 𝑡.  

 

 

Figure 4.1. Set-up for membrane thickness measurement. 
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Although the use of a calibrated cylinder does not make it possible to measure the membrane 

thickness locally, the set-up considered here enables to reduce the errors due to imperfect contact 

between DE membrane and base plate, as well as to imperfect light reflection by the DE membrane 

(that is likely to be different from a material to one another due to different specimen thickness, 

roughness and colour). For the considered laser sensor and DE materials, these two issues made 

indeed difficult to obtain consistent results with the laser profilometry method suggested in [23]. 

 

4.1.2 Measurement of membrane dielectric strength 

Dielectric strength measurement is performed with unequal cylindrical metallic electrodes with 

a set-up similar to those suggested in the standards IEC 60243-1 and ASTM D149 for thin films 

and laminates.  

As shown in Fig. 4.2, a cylinder with dimension 25𝑚𝑚 in both diameter and height is used as 

the high voltage electrode, whereas a cylinder with dimension 150𝑚𝑚 in diameter and 10𝑚𝑚 in 

height is used as the ground electrode. Both cylinders are made of brass and with the edges rounded 

to give a radius of 3𝑚𝑚; they are arranged coaxially within 2𝑚𝑚. The cylinder surfaces that are 

in contact with the membrane are polished and free from irregularities resulting from previous 

testing. To insure safety and to limit current dispersions though the surrounding air, the HV 

electrode is fully embedded in a plastic cylindrical receptacle (constituted by two parts made in 

Delrin® ) that closes onto the DE membrane specimen. This protects the HV electrode from the 

user touch and interrupts the air path to the ground electrode. To limit the exposed metal surface, 

the lower half of the ground electrode is embedded in a Delrin®  frame.  

As for the power, control and measurement electronics: 1) the electric potential difference is 

provided to the unequal electrodes via a HV DC/DC converter (Untravolt 40A24-P30-C); 2) the 

connection between HV converter and electrodes is made with double-insulated HV cables; 3) 

input voltage is commanded to the HV supply either manually or automatically via a signal 

generator (ISO-TECH GFG 2004); 4) the electric potential difference commanded and generated 

by the HV supply are logged automatically to a PC via a USB-based oscilloscope (PicoScope 

2202). This set-up enables to test DE membrane specimens with maximum electric potential 

difference selectable in the range from 0 to 40𝑘𝑉, and to obtain breakdown voltage (and thus, 

dielectric strength) measurements with a resolution equalling 0.8% of the selected full scale. 
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For each specimen under test, electric potential difference is applied between the electrodes 

according to a short-time (rapid-rise) test; that is: voltage is raised from zero at a uniform rate until 

breakdown occurs, with the rate of rise chosen among 0.5 𝑘𝑉/𝑠, 2 𝑘𝑉/𝑠 and 5 𝑘𝑉/𝑠 to guarantee 

the breakdown to occur between 10𝑠  and 20𝑠 . After rupture, the breakdown voltage, 𝑉𝐵𝐷 , is 

extracted from the acquired data and the dielectric strength of the tested specimen is estimated as 

𝐸𝐵𝐷  =
 𝑉𝐵𝐷

𝑡
. 

To assess any dependency of dielectric strength on strain ([24]), each of the considered 

materials is here tested at different levels of equi-biaxial deformation. 

Since dielectric breakdown in polymers is known to be a stochastic process as introduced in 

Chapter 3, seven specimens are tested for each material and level of deformation.  

 

 

Figure 4.2. Electrode set-up for membrane dielectric strength measurement. 

 

Differently from [23], unequal cylindrical electrodes have been preferred here to hemispherical 

(or spherical) and plate electrodes in order to test on larger volumes of materials, which typically 

provides more conservative and repeatable values that are closer to those experienced in practical 

applications. Differently from the IEC 60243-1 and ASTM D149 standards, the ground electrode 

of the unequal cylinders set-up is chosen larger than the suggested value (150𝑚𝑚 vs 75𝑚𝑚) so 

as to support over their entire area DE membrane specimens that are stretched onto circular frames. 

This is important since each of the considered materials is here tested at different levels of equi-

biaxial deformation in order to assess any dependency of dielectric strength on strain ([24]). 

 

4.1.3 Measurement of membrane electrical conductivity 

Volume conductivity measurement is performed on the electrode set-up shown in Fig. 4.3 

which comprises: 1) the DE membrane under test; 2) an outer plastic frame made of two identical 
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Delrin®  rings, each featuring 130𝑚𝑚  internal diameter, 155𝑚𝑚  external diameter and 3𝑚𝑚 

thickness, which is used to keep the DE membrane in a pre-stretched state at opposite sides; 3) two 

identical circular carbon grease (MG Chemicals 846) electrodes with 80𝑚𝑚 diameter that are 

reported on the opposite sides of the DE membrane after pre-stretch; 4) an inner plastic frame 

made of two identical Delrin®  rings, each featuring 80𝑚𝑚 internal diameter, 120𝑚𝑚 external 

diameter and 3𝑚𝑚 thickness, which is used to confine the carbon grease electrodes within the 

prescribed 80𝑚𝑚 diameter; 5) two copper strips for electrical instrumentation connection that are 

placed at opposite sides in contact with the respective carbon grease electrode and bonded to the 

inner ring; 6) two insulation layers made of an acrylic tape (VHB 4905 by 3M) disposed at opposite 

sides (also embedding the wires of the electrical instrumentation) which are used to minimize as 

much as possible spurious resistance paths (both in air and over the surfaces of DE membrane and 

frames) from HV to ground electrodes as well as to protect the HV electrode from the user touch. 

The same acrylic tape is also used at the interfaces of the Delrin®  rings (of both inner and outer 

frames) with the DE membrane to promote adhesion ad insulation. 

Electrical conductivity is measured at high voltage by connecting the sample electrodes to the 

same power, control and measurement electronics described in Section 4.1.2 with the addition of 

a pico-amperometer (Keithley 6485 Picoammeter) that is placed between the ground of DE 

membrane specimen and the ground of the HV power amplifier. A 1𝑀Ω resistor is also connected 

in series to prevent damage by current or voltage surges in case of electric breakdown of the DE 

specimen. This set up enables to measure leakage currents across the DE specimen up to 20𝑚𝐴 

(although usually employed in the range from 20µ𝐴 to 0.1𝑛𝐴). 

For each specimen under test, electric potential difference is applied step-by-step, with electric 

field increments of about 10𝑀𝑉/𝑚 and a hold-time of about 60 s for proper material electrification 

(namely, for the current to settle after its asymptotic decay due to dielectric absorption and the 

sweep of mobile ions to the electrodes). At the completion of the test, the steady state values of 

the current attained at the end of each step, 𝐼𝐿(𝐸), are extracted and the electrical conductivity at 

a given level of applied electric field, 𝐸, is estimated as  (𝐸)  =  
𝐼𝐿(𝐸)

𝐴𝐸
, 𝐴 being the electrode area. 

To assess repeatability, tests are performed on three nominally identical specimens of the same 

membrane. The results are then used to compute mean value and standard deviation. 
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Figure 4.3. Electrode set-up for membrane dielectric constant measurement. 

 

In this study, carbon grease electrodes are used in place of other electrode systems, like those 

suggested in the standard ASTM D257, for the following reasons: 1) they are expected to provide 

electrical property values that are closer to those experienced in many practical investigations, 

since carbon grease is the most employed material for the development of DETs based on the 

commercial elastomer films investigated here; 2) sprayed and evaporated metal electrodes do not 

adhere satisfactorily to the styrenic rubber membrane; 3) metal foil electrodes are not adequate for 

thin membranes like those considered here; 4) rigid metallic electrodes cannot get into intimate 

contact with the DE membrane under test and, thus, perform worse in all parameter estimations 

that involve the division of a measured quantity by the specimen area; 5) carbon grease enable 

easier and faster preparation of large quantities of specimens. 

Worth to be mentioned: the considered set-up only uses two electrodes. That is, it does not 

comprise a third guard electrode which is suggested in the standard ASTM D257 to intercept all 

stray currents that may introduce measurement errors. Here, the guard electrode has been omitted 

since two insulation layers already exist in the set-up which brake almost any undesired path of 

conduction between HV electrode and ground electrode (see Fig. 4.3). 

 

4.1.4 Measurement of membrane dielectric constant 

Dielectric constant measurement is performed on the same electrode set-up shown in Fig. 4.3 

with an LCR bridge (Hameg Instruments LCR meter HM 8118) connected to the specimen 

electrodes in place of the other electronics equipment described previously. This set-up enables 

the measurement of capacitance values in the range from 0.01𝑝𝐹 to 100𝑚𝐹, with test frequency, 
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alternate current signal level and bias voltage selectable in the ranges from 20𝐻𝑧 to 200𝑘𝐻𝑧, from 

50𝑚𝑉𝑅𝑀𝑆  to 1.5𝑉𝑅𝑀𝑆, and from 0𝑉𝐷𝐶 to 5𝑉𝐷𝐶, respectively. 

Each specimen is tested with the LCR meter at 20𝐻𝑧 with a 5𝑉𝐷𝐶  biased alternate current 

signal having 1.5𝑉𝑅𝑀𝑆 root-mean-square magnitude. Once stabilized, the capacitance reading, 𝐶, 

of the instrument is taken and the relative dielectric constant of the DE membrane,  𝑟, is estimated 

as 𝑟 =
𝐶𝑡

𝐴0
, 0 being the vacuum permittivity (0 = 8.8541 ∙ 10−12𝐹/𝑚). 

To assess any dependency of dielectric constant on strain, each of the considered materials is 

here tested at different levels of equi-biaxial deformation. 

To assess repeatability, measurements are performed on three nominally identical specimens 

for each testing condition (material and level of stretch). The results are then used to compute 

mean value and standard deviation. 

Worth to be mentioned:  

• As done for conductivity measurement, carbon grease electrodes have been preferred here 

to other electrode systems, like those suggested in the standard ASTM D150 and in [23]. 

The reasons are the same as the ones provided in Section 4.1.3.  

• In evaluating DE membrane capacitance value, no correction factor for the stray field at 

the edge has been applied; in fact, for the large diameter electrodes employed in the set-up, 

the ratio of fringing capacitance (estimated as per standard ASTM D150) and measured 

capacitance is always less than two percent for any of the tested specimens. 

 

4.1.5 Measurement of membrane stress-strain response 

Though in this work the dielectric characteristic and the associated effect on the lifetime is of 

major concern, mechanical characterization has also been performed to compare the considered 

materials comprehensively. The mechanical response of the considered DE materials is determined 

by testing transversally pre-stretched pure-shear specimens with a commercial tensile stage 

(Galdabini SUN 500). As shown in Fig. 4.4, the adopted pure-shear specimens feature a 

longitudinal length in the unstretched state equal to 10𝑚𝑚 and a transversal length in the clamped 

state equal to 200𝑚𝑚 (where longitudinal and transversal respectively mean parallel and normal 

to the motion direction imposed by the tensile stage). 
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Figure 4.4. Set-up for membrane stress-strain response measurement. 

 

In this study, each specimen under tests is cycled 10 times between the same deformation limits 

to remove Mullins effect, which disappear between the sixth and the seventh cycle for the 

considered materials. The last loading-unloading cycle is then taken as the stabilized response of 

the specimen.  

To investigate strain-rate dependencies of the mechanical response, each specimen is tested at 

the following five different strain-rates: 0.004𝑠−1, 0.08𝑠−1, 0.4𝑠−1, 0.8𝑠−1 and 1.2𝑠−1. 

To investigate dependencies of the mechanical response on the applied strain level, each 

specimen is also tested at two different deformation amplitudes:  

• Large Stroke: the maximum deformation level is set at the 90% of the elongation at break 

limit of the considered material, whereas the minimum deformation level is set as the value 

at null stress for the cycle performed at a strain rate of 0.08𝑠−1..  

• Intermediate Stroke: the strain amplitude is decreased so as to get the most effective 

response from the material. 

As compared to the procedure suggested in [50], here the pure-shear specimens of each of the 

considered materials are pre-strained in the transversal direction to a value, 𝑝, which is close to 

that used in practical applications. Moreover, a larger ratio of height to width (20 vs 10) is 

employed to obtain results that better approximate the response of ideal pure-shear specimens, 

especially at the larger levels of longitudinal deformation. 

 

4.2 Electrical characterization results 
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This section reports the results obtained by testing the three considered commercial DE 

membranes with the set-ups and procedures described in the previous sections. 

 

4.2.1 Measurement of membrane thickness 

Measurement of membrane thickness, 𝑡, provided the following outcomes: 

• A mean value of 293µ𝑚 with a standard deviation of 5.46µ𝑚 for the styrenic rubber band 

THERABAND YELLOW 11726;  

• A mean value of 224µ𝑚 with a standard deviation of 3.85µ𝑚 for the natural rubber band 

OPPO BAND GREEN 8003;  

• A mean value of 1492 µ𝑚 with a standard deviation of 15.96µ𝑚 for the double sensitive 

acrylic tape VHB 4905. 

Since the VHB 4905 is sticky and provided with a native paper liner, thickness estimation for 

this material has been performed with the same procedure described in Section 4.1.1, but in the 

following indirect manner: 1) the thickness of the specimen is measured without removing the 

liner; 2) the liner is removed from the specimen and its thickness measured; 3) specimen thickness 

is then obtained as the difference of these two measures. 

 

4.2.2 Measurement of membrane dielectric strength 

The experimental results of the dielectric strength tests conducted on the considered DE 

membranes are reported in Fig. 4.5-4.7 with circle markers. In particular: 

• Fig. 4.5 reports the electrical breakdown data acquired on the THERABAND YELLOW 

11726 membrane tested at the following three levels of equi-biaxial stretch:  =

1, 2.04, 3.12. 

• Fig. 4.6 reports the electrical breakdown data acquired on the OPPO BAND GREEN 8003 

membrane tested at the following five levels of equi-biaxial stretch  = 1, 1.5, 2, 2.5, 3. 

• Fig. 4.7 reports the electrical breakdown data acquired on the VHB 4905 membrane tested 

at the following four levels of equi-biaxial stretch  = 2, 3, 4, 5. 

As shown, identical specimens subjected to the same testing condition (type of material and 

level of strain) fail at different values of applied electric field, with the spread of the breakdown 

data increasing significantly with the level of applied equi-biaxial stretch. The spread of the 
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breakdown data is quite similar for the THERABAND YELLOW 11726 and the OPPO BAND 

GREEN 8003, and smaller for the VHB 4905.  

 

 

Figure 4.5. Dielectric strength vs stretch correlation for THERABAND YELLOW 11726: experimental data (circles); 

power law fitting of mean values (red solid line); 90 % reliability power law estimate (black dashed line). 

 

 

Figure 4.6. Dielectric strength vs stretch correlation for OPPO BAND GREEN 8003: experimental data (circles); power 

law fitting of mean values (red solid line); 90 % reliability power law estimate (black dashed line). 

 

 

Figure 4.7. Dielectric strength vs stretch correlation VHB 4905: experimental data (circles); power law fitting of 

experimental data (red solid line); 90 % reliability power law estimate (black dashed line). 
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Despite the increasing spread of the acquired data, breakdown strength resistance of every 

material is shown to improve markedly with strain. To quantify this increase, the followings have 

been determined and reported for each material in the respective figures: 

• Fitting of the experimental data with a power-law in the form 𝐸𝐵𝐷  =  𝐸0 ∙ 𝑟  (where 𝐸0 

and 𝑟 are material parameters, see [24]), plotted with a solid red line, which represents the 

mean dielectric strength of the considered material; 

• the lower-bound power-law, having the same form 𝐸𝐵𝐷 = 𝐸0 ∙ 𝑟
 (where 𝐸0  and 𝑟  are 

material parameters) and plotted with a dashed black line, which represents a limiting 

threshold not to be exceeded if one wants to guarantee a probability of failure of less than 

10% (that is, a reliability higher than 90%, IEC 62539). 

The fitted results are presented in Table 4.1 as, 

 

Property 
THERABANDTM 

YELLOW 11726 

OPPO BANDTM 

GREEN 8003 
VHBTM 4905 

Unstretched dielectric strength:    

E0 (average) [MV/m] 97.1 97.3 66.2 

E0 (90% reliability) [MV/m] 81 83 57 

Strengthening exponent:    

r (average) 1.02 0.96 0.58 

r (90% reliability) 0.86 0.73 0.55 

 

 

Table 4.1. Fitted parameters for dielectric strength based on measured data on the three considered DE membranes. 

 

The presented results highlight the following: 

• THERABAND YELLOW 11726 and OPPO BAND GREEN 8003 behave quite similarly 

(the respective parameters E0, r, 𝐸0  and 𝑟  are indeed very close), with the former 

performing slightly better; 

• VHB 4905 is the material with worst dielectric strength resistance. 

The considered styrenic and natural rubber membranes have a similar dielectric strength 

resistance only if specimens do not come into contact with water. In fact, while immersion into 

water causes a significant reduction in dielectric strength for the OPPO BAND 8003, only a minor 
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variation in the response occurs in the THERABAND YELLOW 11726. This is shown in Fig. 4.8, 

which reports the breakdown data for unstretched membranes that were immersed into water for 

two days and then tested in the following conditions: 

• Wet state (red circle markers), where the samples have been dried with a towel for a few 

minutes and left for 1 hour at room temperature; 

• Dried state (blue diamond markers), where the samples have been dried in an oven at 40°C 

for 2 hours. 

As it can be seen, in wet state the spread of the breakdown data increases and its average shifts 

downward; with the spread and shift being larger for the OPPO BAND 8003. This reduction is 

however only temporary; upon drying, both materials indeed regain an average dielectric strength 

higher than 90𝑀𝑉/𝑚 (though to an average value of around 93𝑀𝑉/𝑚 that is slightly lower than 

those reported in Table 4.1 for specimens that did not get in contact with water). As a possible 

reason, the described effect could be due to the water adsorption/permeability of natural rubber is 

larger than styrenic rubber. 

 

Figure 4.8. Dielectric strength for wet (red circle markers) and dried (blue diamond markers) specimens: THERABAND 

YELLOW 11726 (data on the left) vs OPPO BAND GREEN 8003. 

 

As compared to other results existing in the literature, the findings obtained here are in line 

with those described in [3] and [51], which report 𝐸0 = 97 𝑀𝑉/𝑚 and 𝑟 = 0.99 for the OPPO 

BAND GREEN 8003 and 𝐸0 = 69 𝑀𝑉/𝑚 and 𝑟 = 0.54 for the VHB 4910 (a tape that has the 

same formulation of the VHB 4905 and that is just twice in thickness) for experimental data 

acquired with stamp electrodes embedded in epoxy resin. 
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4.2.3 Measurement of membrane electrical conductivity 

The experimental results of the electrical conductivity tests performed on the considered DE 

membranes are reported in Fig. 4.9-4.11. In particular: 

• Fig. 4.9 and 4.10 report the electrical conductivity data respectively acquired on the 

THERABAND YELLOW 11726 membrane and on the OPPO BAND GREEN 8003 

membrane tested at an equi-biaxial stretch of  = 2 (thus, with thicknesses of about 73µ𝑚 

and 56µ𝑚, respectively). 

• Fig. 4.11 reports the electrical conductivity data respectively acquired on the VHB 4905 

membrane 8003 membrane tested at an equi-biaxial stretch of  = 5  (thus, with 

thicknesses of about 59µ𝑚). 

These levels of stretch have been selected since they are in the middle of the operational range 

that is expected for the considered membranes and to provide specimens with comparable 

thickness (thus, geometrically similar) despite different in material. 

In the figures, blue dot markers represent the average over the measurements performed on the 

three specimens tested at the same conditions, with the blue error bar representing their standard 

deviation.  

As shown, average and standard deviation values of increase with the applied electric field 

irrespective of the considered material. 

To quantify the dependency of conductivity with applied electrical solicitation, fitting of the 

experimental data with an exponential-law in the form  =  0𝑒
𝐸

𝐸𝐵  (where 0  and 𝐸𝐵  are the 

material parameters to be determined, see [52]) has been performed. For each material, curve fits 

are plotted in the respective figures with a dashed red line, whereas fitted parameters are reported 

in Table 4.2 for comparison. 
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Figure 4.9. Electrical conductivity vs electric field for THERABAND YELLOW 11726 with an equi-biaxial stretch of 

 = 2: experimental data (blue dot marker with errorbar); exponential law fitting (red dashed line). 

 

 

Figure 4.10. Electrical conductivity vs electric field for OPPO BAND GREEN 8003 with an equi-biaxial stretch of  =

2: experimental data (blue dot marker with errorbar); exponential law fitting (red dashed line). 

 

 

Figure 4.11. Electrical conductivity vs electric field for VHB 4905 with an equi-biaxial stretch of  = 5: experimental 

data (blue dot marker with errorbar); exponential law fitting (red dashed line). 
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Property 
THERABANDTM 

YELLOW 11726 

OPPO BANDTM 

GREEN 8003 
VHBTM 4905 

Conductivity at low field (@𝐸𝐵):     

0 [pS/m]  0.064 0.055 0.57 

Conductivity exponential law parameter:     

𝐸𝐵 [MV/m]  56 39 40 

 

 

Table 4.2. Fitted parameters for conductivity based on measured data on the three considered DE membranes. 

 

Figures and table highlight the following: 

• The conductivities of THERABAND YELLOW 11726 and OPPO BAND GREEN 8003 

are in the same order of magnitude with the former performing better from moderate to 

high electric field levels. In particular, THERABAND YELLOW 11726 is characterized 

by a slightly larger conductivity at low electric fields (it features a 0  parameter that is 

16 %  larger); OPPO BAND GREEN 8003 is instead more sensitive to electric field 

variations (it features a EB parameter that is 30% smaller).  

• VHB 4905 is rather dissipative; its electrical conductivity is one order of magnitude larger 

than that of the other two materials, mostly due to a large value of 0 (8.9 times larger than 

that of THERABAND YELLOW 11726 and 10.3 times larger than that of OPPO BAND 

GREEN 8003) 

The above reported results are acquired on specimens made of the same material and subjected 

at the same level of stretch. To verify the eventual dependency of electrical conductivity on 

mechanical strain, tests have been additionally performed on four specimens of VHB 4905 

subjected to four different stretches  = 3, 4, 5, 6. Results are reported in Fig. 4.12 with different 

markers, which show a rather limited dependency of electrical conductivity on mechanical strain.  

As compared to other results existing in the literature, the findings reported here for the VHB 

4905 are in line with those described in [53] and obtained for the same material but samples with 

different geometry (namely, expanding circles with 25𝑚𝑚 initial diameter). Considering indeed 

the data plotted in [53] for an electric field equal to 125𝑀𝑉/𝑚, one can estimate an average 

conductivity of  (𝐸 = 125 𝑀𝑉/𝑚)  ≈ 10.17𝑝𝑆/𝑚  evaluated over nine nominally identical 
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specimens, with maximum and minimum values equalling 50𝑝𝑆/𝑚  and 5𝑝𝑆/𝑚  (the smallest 

value being much far away from the others for which it may be considered as an outlier). 

 

 

Figure 4.12. Electrical conductivity vs electric field for VHB 4905: results comparison for specimens tested at different 

levels of equi-biaxial stretch () 

 

4.2.4 Measurement of membrane dielectric constant 

The experimental results of the tests conducted for assessing the dielectric constant of the 

considered DE membranes and its eventual dependency on applied strain are reported in Fig. 4.13-

15. In particular: 

• Fig. 4.13 and 4.14 report the dielectric constant data respectively acquired on the 

THERABAND YELLOW 11726 membrane and on the OPPO BAND GREEN 8003 

membrane tested at the following three levels of equi-biaxial stretch  = 1, 2, 3. 

• Fig. 4.15 reports the dielectric constant data acquired on the VHB 4905 membrane tested 

at the following four levels of equi-biaxial stretch  = 3, 4, 5, 6. 

In the figures, blue dot markers represent the average over the three measurements performed 

on the three specimens tested at the same conditions, with the blue error bar representing their 

standard deviation. The red dashed line corresponds instead to the mean dielectric constant of the 

material, which is reported in Table 4.3, that is obtain by averaging all the measurements 

performed on the same material for all the applied strain levels.  
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Figure 4.13. Dielectric constant vs stretch correlation for THERABAND YELLOW 11726: experimental data (blue dot 

marker with errorbar); Average value (red dashed line). 

 

 

Figure 4.14. Dielectric constant vs stretch correlation for OPPO BAND GREEN 8003: experimental data (blue dot 

marker with errorbar); Average value (red dashed line). 

 

 

Figure 4.15. Dielectric constant vs stretch correlation for VHB 4905: experimental data (blue dot marker with errorbar); 

Average value (red dashed line). 
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Property 
THERABANDTM 

YELLOW 11726 

OPPO BANDTM 

GREEN 8003 
VHBTM 4905 

Dielectric constant (average):     

𝜀𝑟  2.72 2.74 4.14 

 

 

Table 4.3. Average dielectric constants for the three DE materials. 

 

Overall, the presented results show:  

• A rather negligible dependency of dielectric constant on applied strain for all the 

considered materials and deformation ranges; 

• The average dielectric constants of THERABAND YELLOW 11726 and OPPO BAND 

GREEN 8003 are very similar, with the latter being slightly larger; 

• The VHB 4905 is the material with better dielectric constant. 

As compared to other results existing in the literature, the findings obtained here for the OPPO 

BAND GREEN 8003 are in line with those described in [3] which reports a dielectric constant  =

2.8. However, this is not the case for the VHB 4905 membrane; in many papers, indeed, its thicker 

version (the VHB 4910) is quoted to have a dielectric constant that varies sensibly with strain. 

Table 4.4 compares the values of dielectric constant estimated here for three stretch levels ( =

3, 4, 5) with those extracted from four well-known papers [24], [51], [54], [55]. Clearly, results are 

not consistent across different works which can attributed to the following reasons: 

• Formation of an air film between electrodes and tested specimen in the case of rigid 

electrodes that is due to the surface roughness of the membrane. This air film may reduce 

the measured value of capacitance, with the reduction typically increasing with specimen 

stretch since the effective area of contact between electrode and membrane is likely to 

diminish with biaxial strain (since thinner portions of the membrane deform more than the 

thicker ones, the ratio between crest area and valley area of the surface roughness of the 

membrane is expected to decrease with strain). 

• Influence of edge effects on the measured value of capacitance which, according to the 

standard ASTM D150 and as more detailed in [56], provide an error on the measured 

dielectric constant that increases as the diameter of the electrode decreases, as the height 

of the electrode increases and as the thickness of the membrane under test increases 
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(thereby, as the stretch applied to a same virgin membrane decreases). As mentioned in 

Section 3.4, this effect should be negligible for the electrode arrangement considered here. 

However, this is less the case of the set-ups adopted in existing works, for which the ratio 

of fringing capacitance (estimated as per standard ASTM D150 and [56]) and measured 

capacitance can be as high as ten percent and function of the strain applied to the specimen. 

In support to these arguments, it is worth recalling the results obtained in a preliminary work 

[57], where a thinner version of the membrane OPPO BAND GREEN 8003 (the OPPO BAND 

RED 8012) was tested with the cylindrical brass electrodes shown in Fig. 4.2, which provided a 

permittivity significantly dependent on strain (thus, a response that is not consistent to that reported 

here for the OPPO BAND GREEN 8003 that is made of the same natural rubber).  

 

 This paper  

VHB 4905  

Carbon grease 

electrodes 

80 mm diameter 

Test at 20 Hz 

Kofod et al. [54] 

VHB 4910 

Planar metal + carbon 

black electrodes 

30 mm diameter 

Test at 1-10Hz 

Mazza et al [55] 

VHB 4910 

Cylindrical gold 

electrodes 

25 mm diameter 

Test at 100 Hz 

Li et al. [24] 

VHB 4910 

Rigid platinum 

electrodes 

Unknown diameter 

Unknown frequency 

Tröls et al. [51] 

VHB 4910 

Silver paste 

electrodes 

14 mm diameter 

Test at 1Hz 

 = 3 𝜀𝑟 = 4.198 𝜀𝑟 ≈ 4.55 𝜀𝑟 = 3.71 𝜀𝑟 ≈ 3 𝜀𝑟 = 3.83 

 = 4 𝜀𝑟 = 4.101 𝜀𝑟 ≈ 4.48 𝜀𝑟 = 3.34 𝜀𝑟 ≈ 2.75 𝜀𝑟 ≈ 3.60 

 = 5 𝜀𝑟 = 4.254 𝜀𝑟 ≈ 4.48 𝜀𝑟 = 2.62 𝜀𝑟 ≈ 2.5 𝜀𝑟 = 3.44 

 

 

Table 4.4. Fitted parameters for conductivity based on measured data on the three considered DE membranes. 

 

4.3 Mechanical response results 

 

This section presents the results of the mechanical tests conducted on pure shear specimens 

made of the considered materials. In particular, for each material it reports the stabilized stretch-

stress curves for loading-unloading cycles performed at different strain rates and for two different 

strain amplitudes. 
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The experimental results considering deformation amplitude of large stroke (see Section 4.1.5) 

are presented in Fig. 4.16-18, while results considering deformation amplitude of intermediate 

stroke (see Section 4.1.5) are presented in Fig. 4.19-21.  

The mechanical response of hyperelastic materials can be described through phenomenological 

models, which are generally based on a scalar function referred as strain energy. Strain energy 

density functions (Ψ) take different forms in different proposed models. Some models consider 

functions that depend on the principal stretches as Ψ(𝜆1, 𝜆2, 𝜆3), like the model proposed by Ogden; 

some other consider functions that depend on the strain invariants as Ψ(𝐼1, 𝐼2) (the third invariant 

is not considered since DE membranes are generally assumed to be incompressible and thus 𝐼3 =

𝜆1
2𝜆2

2𝜆3
2 = 1 ); Neo-Hookean and Mooney-Rivlin models belong to this category. The strain 

invariants are extracted from the Cauchy-Green stress tensor with the forms 𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2 

and 𝐼2 = 𝜆1
2𝜆2

2 + 𝜆2
2𝜆3

2 + 𝜆3
2𝜆1

2. Due to the finite chain length of the polymer’s macromolecules, 

hardening phenomenon occurs when a relatively large strain is applied to the material. From [58]–

[60], to cope with this effect, Gent has proposed a hyperelastic strain energy function having the 

form: 

 

 Ψ = −
𝜇

2
𝐽𝑚 ln (1 −

𝐼1 − 3

𝐽𝑚
) (4.1) 

 

with 𝜇 being the shear modulus and 𝐽𝑚 the limiting value for quantity 𝐼1 − 3. The limit on 

invariant 𝐼1 also limits all the principal stretches. When 𝐼1 − 3 → 𝐽𝑚, Ψ → ∞; hence, hardening 

effect is reflected in the large strain region. Gent’s model has been verified to be accurate in the 

large strain region but not in the small strain region. In [58], the author combines the Gent’s model 

with the Gent-Thomas logarithmic term ([61]) to achieve a so-called Gent-Gent model featuring 

strain energy function in the form 

 

 Ψ = −
𝜇

2
𝐽𝑚 ln (1 −

𝐼1 − 3

𝐽𝑚
) + 𝐶2 ln (

𝐼2

3
) (4.2) 

 

with 𝐶2 being an additional material parameter. This model aims to capture the mechanical 

response of polymers both in small strain and large strain region. The obtained mechanical 
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response results have been fitted according to this model. The fitted models are plotted in Fig. 

4.16-21 with parameters listed in Table 4.5. 

As can be seen from the figures, this model fits extremely well with the obtained results in 

both large stroke and intermediate stroke cases for all the three different DE materials. Thus, the 

Gent-Gent model can be considered as a robust hyperelastic model for describing DE membranes 

to be used in DET control and design. The results also show that testing at different strain rates 

have little effect on the mechanical response for THERABAND YELLOW 11726 and OPPO 

BAND GREEN 8003 specimens. For VHB 4905, the mechanical response is instead affected by 

the testing strain rate; especially at the two ends of the stroke for the large stroke case. In the 

intermediate stroke case, this dependence is smaller. 

The hysteresis losses during one cycle of stroke (calculated as the area enclosed by the stretch-

stress trajectory) for the considered DE membranes are also reported in Table 4.6. From Table 4.6, 

the testing strain rates seem to have little influence on the hysteresis loss. This is not the case for 

the testing stroke range, especially for OPPO BAND GREEN 8003 specimens. While for 

THERABAND YELLOW 11726 specimens the hysteresis is negligibly affected by the stroke 

range and for VHB 4905 specimens the hysteresis only increases mildly with the larger stroke, the 

hysteresis loss in OPPO BAND GREEN 8003 specimens increases over 7 times in the larger stroke 

case.  

 

 

Figure 4.16. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 2 made of 

THERABAND YELLOW 11726 for large stroke: experimental data at different strain rates (with different markers) vs. Gent-

Gent (GG) model fitted on the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted parameters are 

reported in Table 4.5). 
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Figure 4.17. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 2 made of OPPO 

BAND GREEN 8003 for large stroke: experimental data at different strain rates (with different markers) vs. Gent-Gent (GG) 

model fitted on the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted parameters are reported in 

Table 4.5). 

 

 

Figure 4.18. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 3.5 made of VHB 

4905 for large stroke: experimental data at different strain rates (with different markers) vs. Gent-Gent (GG) model fitted on 

the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted parameters are reported in Table 4.5). 
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Figure 4.19. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 2 made of 

THERABAND YELLOW 11726 for intermediate stroke: experimental data at different strain rates (with different markers) 

vs. Gent-Gent (GG) model fitted on the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted 

parameters are reported in Table 4.5). 

 

 

Figure 4.20. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 2 made of OPPO 

BAND GREEN 8003 for intermediate stroke: experimental data at different strain rates (with different markers) vs. Gent-Gent 

(GG) model fitted on the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted parameters are 

reported in Table 4.5). 
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Figure 4.21. Cyclic stress-strain response of a pure-shear specimen with transversal pre-stretch 𝜆2𝑝 = 3.5 made of VHB 

4905 for intermediate stroke: experimental data at different strain rates (with different markers) vs. Gent-Gent (GG) model 

fitted on the large stroke data acquired at a strain rate of 0.4𝑠−1 (black cross markers, fitted parameters are reported in Table 

4.5). 

 

Property 
THERABANDTM 

YELLOW 11726 

OPPO BANDTM 

GREEN 8003 
VHBTM 4905 

1𝑠𝑡  modulus of the Gent-Gent model:    

µ (@0.4𝑠−1) [KPa] 187.63 494.10 16.57 

Parameter of the Gent-Gent model:    

𝐽𝑚  (@0.4𝑠−1) 36.9 541 141.8 

2𝑛𝑑  modulus of the Gent-Gent model:    

𝐶2 (@0.4𝑠−1) [KPa] 185.93 183.80 0 

 

 

Table 4.5. Fitted parameters of Gent-Gent model that describing the mechanical properties of THERABAND YELLOW 11726, 

OPPO BAND GREEN 8003 and VHB 4905. 
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  Deformation rate [𝑠−1] 

  0.004 0.08 0.4 0.8 1.2 

THERABANDTM 

YELLOW 11726 

Intermediate Stroke 10.17 10.24 9.4 10.13 11.23 

Large Stroke 11.9 10.27 8.99 8.72 11.18 

OPPO BANDTM 

GREEN 8003 

Intermediate Stroke 4.79 3.89 3.53 4.33 5.16 

Large Stroke 24.17 23.24 21.21 19.45 18.89 

VHB 4905 

Intermediate Stroke 10.83 10.47 11.07 11.33 12.84 

Large Stroke 12.36 11.9 14.64 16.70 18.95 

 

 

Table 4.6 Hysteresis loss in a cycle as function of strain rate and range of deformation: THERABAND YELLOW 11726 

vs. OPPO BAND GREEN 8003 vs. VHB 4905. 
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Chapter 5  

Lifetime Characterization on DET Specimens 

 

In this work, a custom experimental set-up has been designed and implemented to perform 

lifetime characteristic investigation on DET specimens.  

In order to cope with the stochastic approach for characterizing the lifetime characteristic of 

DET configuration, the experimental set-up should have the capabilities in: 

• Testing multiple specimens simultaneously to save time for generating statistically 

meaningful amount of data in order to validate the lifetime probability distribution; 

• Commanding high voltage signal and ensuring galvanic isolation: as introduced in previous 

chapters, to simulate the practical electrical loading during the operation of DETs, the 

experimental electric field signal is chosen as square-wave electric field waveform with 

50% duty cycles. Since DETs generally prefer high voltage operating condition for 

maximizing the performance, the magnitude of the experimental field signal needs the 

applied voltage in the range of several kilovolts. Isolation between high voltage operating 

circuit and low voltage signal circuit is mandatory for safety and avoiding damage on 

devices; 

• Monitoring and acquiring voltage and current signals of the DET specimens: since the 

failure of DET specimens leads to electrical breakdown, the voltage and current in the high 

voltage circuit are occasionally suffering from unexpected and abruptly variation during 

the test. Thus, accurate and fast response on the status of the circuit is essential; 

• Handling of failed DET specimens without affecting the continuation of the test. 

As mentioned in Chapter 3, operational mechanical loading is not considered during the test 

for the DET specimens. Besides the assumption that operational mechanical loadings might be 

minorly affecting the lifetime characteristics, they also appear in variety of forms: depending on 

the DET configurations, their form might vary from inflating, in-plane stretching, bending etc. 

Thus, for now the only mechanical loading considered in this thesis is the constant pre-stretching 

that applied to the DET specimens during the preparation of specimens. In the future, experimental 
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set-up considering combined mechanical-electro loading, which simulates practical working 

conditions for an inflatable DET wave energy harvester (introduced in [18], [30]), will be 

developed. 

The proposed experimental set-up will be introduced in Section 5.1, the DET specimen 

preparation will be covered in Section 5.2, in the Section 5.3, control strategy for the experimental 

set-up will be introduced. Finally, in Section 5.4 and 5.5, the lifetime results of the two considered 

DE materials are reported. 

 

5.1 Experimental set-up  

 

5.1.1 Experimental set-up functionality  

Four test benches have been developed in this work. Each of them enables: 

• Testing up to 16 identical circular planar DET specimens at the same time; 

• Data acquisition system that could monitor and archive voltage and current signals in high 

voltage DET circuit with a sampling frequency of up to 10𝑘𝐻𝑧; 

• Fully automated operation, including automatic detection and isolation of broken DETs; 

• Galvanic isolation between high voltage (HV) and low voltage (LV) circuitry via isolated 

amplifiers and DC/DC converters. 

The schematic of experimental set-up is shown in Fig. 5.1, with a photo of an actual test bench 

is shown in Fig. 5.2. 

A single HV DC/DC converter (Ultravolt 10C24-P125, 10𝑘𝑉, 12.5𝑚𝐴, 125𝑊) is used to 

apply the desired level of electric field on all the DET specimens. The HV DC/DC converter is 

powered up by a 24𝑉 DC power supply, TDK-Lambda LS150-24C, and enclosed within a custom 

modified plastic IP65 case. The HV converter is controlled via a 0 - 10𝑉  voltage analogue 

commanding signal and a digital enabling signal (0-0.8𝑉  for disable and 2-32𝑉  for enable). 

Monitoring signals for voltage and current at output side of the HV converter are also available as 

analogue signals. The enable commanding signal is connected in series with a mechanical stop 

button, indicated as 𝑆𝐸 in the schematic, for emergency shutdown in case of hazardous situations. 

Since the considered HV converter does not sink current, to prevent back discharging from DET 

specimens to the HV converter, especially in case of a short circuit (with potentially high explosive 
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hazard), a forward biased diode (HVStuff, 100𝑚𝐴 , 30𝐾𝑉 , indicated with the letter 𝐷  in the 

schematic) is placed at the output port of the HV converter. 

At the specimens’ side, all DET specimens are connected in-parallel to be tested 

simultaneously. The upper electrode of the 𝑖th specimen is connected to the main circuit through 

a HV reed relay (MEDER electronic Standex HE24-1A69-02, the same as all the rest reed relays 

involved in the setup), indicated with the letter 𝑆𝑖 in the schematic. This relay is responsible for 

isolating the failed DET specimens. The HV reed relays are commanded through digital signals 

(0-2𝑉 for disable and 18-24𝑉 for enable) for on/off switching. The lower electrodes of all DET 

specimens are joined together and connected in series with a custom-designed current sensor 

incorporated with galvanic isolation for monitoring the total current flow through the specimens. 

Voltage divider with galvanic isolation is placed in parallel to the specimen array for monitoring 

the voltage.  

As introduced previously, the testing electrical loading is square-wave electric field waveform. 

Since DETs are indeed capacitors, the experimental circuit should be able to handle the charging 

and discharging phases of the DET specimens properly without damaging the associated devices. 

For charging phase, DET specimens are charged through resistor 𝑅𝐶 (𝑅𝐶 = 850𝑘Ω, Vishay 

VR68 resistors). 𝑅𝐶 limits the maximum charging current under the maximum output condition 

that can be provided by the HV converter (𝑉𝑜𝑢𝑡 = 10𝑘𝑉, 𝐼𝑜𝑢𝑡 = 12.5𝑚𝐴). For the maximum 

output condition, the considered DC/DC converter has a rising time of 1.2𝑚𝑠  for step 

commanding signal. For the charging phase of a square-wave electric waveform around 1𝐻𝑧 

(similar to practical operation frequency of DET generator for harvesting wave energy) this 

converter is more than capable. 

Since the circuit is designed to test variety of DET specimens, the resistance and capacitance 

of the specimen array are undefined. Thus, the discharging time of the DET specimens is also not 

fixed. The discharging of the DET specimens will be performed via a dedicated route to ensure a 

completely discharging during the off state of square-wave electric field waveform. As shown in 

Fig. 5.1, this route is consisting of a HV reed relay 𝑆𝐷 and two discharging resistors 𝑅𝐷1 and 𝑅𝐷2 

placed in series. The two resistors are used for limiting the instantaneous power on the relay. The 

rated power of the HV reed relay (HE24-1A69-02) is 50𝑊, any combination of voltage and current 

that applied across the relay should not exceed this value. Thus, in extreme case that at the 

beginning of discharging phase when 𝑆𝐷 is closed, the maximum applied voltage 𝑉𝑚𝑎𝑥 that was 
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retained by DET specimens from previous charging phase will apply across the 𝑆𝐷 . The 

instantaneous power should then be limited as  

 

 
𝑉𝑚𝑎𝑥

2  

𝑅𝐶 + 𝑅𝐷1 + 𝑅𝐷2
≤ 50(𝑊) (5.1) 

 

For maximum output voltage 𝑉𝑜𝑢𝑡 = 10𝑘𝑉 , we have 𝑅𝐶 + 𝑅𝐷1 + 𝑅𝐷2 ≥ 2𝑀Ω . From the 

available resistors, 𝑅𝐷1 = 𝑅𝐷2 = 1𝑀Ω, Vishay VR68 resistors have been chosen.  

The charges on the internal capacitor of HV converter also need a proper discharging route. A 

resistor 𝑅𝑆 is applied in-parallel with output side of the converter. This resistor is constantly in 

operating during both charging and discharging phase. According to the requirements on the rated 

power, voltage and discharging time, a 22.5𝑀Ω resistance which consists of two Vishay ROX-1-

1/2 resistors of 45𝑀Ω connected in parallel is chosen for this role. 

The switching between the charging phase and discharging phase is controlled via a HV reed 

relay 𝑆𝐶 . As shown in Fig. 5.1, when 𝑆𝐶 is opened, the circuit is separated into two discharging 

routes mentioned previously, indicates the discharging phase. When 𝑆𝐶 is closed, the HV converter 

is able to charge up the DET specimens, indicates the charging phase. 

The discharging relay 𝑆𝐷, the switching relay 𝑆𝐶  and the square-wave voltage commanding 

signal should operate in phase to ensure correct charging and discharging operation. To extend the 

lifespan of the HV relays, avoiding switching during high voltage is preferable (except for 𝑆𝐷 

which is inevitable, hence the necessary of resistors 𝑅𝐷1 and 𝑅𝐷2). 

All the cable junctions in the HV area will be wrapped with 3M VHB4905 tape for insulation. 

Control of the HV converter and relay switching as well as data acquisition of monitoring 

signals are performed via a PC-based automation system composed by Beckhoff controllers and 

Bekchoff I/O modules.  

The related models of Beckhoff controller are industrial PC C5102-0060 and embedded PC 

CX5140-0125. TE1400 (TwinCAT3 Target for MATLAB® /Simulink® ) and the TC1220-0080 

(TwinCAT3 PLC/C++/MATLAB® /Simulink® ) software modules have been installed on the 

industrial PC, while the embedded PCs only have TC1220-0080 installed. Through dedicated 

System Target File for MATLAB® /Simulink®  coder, TE1400 module enables generation of 
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TwinCAT3 runtime modules based on MATLAB®  scripts or Simulink®  model.. TC1220-0080 

allows the real-time execution of the generated modules.  

The related Bekchoff I/O modules are: 

• Digital output modules EL2808 and EL2804 are applied for commanding HV relays and 

HV converter enable signal; 

• Analogue output modules EL4132 are applied for commanding the square-wave electric 

field waveform to HV converter; 

• Analogue input modules EL3104 are applied for acquiring voltage and current monitoring 

signals. 

 

 

Figure 5.1. Schematic of the test benches, only 4 specimens are presented for simplicity.  
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Figure 5.2. A picture for one of the implemented test benches that is testing two batches of silicone DET specimens. 

 

5.1.2 Galvanic isolation and monitoring circuits 

All the circuits mentioned in this section were custom-prepared on copper strip boards. The 

copper strip within the galvanic isolation gap indicated in the corresponding circuits have been 

milled off to ensure the isolation. 

 

Voltage divider 

Measurement of the voltage across the DET specimens is implemented via an external custom-

made voltage divider. The schematic of the voltage divider, incorporated with galvanic isolation, 

is shown in Fig. 5.3, a picture of the circuit is shown in Fig. 5.4. 
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Figure 5.3. Schematic of the voltage divider with galvanic isolation, input buffering and output filter. 

 

 

Figure 5.4. A picture of the voltage divider. The circuit is enclosed within a metal box working as Faraday shield, with 

SCOTCH 130C black electrical insulation tape utilized for the insulation. 

 

Since the Beckhoff data acquisition system operates in LV condition (in the range of 0-24𝑉) 

while the DET specimens are tested under HV condition (in the range of 0-10𝑘𝑉), to avoid high 

voltage entering data acquisition system and leading to permanent device damage or hazardous 

state, galvanic isolation is necessary to separate the HV area and LV area. As the name indicated, 

the major principle for galvanic isolation is to forbid direct conduction path between the isolated 

circuits, while information or energy can still be transmitted from one circuit to another through 

other means. Common communication means are induction, optical, acoustical etc. In this circuit, 

isolated amplifiers (Texas Instruments ISO124) have been used for the galvanic isolation. This 

isolated amplifier isolates the output circuit from input circuit through capacitor barriers. The 

modulator at input side of the isolated amplifier transforms the input voltage signal into duty-cycle 

modulated square-wave signal. The modulated signal will transmit through the capacitor barrier to 
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the output side, while the demodulator at the output side retrieves and integrals the transmitted 

signal to recreate the input voltage at the output port. Since this working principle involves high 

frequency modulation-demodulation processing of signals, ripple will present at the recreated 

output voltage. A two-pole unity-gain filter of Sallen-Key type is suggested, according to the 

ISO124 datasheet, to be placed in series with the isolated amplifier output port. The Sallen-Key 

filter is composed of resistors 𝑅3 ,  𝑅4 , capacitors 𝐶1  and 𝐶2  and operation amplifier 𝑂𝑝𝐴𝑚𝑝2 

(Texas Instruments, OPA2277) as shown in Fig. 5.3. The cut-off frequency 𝑓𝐶 and the 𝑄 factor of 

the Sallen-Key type filter can be calculated as, 

 

 𝑓𝐶 =
1

2𝜋

1

√𝑅3𝑅4𝐶1𝐶2

 (5.2) 

 𝑄 =
√𝑅3𝑅4𝐶1𝐶2

𝐶1(𝑅3 + 𝑅4)
 (5.3) 

 

Given 𝑓𝐶 = 10𝑘𝐻𝑧, which is the maximum considered sampling frequency, and 𝑄=1, which 

indicates no peaking at the cut-off frequency in Bode Plot for the frequency response of the filter. 

According to available resistors and capacitors, 𝑅3 = 14.97𝑘Ω, 𝑅4 = 1.8𝑘Ω, 𝐶1 = 1𝑛𝐹 , 𝐶2 =

10𝑛𝐹 have been chosen for the filter circuit.   

The voltage divider function is realized based on two resistors 𝑅1 and 𝑅2 (with 𝑅1 = 1.5𝐺Ω 

and 𝑅2 = 1𝑀Ω, a ratio of 1500: 1). 𝑅1 is the crucial resistance that needs to sustain most of the 

high voltage and the corresponding power, an Ohmite Slim-Mox resistor is chosen for this role. 

Since input impedance of the isolated amplifier (200𝑘Ω) is lower than the output impedance of 

this voltage divider (1𝑀Ω), the input voltage for ISO124 will be attenuated from the correct level. 

Thus, a simple voltage follower (based on 𝑂𝑝𝐴𝑚𝑝1) with large input impedance is placed between 

output port of voltage divider and input port of the isolated amplifier. 

Since operation amplifiers are active devices, additional power supplies are necessary for the 

operation (shown in figure as 𝑉𝐶𝐶1 and 𝑉𝐶𝐶2). To ensure again isolation between HV area and LV 

area, isolated DC/DC converters are utilized: RECOM Power REC6-2412DRW/R10/A for 𝑉𝐶𝐶1 

and Murata MEV1D2412DC for 𝑉𝐶𝐶2. Both provides ±12𝑉 dual output voltage to the amplifiers 

to cover the considered analogue signal range. Both isolated DC/DC converters in the HV and LV 
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area have their output ±12𝑉 bypassed by two 1µ𝐹 capacitors which locate as close to the isolated 

amplifier as possible, as suggested in the ISO124 datasheet. 

 

Current sensor 

Measurement of the current flowing across the DET specimens is performed between the DEG 

specimens and ground via an isolated amplifier and a shunt resistor (Texas Instruments AMC1301). 

The schematic of the current sensor, incorporated with galvanic isolation, is shown in Fig. 5.5, 

a picture of the circuit is shown in Fig. 5.6. 

 

 

Figure 5.5. Schematic of the current sensor with galvanic isolation. 

 

 

 

Figure 5.6. A picture of the current sensor. The circuit is enclosed within a metal box working as Faraday shield, with 

SCOTCH 130C black electrical insulation tape utilized for the insulation. 

 

The galvanic isolation in AMC1301 is achieved through SiO2-based, double-capacitive 

isolation barrier. Analog signal comes into AMC1301 will be modulated into digital bitstreams 
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that could commutes through the capacitive barrier, similar to ISO124, and will be demodulated 

at the output side. The input range for AMC1301 is ±250𝑚𝑉, since the maximum current for the 

HV converter is 𝐼𝑜𝑢𝑡 = 12.5𝑚𝐴, the shunt resistor is chosen as 𝑅𝑠ℎ𝑢𝑛𝑡 = 20Ω to fulfill the range 

and maximize accuracy. Since the input impedance of AMC1301 (18𝑘Ω) is significantly larger 

than 𝑅𝑠ℎ𝑢𝑛𝑡, no voltage follower is needed at the input of AMC1301. 

Since the considered DET specimens have relatively small capacitance (in the range of 

picofarad), the dynamic of current is relatively fast, thus at first no filter is applied at the output 

port of the current sensing signal. 

Power supplies for AMC1301, shown in Fig. 5.5 as 𝑉𝐷𝐷1 and 𝑉𝐷𝐷2 are also carried out by 

isolated DC/DC converters to ensure isolation. RECOM Power REC6-2405SRW/R10/A for 

𝑉𝐷𝐷1 and Murata MEV1S2405DC for 𝑉𝐷𝐷2 are chosen for powering up AMC1301 with 5V 

single output voltage. 

  

5.2 DET specimens preparation 

 

An exploded 3D view for general schematic of one batch of DET specimens is shown in Fig. 

5.7. 

 

 

Figure 5.7. Schematic of a batch of DET specimens, only 4 specimens are presented for simplicity. 

 

This schematic represents a basic configuration of DET as plate capacitor and is applicable for 

both styrenic and silicone DET specimens. The DE material is sandwiched between two frame 
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plates in a pre-stretched configuration. An equi-biaxial pre-stretch is applied to all DET specimens 

on one batch of DET specimens. The pre-stretch ratio is chosen, accordingly for different DE 

materials, to achieve the most mechanically stressed configuration that is likely to happen in real 

applications as well as to reduce membrane thickness so as to make it suitable to be tested with the 

available HV converter. The plastic plates are holed, with each hole representing a small circular 

DET specimen with diameter 𝜙. Compliant electrodes are located at the corresponding sites on 

top and bottom of the DE material. Adhesive copper strips are used to connect the compliant 

electrodes of the DET specimens to the main circuit of experimental set-up. A passivation layer 

(made with the tape VHB 4910) is placed on top of the plastic frame to isolate the HV electrodes 

of the DET specimens to prevent undesired discharges and electrocution, also as a protective cover 

against debris to fall onto the specimens. 

 

5.2.1 Styrenic rubber membrane 

Material description 

THERABAND YELLOW 11726 is originally used as resistance band for exercising. Thus, the 

material has excellent mechanical performance. They are also cost-effective: a roll of 23m cost 

70$. The considered styrenic rubber membrane comes in rolls with a thickness of about 250 µm 

and a width in the range of 90 mm to 110 mm depending on the production lot. Through measuring 

with a Mitutoyo Digimatic Micrometer, the exact thickness in the central test area for the roll of 

Styrenic rubber have thickness variation of about ±5% . Styrenic rubber has been shown in 

Chapter 4 to have better dielectric strength, lower conductivity and possibly lower water 

absorption comparing to the OPPO BAND natural rubber. All these characteristics make it a 

promising candidate for DET applications. Thus, in lifetime characterization tests, styrenic rubber 

have been chosen as the DE material for the specimens. 
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Figure 5.8. A roll of THERABAND YELLOW 11726 with length of 25 yards (23 meters). 

 

Specimen preparation 

For styrenic rubber DET specimens, the frame plates are made of Delrin®  D150 and are laser-

cut according to the sketches shown in Fig. 5.9, with two pictures of finalized specimens shown in 

Fig. 5.10. Fig. 5.9a and Fig. 5.10a present a batch of 8 specimens with hole diameter 𝜙 = 25𝑚𝑚, 

while Fig. 5.9b and Fig. 5.10b present a single specimen with hole diameter 𝜙 = 50𝑚𝑚.  

Tapped holes are scattered evenly along the edges of the frames for applying M3 screws on 

the lower plastic plates. The styrenic rubber membrane will be firstly marked with a rectangle that 

is a downsize shape of the plastic plates. The downsize shape has a proportion ratio equal to the 

desired pre-stretched ratio. An equi-biaxial pre-stretch ratio equal to 2.6 is chosen to all styrenic 

rubber DET specimens considered in this work. The membrane will then be pre-stretched through 

wrapping on the screws. When the marked rectangle on the membrane coincides the edges of 

plastic frame, the membrane will be pressed onto double-sided tapes (not shown in Fig. 5.7 and 

placed in between the plastic frame plates and membrane beforehand) to prevent the membrane 

from losing its pre-stretching during the experiments, especially after electrical breakdown of some 

specimens. Certain tapped holes on the upper plates will be used also as the connection joints 

between the copper strips and the HV relays in the main circuit. 
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Figure 5.9. Schematics of the frame plates for styrenic DET specimens with two different hole diameters: (a) 𝜙 = 25𝑚𝑚 

and (b) 𝜙 = 50𝑚𝑚.  

 

 

Figure 5.10. Pictures of prepared batches of styrenic DET specimens with two different hole diameters: (a) 𝜙 = 25𝑚𝑚 

and (b) 𝜙 = 50𝑚𝑚. 

 

Carbon conductive grease (MG Chemicals®  846-1P) is used as the compliant electrodes for 

styrenic rubber specimens. The carbon grease is manually applied onto the DE membrane at the 

electrode site. Three different electrode configurations are considered for styrenic DET specimens: 

• Free-expanding (Fig. 5.11a): DET specimens with circular carbon grease electrodes which 

are identical on both sides. The electrode diameter 𝜙𝑒  is smaller than the frame hole 

diameter 𝜙. When electrically activated, the DET specimens can freely deform in-plane as 

expansion, and out-of-plane as wrinkle. The membrane thickness will be inhomogeneous 

and generally reduced within the electrode area due the compressive Maxwell stress, hence 
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the electric field in the electrode area will be enhanced. For the two different sizes of frames, 

electrode diameters are chosen as 𝜙𝑒 = 20𝑚𝑚 for 𝜙 = 25𝑚𝑚, and 𝜙𝑒 = 40𝑚𝑚 for 𝜙 =

50𝑚𝑚; 

• Perimeter-locked (Fig. 5.11b): the electrode configuration is similar to the Free-expanding 

ones, except that the electrode diameter 𝜙𝑒 is equal to the frame hole diameter 𝜙. When 

electrically activated, the in-plane expansion on the boundary of the electrode is limited. 

But out of plane deformation is still allowed. The inhomogeneous and reduction in 

thickness within the electrode area are thus attenuated compared to Free-expanding ones; 

• Surface-locked (Fig. 5.11c): the electrode configuration has 𝜙𝑒 = 𝜙, which is similar to 

the perimeter-locked ones. But on the ground side, the specimen is supported by a metallic 

plate with carbon grease. When electrically activated, both the in-plane and out-of-plane 

expansion are inhibited. The thickness can be assumed as not-changed from initial 

condition. 

In Fig. 5.12, three pictures of practical DET specimens with respectively three different 

electrode configurations are presented. Fig. 5.12 only shows specimens with hole diameter 𝜙 =

50𝑚𝑚  since the difference in the electrode configuration is clearer to observe with larger 

specimens.  

 

 

Figure 5.11. Schematics of three different electrode configurations: (a) Free-expanding to maximize area expansion of 

the specimen when electrically activated; (b) Perimeter-locked to prevent in-plane area expansion of the specimen when 

electrically activated; (c) Surface-locked to prevent both in-plane and out-of-plane area expansion of the specimen when 

activated. 
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Figure 5.12. Pictures of three different electrode configurations: (a) Free-expanding, (b) Perimeter-locked and (c) 

Surface-locked. 

 

5.2.2 Silicone elastomer membrane 

Material description 

Silicone, also known as polysiloxanes, is a class of polymer composed of repeating units of 

siloxane. Polydimethylsiloxane (PDMS) is a widely used silicone with methyl groups. Original 

PDMS has poor mechanical properties thus is usually cross-linked into a silicone elastomer. 

Silicone elastomer is a promising candidate for DE materials and has already been explored and 

utilized in the DET research field (as introduced in [2], [62]).  

Silicone elastomer generally has good qualities such as material stability (against fire, water 

etc.), transparency and is non-toxic. Comparing to acrylic elastomer, another common choice for 

DE materials, silicone elastomer generally has a relatively low viscoelasticity. Wider working 

frequency range, lower operating power losses and lower heat generation can be achieved with 

silicone elastomer. In previous work available in the literature [63], silicone and acrylic elastomers 

have been compared for DET actuator application; this comparison has shown that silicone 

elastomer suffers much less from creeping in strain response.  

Another advantage of silicone elastomer is the customizable material characteristics. Silicone 

elastomer is generally manufactured through addition curing. Common commercial silicones 

provide two parts of material in viscous base form, with one containing the catalyst and the other 

one containing the cross linker. The curing procedure involves mixing the two parts according to 

the product guideline. The requirements for the curing procedure can be loose and easy to achieve, 

hence the customization on the material can be conveniently validated. During the procedure, 
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additional fillers can be included for enhancing electrical or mechanical characteristic. For 

example, silicone elastomer generally has relatively low dielectric constant comparing to rubber 

and acrylic elastomer, which might affect the DET performance as elaborated in Chapter 2. As 

shown in [2], upon adding a dielectric filler, the dielectric behavior of silicone elastomer can be 

enhanced. As an example, in [64] the dielectric constant of three-component silicone has been 

increased from 6 to 8 by adding portion of a titanium dioxide (TiO2) during the curing procedure. 

The mechanical characteristic, such as Young’s modulus, can also be modified through similar 

methods. The customization on the electromechanical properties of silicone elastomer increases 

remarkably the design freedoms in DET system. Since the uncured silicone parts are generally in 

viscous form, the geometry of the resulting silicone elastomer can also be controlled during the 

curing procedure. Thus, silicone elastomer can be easily scaled up by manufacturing thicker and 

larger membranes or can utilize more complex configurations than simple membrane stacking. 

By including a conductive filler, the silicone elastomer can also be conductive and be used as 

compliant electrodes for DET application. The conductive fillers investigated in recent researches 

are mainly carbon-based nanocomposites because of their outstanding dielectric permittivity [65] 

and superb electrical conductivity [66]. Typical examples of carbon nanofillers include carbon 

black (CB) particles [67], carbon nanotubes (CNTs) [68], carbon nanofibers (CNFs) [69], and 

graphene nanoplatelets (GNPs) [70]. CBs are an amorphous form of carbon with a structure similar 

to disordered graphite and are the most used in literature as conductive filler mainly because they 

are cost effective and easy to handle (they do not oxidize as metallic nanoparticles do). A situation 

of particular interest occurs when the DE layers and the compliant electrodes consist of the same 

silicone matrix, which simplifies electrode-dielectric assembly (and, thus, the manufacturing of a 

complete DET device). The use of the same matrix for the different layers in a DET system 

improves the interface between the insulator and the conductive layers, since the ablation or 

migration of the electrode material to the DE material during the operation is in this case minimized 

[71]. This integrity is expected to increase the electrode’s operation lifetime. Furthermore, as 

shown in [72], the dielectric constant of the DET configuration is minimally affected by the 

compliant electrodes when the electrode composite shares the same nature with the electroactive 

polymer. However, the conductive filler significantly stiffens the resulting silicone composite [71], 

which increases the overall stiffness of the DET system, especially when the thickness of the 

electrode composite is non-negligible comparing to that of the DE layer. Since external mechanical 



Chapter 5  

Lifetime Characterization on DET Specimens 

83 

 

input is not considered in this study, the stiffening effect should have a little influence on the 

lifetime data obtained here. But for practical DET application, the impact of the stiffness 

introduced by the electrode layers on system lifetime should be explored. 

Commercial silicone elastomers come in various types. As concluded in [2], most of them can 

be divided into two classes: room temperature vulcanizing rubber (RTV) and high temperature 

vulcanizing rubber (HTV), where the distinction is based on their curing temperature. As the 

names suggest, most of them requires a curing procedure. Recently, Wacker Chemie AG has 

proposed a silicone elastomer product that is commercialized under the name ELASTOSIL®  FILM. 

This silicone composite is an ultrathin, high-precision film of cross-linked silicone rubber that is 

available in various layer thicknesses, ranging from 20𝜇𝑚 to over 400𝜇𝑚, and is manufactured 

under clean-room conditions entirely without solvents. Here we choose this product as the DE 

material for silicone DET specimens based on the following reasons: 

(1) It is among the very first commercial products that have been purposely developed for the 

application of DETs: generally, the already-fabricated silicone elastomers which are commercially 

available should have better quality and uniformity than custom-prepared silicone layer and suffers 

less from defects such as micro voids and inclusions due to their matured routine and environment 

for manufacture procedure. Avoiding the curing procedure also lowers the fabrication requirement 

in the lab; 

(2) It is a silicone-based product that makes it possible to integrate silicone-based compliant 

electrodes: Wacker also offers general silicone rubber product such as ELASTOSIL®  RT 625 

which belongs to RTV class. This product comes in two-parts with pourable viscous form and the 

mixture can be cured at room temperature. The curing procedure is relatively easy to handle and 

can be adopted to produce compliant electrodes with conductive fillers; 

(3) The material’s performances are very promising in terms of dielectric constant and 

electrical break-down limit. 

The considered ELASTOSIL®  film is available in sheet form and has a product code of 2030 

250/150. The film sheets have a dimension of 210𝑚𝑚 × 250𝑚𝑚 with a thickness of 150𝜇𝑚. The 

silicone film has a relative permittivity of 2.8  and a dielectric strength in the range of 80 -

100𝑀𝑉/𝑚. For compliant electrode, the base silicone composite is chosen as ELASTOSIL®  RT 

625 A/B for its ease of handling. The conductive filler is chosen as carbon black (CB) particles for 

the reasons mentioned previously. Among different CBs we chose the Vulcan XC-72 from Cabot, 
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because it is characterized by a high surface area that, decreasing the gaps between the polymer 

and the conductive aggregates, allows to reach a high conductivity even at low particle loading. 

 

Specimen preparation 

Silicone DET specimens have been prepared by following a procedure proposed for the 

manufacturing of an inflatable DET generator for harvesting ocean wave energy (reported in [21]). 

The holding frames are made of PET plastic and were laser-cut according to sketches shown 

in Fig. 5.13. In particular, Fig. 5.13a shows the lower frame plate, which is consisting of two parts: 

the outer ring, on which M3 tapped holes are located and the inner plate, on which the holes for 

electrode sites are located. As done for the styrenic DET frames, the M3 screws are used as the 

initial wrapping pivots for applying the equi-biaxial pre-stretch ratio. Pre-stretch ratio for silicone 

DET specimens is chosen as 1.3. The outer ring and the inner plate are combined at first to be a 

single PET substrate. The silicone film will then be stretched and wrapped along the M3 screws. 

No tape is used here to maintain the pre-stretch ratio since the silicone membrane has some 

intrinsic adhesive effect on the PET frame. A cross has been drawn at the center of the original 

silicone sheet with predefined dimension to verify the pre-stretching status. Fig. 5.13b shows the 

upper frame plate. Besides featuring an exact duplication of the electrode sites that match those in 

the bottom inner plate, the upper frame also provides M4 tapped holes for connecting the specimen 

batch to main circuits. The cut-off round pieces for electrode sites are not disposed. They are used 

to fill the holes when the lower inner plate or upper frame plate performs as a flat plane during the 

electrode printing procedure. 

To prepare the compliant electrode composite, firstly the carbon black powder is ball-milled 

in the Isopropyl Alcohol (IPA) dissolvent (with a weight ratio of 1: 10 and a total weight of 8.8𝑔) 

for 15 minutes. This allows to grind the carbon black and makes very small carbon black particle 

well dispersed into the solvent. Then the ELASTOSIL®  RT 625 A/B (with a weight ratio of 𝐴: 𝐵 =

 9: 1 and total weight of 8𝑔) and another portion of IPA (8𝑔) are poured into the ball-milled 

mixture. This final mixture needs to be ball-milled again for another 15 minutes to reach an evenly 

stirred state that is necessary in addition curing of ELASTOSIL®  RT 625. The final product is the 

electrode composite and is applied to the silicone film following the procedure shown in Fig. 5.16. 

Only free-expanding electrode configuration is considered for silicone DET specimens, with 

the electrode diameter 𝜙𝑒 = 20𝑚𝑚  and the hole diameter 𝜙 = 25𝑚𝑚 . The upper electrode 
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patterns are printed firstly, thus in Fig. 5.16a the PET substrate is firstly consisting of the lower 

inner plate and outer ring as introduced previously. The utilized masks for lower and upper 

electrode patterns are shown accordingly in Fig. 5.14a and Fig. 5.14b. The masks have partial 

outline coinciding with the lower inner frame for aligning the masks and the PET frames. Once all 

the layers have been properly aligned and placed onto a flat surface, the electrode mixture is poured 

onto the electrode sites as shown in Fig. 5.16b. The electrode mixture is then blade-casted over the 

masks as shown in Fig. 5.16c. The excess of electrode mixture is then removed alongside with the 

mask, leaving only the mixture with electrode patterns on the silicone film for curing. The curing 

of the electrode composite is accomplished in about 12 hours at ambient temperature. After the 

curing procedure, the configuration is flipped over and placed onto the upper frame plate. Now 

with the upper frame plate as the PET substrate, the lower inner plate is removed and replaced by 

the mask for lower electrode patterns, the procedure is then repeated from Fig.5.16a to Fig. 5.16c 

for printing the lower electrodes, as shown in Fig. 5.16d. An example of final assembly is shown 

in Fig. 5.16e, the additional areas are for connecting the electrode to copper strips, which then link 

the electrodes to the main circuit. After the electrodes have been cured and firmly bonded to the 

silicone film on both sides, all frames are assembled together with clamps to maintain the pre-

stretch ratio of the silicone film. Several batches of silicone DET specimens during the preparation 

are pictured in Fig. 5.15a, while an example of a final batch is shown in Fig. 5.15b. 

 



 

5.2 DET specimens preparation 

86 

 

 

Figure 5.13. Schematics of the frame plates for silicone DET specimens with hole diameters 𝜙 = 25𝑚𝑚: (a) lower 

frames, (b) upper frame 

 

 

Figure 5.14. Schematics of the printing masks for silicone DET specimens with electrode diameters 𝜙𝑒 = 20𝑚𝑚: (a) 

mask for lower electrodes, (b) mask for upper electrodes. 
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Figure 5.15. Pictures of (a) several batches of silicone DET specimens under preparation and (b) a finalized batch of 

silicone DET specimens.  

 

 

Figure 5.16. Phases of the preparation for silicone based compliant electrodes: (a) align the printing mask and silicone 

Film onto PET substrate, (b) electrode mixture is poured on the site of electrode holes; (c) electrode mixture is then blade-

casted over the masks; (d) the excess of electrode mixture is removed alongside with the masks, and the electrode mixture that 

left on the silicone film is cured under ambient condition. Once the bonding is finished, the silicone film is flipped over and 

phases (a)-(c) is repeated for printing the lower electrode pattern; € a final assembly of the printed upper and lower electrodes 

with additional areas for copper strip to connect. 
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5.3 Control strategy 

 

Since the experimental setup is designed to perform fatigue lifetime tests, the setup itself 

should be ensured to last longer than the tested specimens. The experimental setup is generally 

under high-voltage condition, the control of the setup should thus be cautious during the test 

operation to avoid shortening of equipment’s lifespan or critical device damage. So far the 

implemented test benches have already been running for more than 1000 hours without problems. 

As will be shown in the following sections, the control logic of the circuit is highly dependent 

on the time and event of the test operation. The Beckhoff industrial system is utilized here for 

controlling the operation of the experimental setup. Beckhoff TWINCAT3 software system 

executes instances of TcCOM (TWINCAT Component Object Model) modules in real-time on 

controllers or compatible PCs. With the help of TWINCAT System Target File, 

MATLAB® /Simulink®  model can be transformed into Microsoft Visual Studio C++ project for 

generating the associated TcCOM module. Based on these observations, the control logic can be 

realized as a state machine within a Simulink®  model using MATLAB® /Simulink®  Stateflow tool. 

Then the model can be imported as a TWINCAT3 runtime module and executed in real-time to 

control the experimental setup. During the execution, certain parameters (such as the amplitude of 

the testing electric field) of the runtime module can be modified through the external mode of 

Simulink or through TWINCAT3 environment. The real-time signal monitoring can be achieved 

through Scope block in Simulink or through TWINCAT3 Measurement environment. Thus, the 

runtime modules can be executed independently in TWINCAT3 environment without 

MATLAB® /Simulink® , for example on a stand-alone Beckhoff EPC with only Runtime licenses 

installed. This enables the possibility to replace the high-performance IPC with a cheaper EPC. 

Engineering licenses (such as TE1400) need only to be installed on the IPC, hence lowering the 

cost in implementing multiple test benches.  

The functionalities of the Simulink model for controlling the experimental setup can be divided 

into two groups: 

• Signal I/O and archiving: for handling the circuit monitoring and commanding signals, and 

logging of lifetime information during the tests; 

• Control logic: for generating commanding signals for proper operation of the experimental 

setup.  
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Signal I/O and archiving are straightforward and thus will not be introduced here. For the 

control logic, the state machine’s diagram is shown in Fig. 5.17. A pulse-wave signal (50% duty 

cycle) is working as the triggering event (either edge) for the state machine, also as a clock event 

for synchronizing between the real-time execution in TWINCAT environment and the temporal 

control in Simulink. 

The test operation will start when Enable signal is received, the state machine will then enter 

the Normal Operation state. Whenever a specimen is failed or Disable signal is received, the test 

system will be paused and transit to Discharge Operation state for discharging any remaining 

charges both on DET specimens and the HV converter. The Enable/Disable signal can be 

configured manually or sent by the logic functions. After Discharge Operation state, if failure has 

been detected, the system will enter the Identification and Isolation state to identify the failed 

specimens and isolate them from the remaining test operation. Or if it is a pause action, the system 

will go back to Start state waiting for further instruction. Once all the DET specimens on one batch 

failed, the test operation will stop completely. 

 

 

Figure 5.17. State diagram for the control logic. 

 

A simple Event function in the control logic will constantly examine the temporary history of 

the received current and voltage monitoring signals. Based on the status of the circuit, the function 

will send the corresponding triggering events to the control logic for state transition. The Event 
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function will be configured empirically for different test conditions and different types of DET 

specimens.  

 

Normal operation  

In the Start state, the list of to-be-tested specimens will be transformed into arrays for 

commanding the correspondingly the relay array 𝑆1…𝑛. The list is defined according to the test plan 

and the continuation of the previous tests. 

During the Normal Operation state, as introduced in previous sections, square-wave electric 

field waveform with 50% duty cycles is applied to the DET specimens. In practice, the HV 

converter is controlled in voltage and the square-wave waveform is ensured only for the nominal 

electric field. The discharging relay 𝑆𝐷 and the switching relay 𝑆𝐶 should operate in phase with the 

voltage square-wave signal to ensure correct charging and discharging phases. The controlling of 

the relays and commanding signals to generate the required square-wave voltage waveform is 

shown in Fig. 5.18. 

 

 

Figure 5.18. Waveforms of several commanding signals that working in phase for correctly manipulating the circuit. 

 

In Fig. 5.18, four delays indicated as 𝑡1, 𝑡2, 𝑡3 and 𝑡4 are introduced. The voltage commanding 

signal is delayed from the turn-on and turn-off of relay 𝑆𝐶 by 𝑡1 and 𝑡3 to avoid the switching of 
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relay during high voltage difference. With delays 𝑡2 and 𝑡4, charging relay 𝑆𝐶  and discharging 

relay 𝑆𝐷 are guaranteed not to be turned on simultaneously. In addition, 𝑡4 should also ensure that 

during the turn-on of 𝑆𝐷 , the DET specimens can be discharged completely. A demonstration 

voltage waveform is shown at the bottom axis. The voltage will rise to the desired level when the 

voltage commanding signal is turned on at the beginning of one cycle. After the turn-off of 𝑆𝐶, the 

voltage will slowly decrease during the delay 𝑡2. This decrease in voltage is due to the voltage 

divider and the internal current leakage of the DET specimens. Finally, the DET specimens will 

discharge completely when the discharging route is enabled by 𝑆𝐷. The control signal for 𝑆𝐶 is the 

desired square wave signal with 50% duty cycle. To ensure the output voltage signal has the same 

shape, the delays should satisfy 𝑡1 = 𝑡2. During the tests, the delays are chosen as: 𝑡1 = 5𝑚𝑠, 𝑡2 =

5𝑚𝑠, 𝑡3 = 10𝑚𝑠 and 𝑡4 = 10𝑚𝑠. 

The nominal electric field can be computed through dividing 𝑉𝑜𝑢𝑡  by the DE membrane 

thickness, which is either measured in the inactive state for styrenic rubber or use directly the 

thickness indicated in the datasheet for ELASTOSIL®  film. 

The endured lifetimes for the DET specimens are recorded during the Normal Operation state. 

A counter is reserved to accumulate as the square-wave voltage waveform propagates. The 

counting triggers whenever the voltage rises from zero to desired level and maintains for more 

than ¼  of the signal period. This triggering condition is handled by the Event function. The counter 

will be archived and paused whenever the system exits the Normal Operation state. 

The exit of the Normal Operation state happens when electrical breakdown is detected, or the 

test needs to be suspended. The electrical breakdown in DET specimens will form conductive 

paths through the DE membrane, thus failed DE specimens will short-circuit the experimental 

setup. The current will eventually be limited by the charging resistor 𝑅𝐶 as introduced in Section 

5.1. But certain resistors, such as 𝑅𝐶, have relatively low rated power and are only suitable when 

the circuit is simply charging or discharging. To avoid operating the circuit at full output power 

under high voltage for a long time, the test should be paused immediately after the detection of 

short-circuit. The main difference between normal operation (charging) and short-circuit is the 

duration of peak current level. The theoretical total capacitance of a batch of eight silicone DET 

specimens with 1𝑐𝑚 radius is roughly 700𝑝𝐹, together with charging resistor 𝑅𝐶 as 850𝑘Ω, the 

time constant of charging is below 1𝑚𝑠. Thus, the triggering condition for detecting short-circuit 

is chosen as: whenever the high-current state lasts more than 50𝑚𝑠 during the test operation. Once 
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short-circuit detected, Event function will send failure detected event to the state machine, and the 

control logic will then transit to the Discharge operation state. failure detected event will be reset 

after the finishing of the Identification and Isolation state.  

 

Discharge operation 

The discharge operation state is consisting of the following steps: firstly, relay 𝑆𝐶 is turned off 

to separate the specimens from the HV converter. Then the Voltage CMD signal is turned off and 

the discharging relay 𝑆𝐷 is turned on to discharge the remaining charges held in the circuit. After 

1 second of discharging, all relays will be turned off, including relay array 𝑆1…𝑛. 

 

Identification and Isolation 

After the discharging of the circuit, if failure detected event was received, the control logic 

will traverse the list of tested specimens to find the failed ones. An identification voltage is applied 

to the tested specimen. This voltage is chosen to be lower than the test voltage and assumed to be 

harmless to the specimen. If the tested specimen is still alive, the identification voltage will last 

for 500𝑚𝑠 and then entering the Discharge operation state. While if the tested specimen is failed, 

the Event function will detect the short-circuit again and notify the control logic to isolate this 

specimen. The corresponding relay in the relay array will be turned off permanently and this 

specimen will be eliminated from the list. The number of the failed specimen will be archived, 

together with the paused counter which indicates the endured lifetime for the failed specimen. The 

same procedure is repeated until all the specimens on the list have been examined. Finally, the to-

be-tested list will be updated based on remaining specimens, the test will be continued or 

terminated according to this updated list. 

If no specimen was found during the Identification and Isolation state, Disable signal will be 

sent, and the test will be suspended for further inspection. 

 

5.4 Results on styrenic rubber 

 

In this section, lifetime results on styrenic DET specimens will be presented and discussed. 

Four sets of experiments have been performed to assess the lifetime characteristics under different 
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electrode configurations and electrical loading profiles. In particular, they have considered the 

effect of:  

• Different nominal electric field amplitudes; 

• Different electrode configurations as introduced in Section 4.2.1. Since electrode 

configurations mainly affects the mechanical expansion of the DET specimen during the 

on-state of the applied electric field, hereafter the electrode configurations might also be 

referred as “mechanical constraints”; 

• Different frequencies for the square-wave electric field waveform; 

• Different DET specimen sizes.  

The results and analysis have also been reported in [47] and [48] . 

 

5.4.1 Lifetime vs electrical field amplitude tests 

To assess the influence of the amplitude of the applied electric field on lifetime, three batches 

of 16 identical DET specimens have been tested. The mechanical constraints for these specimens 

were perimeter-locked with diameter 𝜙 = 25𝑚𝑚 . The applied square-wave electric field 

waveforms have a duty cycle of 50%, 1 Hz frequency and the following different amplitudes: 

• 70.3𝑀𝑉/𝑚 (for the first batch); 

• 100𝑀𝑉/𝑚 (for the second batch); 

• 127𝑀𝑉/𝑚 (for the third batch). 

The obtained lifetime and the corresponding cumulative failure probability data (estimated via 

Eq. 3.22) are reported in Fig. 5.19a and Fig. 5.19b. Based on these obtained data, the Weibull 

model (described in Chapter 3 as Eq. 3.13, 3.17, 3.20 and 3.21) can be fitted and presented as 

straight lines in Fig. 5.19a, with the corresponding MCTFs plotted in Fig. 5.19b. The 

corresponding 95% confidence curves are also plotted as dashed lines in these figures. The 

corresponding Weibull parameters resulting from the MLE estimator fitting procedure are listed 

in Table 5.1. 

Inspection on the obtained experimental data and the fitted straight lines reveals that the 

proposed Weibull model incorporated with electrical loading is capable to capture the dependency 

of DET lifecycles on the applied electric field amplitude. Since the applied electric field amplitude 

directly correlates with the level of performance achievable by the DET application as introduced 
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in Chapter 2, this model can also be considered capable to describe the relationship between the 

reliability and the performance of the DET configurations. In particular, Fig. 5.19a shows that the 

proposed Weibull model incorporated with electrical loading provides a good fit on the obtained 

failure data, since most of the obtained lifetime data fall within the 95% confidence bound curves 

at the corresponding percentiles. Fig. 5.19b shows that the Weibull MCTF curve described by Eq. 

3.21 is capable to capture the general trend of the experimental failure data. Note that the 

approximated 95% confidence curves reported in Fig. 5.19b represent the mean lifetime, rather 

than for all the experimental data, will fall within those bounds with a probability of 95%. Hence, 

the boundary curves in Fig. 5.19a can be reckoned as prediction ranges for DET lifetime under a 

given amplitude of electrical loading and percentile. While boundary curves in Fig. 5.19b can be 

reckoned as a prediction range for mean DET lifetime under a given amplitude of electrical loading. 

From the parameters in Table 5.1, the characteristic lifetime 𝑁𝐶 = 𝛼(𝐸) =
exp (𝑎1)

𝐸𝑎2
 decreases 

(𝑎2 > 0) whereas the shape parameter 𝛽 = 𝑎3 − 𝑎4 log 𝐸 increases (𝑎4 < 0) as the electric field 

amplitude is increased. This can be observed in the figures as the decreasing trend of lifetime data 

points and the increasing of slopes of fitted straight lines, when the applied electric field increases.. 

This observation, while confirms the hypotheses behind Eq. 3.13 and 3.20, is quite intuitive: 

increasing the electrical loading amplitude is expected to reduce generally the lifetime and increase 

the rate of failure. But notice should be made that the decrease in 𝑁𝐶 is far more drastic than the 

increase of 𝛽, i.e. the dependence on the field amplitude for characteristic lifetime is more evident 

than failure rate. The necessary of parameters 𝑎3 and 𝑎4 in the proposed Weibull model should be 

explored more detailly. Additional tests with more levels of electrical loading will be conducted 

in the future. 

From a lifetime testing perspective, this result also indicates the significance of testing the 

specimens in laboratory environment at electric field amplitudes that approach the intrinsic 

dielectric strength of the DE materials, even though in general the applied electric field amplitude 

in practical operative conditions are relatively small compared to the dielectric strength. In this 

way the fatigue tests can be accelerated so as to reduce the testing times and costs, while the 

obtained model parameters are still viable for DET design. 
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Electric Field 

[MV/m] 

Weibull parameters 

  𝑁𝐶  𝛽  𝑎1  𝑎2  𝑎3  𝑎4 

127 1121 3.19 

25.35 3.7842 -2.65 -0.78 100 2771 2.64 

70.3 10685 2 

 

 

Table 5.1. Fitted parameters for model Eq. 3.13, 3.17, 3.20 and 3.21 based on the obtained lifetime results from electrical 

field amplitude tests. 

 

 

Figure 5.19. Lifetime results obtained from electrical field amplitude tests and the fitted distribution models plotted in: 

(a) Weibull probability paper, with 95% confidence curves in lifetime as dashed lines, the fitted Weibull model as the straight 

lines and the obtained lifetime data as different markers; (b) bi-logarithmic plane, with fitted MCTF as solid line and the 

confidence curves of MCTF as dashed lines. 

 

5.4.2 Lifetime vs mechanical constraint tests 

To assess the influence on lifetime of the different types of kinematic constraints applied via 

different electrode configurations, three different batches of DET specimens all with frame hole 

diameter 𝜙 = 25𝑚𝑚  have been tested. All three batches have been tested under the same 

electrical loading as square wave electric field waveform with 50 % duty cycle, 1 Hz frequency 

and 100𝑀𝑉/𝑚 nominal amplitude, but with the following different mechanical constraints: 

• Free-expanding (for the third batch), as in Fig. 5.11a with  𝜙𝑒 = 20𝑚𝑚; 

• Perimeter-locked (for the second batch), as in Fig. 5.11b; 

• Surface-locked (for the first batch), as in Fig. 5.11c. 
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The obtained lifetime data are reported in Fig. 5.20a. Comparison of the obtained failure data 

and the fitted Weibull models is instead reported in Fig. 5.20b. In this case, since no simple explicit 

relation can be included within the Weibull model that correlates the mechanical constraint type 

and lifetime characteristics, the fitting of the experimental data is performed on each of the three 

batches independently through the standard two-parameter Weibull model (Eq. 3.17). The 

corresponding estimated Weibull parameters are listed in Table 5.2. 

From Table 5.2, the characteristic lifetime 𝑁𝐶 = 𝛼  increases as the level of mechanical 

constraints decreases (from surface-locked to free-expanding case). At a first sight, this 

observation is rather counterintuitive. With the DET specimen less constrained, the DE membrane 

will expand in area once activated. Its thickness becomes not uniform due to the incompressibility 

of the DE material: specifically decreasing at the center and increasing at the periphery. This 

follows the actual electric field values at the center are higher than the nominal electric field. This 

local enhancement of electric field should thus lead to a failure earlier than the case where DET 

specimens’ deformation are constrained and the practical electric field levels are less different 

from the designed nominal one. 

However, the increase in lifetime might be explained by considering that DETs are suffering 

from electric field singularities (fringing effect and the presence of air as the additional dielectric 

medium) at the electrode’s boundary. This electric field singularities might introduce higher local 

electric field level than the nominal one. Since the DET area expansion causes the thickness to 

shrink from electrode periphery to center, it is likely that the thickening of material at the electrode 

boundary reduces the maximum amplitude of the singular electric field. An evidence in favor of 

this conjecture comes from the visual inspection of the broken specimens, which highlights the 

following: 

• The breakdown spots on the surfaced-locked and perimeter-locked DET specimens are 

almost always at the border, indicating high electric field located at the boundary;  

• The breakdown spots on the free-expanding DET specimens are mostly in the specimen 

bulk, indicating the high electric field concentrations at the boundary might be inhibited 

and possibly now the local electric field enhancement within the specimen bulk due to the 

decrease of thickness has prominent effect on the reliability. 

Differently from 𝑁𝐶, the shape factor 𝛽 does not seem to change significantly with varying 

types of mechanical constraint, even though 𝛽  seems to increase as the level of mechanical 
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constraint decreases. The estimated 95% confidence boundaries for the estimation of the 𝛽 for 

each mechanical constraint are highly overlapping: (2.57, 7.43), (2.27, 6.01) and (1.9, 5.6) for 

Free-expanding, perimeter-locked and surface-locked respectively. Thus, the differences among 

the fitted 𝛽 reported in Table 5.2 for the three test batches are statistically insignificant. This 

observation indicates that the breakdown mechanism might not be affected by the electrode 

configurations or the mechanical constraints. The estimated 95% confidence boundaries for the 

estimation of the 𝛼  are: (3958,5058) , (2471, 3325)  and (1516, 2156)  for Free-expanding, 

perimeter-locked and surface-locked respectively, which are more distinguishable than 𝛽. This is 

similar to the results obtained in the test comparing different amplitude of electrical loading, which 

indicates that the difference in lifecycle trending (related to 𝛼) might generally be more obvious 

and easier to identify than the rate of failure (related to 𝛽) in DET fatigue testing. 

 

Mechanical constraint types 

Weibull parameters 

𝑁𝐶 𝛽 

Free expanding 4508 5 

Perimeter locked 2898 4.14 

Surface locked 1836 3.75 

 

 

Table 5.2. Fitted parameters for model Eq. 3.17 based on the obtained lifetime results from mechanical constraint tests. 

 

 

Figure 5.20. Lifetime results obtained from mechanical constraint tests and the fitted distribution models plotted in: (a) 

log scale of lifetime; (b) Weibull probability paper, with 95% confidence interval in lifetime as dashed lines, the fitted Weibull 

model as the straight lines and the obtained lifetime data as different markers. 
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5.4.3 Lifetime vs electrical loading frequency tests 

To assess the influence of the frequency of the applied electric field square waves on lifecycle, 

three batches of identical DET specimens with free-expanding electrode configuration (with hole 

diameter 𝜙 = 20𝑚𝑚 and electrode diameter 𝜙𝑒 = 20𝑚𝑚) have been tested, with the electric 

loading as square wave electric field waveform with 50 % duty cycle, 100𝑀𝑉/𝑚 amplitude and 

the following frequencies: 

• 0.2 Hz (for the first batch); 

• 0.5 Hz (for the second batch); 

• 1 Hz (for the third batch).  

The obtained experimental lifetime data are reported in Fig. 5.21a. Comparison of the obtained 

with the Weibull CDF fitting is instead reported in Fig. 5.21b. As introduced in Chapter 3, the 

fitting of the experimental data considering different frequencies is performed on each of the three 

batches independently with the two-parameter Weibull model Eq. 3.17. The corresponding 

Weibull parameters estimated from the data fitting procedure are listed in Table 5.3. 

As Fig. 5.21b shows, though the characteristic life 𝑁𝑐 of each batch are different from each 

other, the confidence curves for lifecycles at different percentile are highly overlapped. This means 

the lifetime seems to exhibit a weak dependence on the electrical loading frequency; which is in 

contrary with the standard Weibull model that is described in normal time unit: it indeed indicates 

that the failure probability does not strongly correlate with the time for which the specimen is kept 

electrically active (that is, electrically stressed), but rather with the number of times it switches 

from active to inactive and vice-versa. Thus Eq. 3.16 and Eq. 3.17 do not convey the same 

information and it is not straight-forward to pass from one form to the other, Eq. 3.19 is indeed not 

suitable for describing lifetime for styrenic DET specimens. The postulate that describing the 

lifetime in unit of cycle might be more suitable for DET system. 

This result suggests that charging and discharging phases may have a major effect in damage 

accumulation. In particular, since the presence of inevitable Joule heating caused by current during 

charging and discharging due to the non-negligible resistance of the DET electrodes, the 

degradation in the DET specimen which leads to final breakdown may be driven prominently by 

thermal effects rather than by electromechanical, electronic or partial discharge.  
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From a lifetime testing perspective, this result also indicates the significance of testing the 

specimens in laboratory condition with frequency higher than those used in operative conditions, 

for accelerating the lifetime tests to reduce testing times and costs. While the obtained lifetime 

characteristics are still viable since the frequency might have minor effect on the fatigue 

characteristic. 

As regards the shape parameter 𝛽, Table 5.3 show that there seems no specific relationship 

between 𝛽 and the operation frequency. Additional tests including a larger number of specimens 

are needed in exploring the correlation between the rate of failure and the operating frequency. 

 

Frequencies [Hz] 

Weibull parameters 

𝑁𝐶 𝛽 

0.2 9497 1.45 

0.5 7055 2.46 

1 6666 1.57 

 

 

Table 5.3. Fitted parameters for model Eq. 3.17 based on the obtained lifetime results from electrical loading frequency 

tests. 

 

 

Figure 5.21. Lifetime results obtained from electrical loading frequency tests and the fitted distribution models plotted in: 

(a) log scale of lifetime; (b) Weibull probability paper, with 95% confidence interval in lifetime as dashed lines, the fitted 

Weibull model as the straight lines and the obtained lifetime data as different markers. 
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5.4.4 Lifetime vs specimen size tests 

Knowledge about the correlation between lifetime characteristics and DET specimen size is 

necessary for assessing the scalability of the technology and predicting lifespan of full-scale 

service DETs from results obtained on small-size DET specimens tested in limited laboratory 

spaces. 

To investigate this aspect, DET specimens with free-expanding electrode configuration and 

different sizes are prepared and tested with square wave electric field waveform featuring 50 % 

duty cycle, 100 MV/m amplitude and 1 Hz frequencies. 

So far, due to the lack of materials and associated equipment, only preliminary results have 

been obtained for this kind of tests: 

• Only two different frame hole sizes 𝜙 have been considered, 25 mm and 50 mm, with the 

corresponding free expanding electrode sizes 𝜙𝑒 being 20 mm and 40 mm. 

• For the larger size (𝜙 = 50𝑚𝑚) only 4 specimens have been tested. 

Although the amount of failure data and the variety of specimen sizes are not statistically 

sufficient to be fitted with good accuracy to any reliability distribution models, the obtained results 

are still reported in Fig. 5.22. and have been fitted separately for each batch according to the two-

parameter Weibull model Eq. 3.17: though the theoreitical size scaling has been introduced in 

Chapter 3, the exact correlation still needs to be verified. The fitted Weibull models and the 

corresponding parameters are presented in Fig. 5.22b.  and Table 5.4. 

Despite the limited number of tested specimens, it is quite clear that the lifetime increases with 

the increase of specimen size.  

This observation is rather counterintuitive. In fact, since the electrical degradation and 

breakdown is generally dependent on the weakest point on the material, it is expected that electrical 

breakdown is more likely to occur in large size specimens due to the higher probability to have 

defects with larger volumes, surfaces and thicknesses.  

As a possible explanation, the ease of manually manufacturing larger styrenic DET specimens 

may have helped to improve the overall quality of the specimens (namely, more uniform electrode 

layer, better electrode boundary conditions etc.). 

In the future, more extensive tests are going to be performed to explore the correlation between 

lifecycle and size. 
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Diameter size [mm] 

Weibull parameters 

𝑁𝐶 𝛽 

25 4508 5 

50 14342 2.61 

 

 

Table 5.4. Fitted parameters for model Eq. 3.17 based on the obtained lifetime results from specimen size tests. 

 

 

Figure 5.22. Lifetime results obtained from specimen size tests and the fitted distribution models plotted in: (a) log scale 

of lifetime; (b) Weibull probability paper, with 95% confidence interval in lifetime as dashed lines, the fitted Weibull model 

as the straight lines and the obtained lifetime data as different markers. 

 

5.5 Results on silicone elastomer 

 

The results reported here for the silicone DET specimens are very promising but only 

preliminary. At the time of this writing some tests are still ongoing and new tests are being started 

to investigate this more in depth. During the experimental campaign, some of the tests have been 

interrupted due to the unexpected failure behaviors that have been observed on a number of 

silicone DET specimens prepared according to the procedure describe before. 

Results on specimens with free-expanding mechanical constraint (𝜙𝑒 = 20mm) under different 

electric loading amplitudes are shown in Fig. 5.23 with logarithmic scale of lifetime. As can be 

observed from the figures, several trials with different number of specimens and different electric 
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field amplitudes have been made. Most of the specimens failed and some of them are still under 

testing. 

 

 

Figure 5.23. Lifetime results of silicone DET specimens so far, presented in log scale in lifetime and linear scale for 

electric field level. Red cross indicates specimen failure, while circle indicates survived specimens (multiple specimens can 

have same position as one circle). 

 

Fig. 5.23 shows a clear gap around 105  cycles. This gap indicates that silicone DET specimens 

either lasted near or more than millions of cycles or failed within several thousands of cycles. 

Possible explanation for this behavior is that the produced silicone DET specimens might not be 

sufficiently consistent. The inconsistency might due to either the manufacturing procedure, which 

is inherited from larger size applications (107mm from [21]), or the considered silicone material. 

From the figure, a gap seems to exist around 102 cycles, but since the plotting is in logarithmic 

scale of lifetime, the gap at 105  cycles is much more significant. 

Upon observing the failed specimens, three types of specimens have been observed as shown 

in Fig. 5.24, with red circles indicating the location of breakdown points. In particular: 

• Fig. 5.24a represents a silicone DET specimen with lifetime lower than 105 cycles. As it 

can be observed, the additional area of the upper electrode which is responsible for 

connecting electrodes to copper strips (hence the main circuit) is patterned poorly and an 

early failure is expected, which is due to the irregular electric field that is likely to be 

generated in this imperfect region. The breakdown point is also located in this region, 

though not so obvious to be recognized. 
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• Fig. 5.24b represents another silicone DET specimen with lifetime lower than 105 cycles. 

The specimen seems fine regarding to the printed electrode pattern, but it still suffers from 

an early failure. The breakdown point is located again in the additional connection area.  

• Fig. 5.24c represents a specimen with lifetime greater than 105 cycles. The electrodes seem 

fine, and the breakdown point is located at the border of the electrode but not in the 

additional connection area. The breakdown point is clearer to be observed: a melted point 

is located at the center of the breakdown spot and the surrounding silicone material has 

become opaque. 

 

 

Figure 5.24. Examples of three types of failed silicone DET specimens (all have been tested under similar electric field 

amplitude), red circles indicate the breakdown points: (a) early failure with bad printing; (b) early failure with not-obvious 

imperfection; (c) good specimen lasted more than two million cycles and failed. 

 

The poor patterning in the connection area might be due to not-sufficiently stirred electrode 

mixture or to an excessively slow curing process that prevent the electrode mixture to bond 

adequately to the dielectric substrate. When the electrode is cured and dried, not enough carbon 

black is left in this region. The inconsistent conductivity in this zone is likely to generate an 

irregular electric field, thus leading to an early failure. However, the quality of the electrode is not 

easy to verify, since as it is shown in Fig. 5.24b, the specimen seems fine but also has an early 

failure. For a good specimen which has lasted more than 105  cycles, the plainness of the 

breakdown point might indicate that the breakdown is indeed due to the fatigue or degradation 

mechanisms: the weak point has been stressed sufficiently to change the material properties in the 

surrounding area.  
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To verify this observation, six brand-new specimens on two batches are tested firstly under 

electric field of 65𝑀𝑉/𝑚 for 50000 cycles; then, those that have survived are tested with an 

electric field of 80𝑀𝑉/𝑚  which is in the breakdown range of ELASTOSIL®  silicone in 

unstretched state. One of the six specimen failed immediately with 65𝑀𝑉/𝑚; for the remaining 

five specimens, one has failed below 105 cycles under 80𝑀𝑉/𝑚; the rest four has lasted more 

than 105 cycles and the results are shown in Fig. 5.25. This attempt confirms that: 1) there is 

indeed quality difference among the specimens even on the same batch; 2) the ‘bad’ specimens are 

not likely to last longer than 105 cycles, but the breakdown electric field levels for the ‘bad’ 

specimens are not necessary the same; 3) the ‘good’ specimens can last easily over 105 cycles. 

Removing specimens with lifecycles lower than 105 (considered as ‘bad’ specimens) provides 

Fig. 5.25. Although these data are much less than those available for the styrenic rubber specimens, 

some statistical analysis can still be done.  

 

 

Figure 5.25. Lifetime results of silicone DET specimens greater than 105. Red cross indicates failure, circle with right 

arrow indicates right censored (still alive to date) specimens, small number near the circle indicates how many specimens 

under the same condition, dotted arrow indicates a change on the applied electric field amplitude. 

 

For the tests conducted at electric loading amplitude of 75𝑀𝑉/𝑚 (thus, for a DET operating 

at an energy density larger than 300𝐽/𝑘𝑔 from [21]), the corresponding Weibull fitting results are 

shown in Table 5.5 and Fig. 5.26. This test is still ongoing thus the result data is considered as 

singly-censored. As it can be seen in the figure, the proposed Weibull model can still describe the 

lifetime characteristic for silicone specimens. From Table 5.5, the estimated distribution model 
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has a characteristic lifetime of more than 2.2 million cycles. This is a remarkable number in the 

aspect of both performance and durability for DET systems.  

 

Weibull parameters 

𝑁𝐶 𝛽 

2204200 3.76 

 

 

Table 5.5. Fitted parameters for model Eq. 3.17 based on the obtained lifetime results from specimen size tests. 

 

 

Figure 5.26. Lifetime results for silicone specimens tested under 75𝑀𝑉/𝑚 and the fitted distribution models plotted in: 

(a) log scale of lifetime, red crosses indicate failed specimens, circle with arrow indicates the still-alive one; (b) Weibull 

probability paper, with 95% confidence interval in lifetime as dashed lines, the fitted Weibull model as the straight lines and 

the obtained lifetime data as circle. 
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Conclusion 

 

As DET technology becomes more and more popular, comprehensive understanding on the 

characteristics of DE materials and lifetime characteristic of DET system are valuable information 

and worth exploring. So far, there are only a few proposed standards or routines for characterizing 

DET properties, and even less for DET reliability. In this work, an experimental study has been 

performed to compare the electromechanical characteristics of several DE materials, and explore 

the lifetime characteristics of DET systems. Experimental set-ups and methodologies have been 

designed and implemented based on existing approaches from related fields. Series of tests have 

been conducted and the obtained results have shown a number of interest insights. We hope that 

these results can be beneficial for optimizing DET designs, such as suitable choice between 

different DE materials and compliant electrodes, performance/reliability trade-off etc.  

 

6.1 Electromechanical characterization and comparison for 

three DE materials 

 

For characterizing DE materials, experimental set-up and procedure have been designed and 

implemented based on existing standards IEC 60243-1, IEC 62539, ASTM D149, ASTM D257 

and ASTM D150. Results have been obtained for three popular DE materials: styrenic rubber, 

THERABAND YELLOW 11726; natural rubber, OPPO BAND GREEN 8003; acrylic tape, VHB 

4905 by 3M. 

The obtained electrical characterization results for the three DE materials have shown that: 

1) Dielectric strength of the considered DE materials is indeed dependent on the level of 

applied equi-biaxial strain in a power law. In particular, THERABAND YELLOW 11726 

behaves similar to OPPO BAND GREEN 8003 regarding the dielectric strength levels and 

their dependencies on the strain. THERABAND YELLOW 11726 is more resistant to 
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water absorption than OPPO BAND GREEN 8003 for dielectric strength. VHB 4095 has 

the worst dielectric strength among the three materials. 

2) Electrical conductivity of the considered DE materials is dependent on the level of applied 

electric field in an exponential law, which confirms previous findings documented in the 

literature. In particular, THERABAND YELLOW 11726 has the lowest electrical 

conductivity among the three materials. The conductivity of OPPO BAND GREEN 8003 

is again comparable to THERABAND YELLOW 11726. VHB 4095 has the largest 

conductivity which is over 10 times larger than conductivity of THERABAND YELLOW 

11726. No significant correlation has been observed between electrical conductivity and 

applied pre-stretch strain, though these tests have been performed only on VHB 4095. 

3) Dielectric constant seems to show a weak dependency on the applied strain. VHB 4095 has 

the best dielectric constant among the three DE materials. While THERABAND YELLOW 

11726 has a dielectric constant similar to OPPO BAND GREEN 8003. 

The obtained mechanical characterization results for the three DE materials have shown that: 

1) Testing strain rate has limited influence on the mechanical response for all the three DE 

materials in both large and intermediate stroke ranges. 

2) Gent-Gent model is capable to describe the observed stretch-stress behavior for all the three 

DE materials quite accurately. Thus, this model can be a promising candidate to be used in 

control algorithms and design of DET applications. 

3) As OPPO BAND GREEN 8003 is stretched with large strokes, which are close to its 

rupture strength limit, the mechanical hysteresis loss will increase significantly. The 

material becomes softer after reaching the maximum deformation level and during the 

returning to the initial condition. In this case, the returning trajectory on stretch-stress plane 

cannot be described by the Gent-Gent model. 

4) In intermediate stroke case, OPPO BAND GREEN 8003 has the lowest hysteresis loss. 

The obtained results for dielectric properties of the three considered DE materials agree mostly 

with results existing in the literature. Discrepancies between the measured dielectric constant in 

this work and those in the literature can also be explained, as elaborated in section 4.2.4. Hence, 

the utilized methodology can indeed correctly measure the associated properties for DE materials. 

The adoption of a same experimental procedure for the characterization of the three different DE 
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materials makes it possible to compare their performances in a more credible and consistent 

manner.  

Comparing the testing results acquired on the three considered DE materials, one can find that:  

1) Though VHB 4095 has the largest dielectric constant among the three DE materials, it 

suffers from relatively large current leakage and low dielectric strength.  

2) OPPO BAND GREEN 8003 performs similar to THERABAND YELLOW 11726 but is 

rather sensitive to humidity and stroke range.  

3) THERABAND YELLOW 11726 has decent dielectric strength and no obvious flaw, hence 

it can be a promising DE material. Thus, in the lifetime characterization experiments, DET 

specimens based on THERABAND YELLOW 11726 have been considered. 

 

6.2 Lifetime characterization on DET specimens based on two 

DE materials 

Based on existing practices in power cable industry and accelerated-testing research field, 

experimental procedures and test benches have been developed for characterizing the lifetime 

behavior of DET systems. The proposed experimental set-up and procedure can operate 

autonomously and have already been in operation for more than 1000 hours without encountering 

any problems. DET specimens based on two DE materials (styrenic rubber, THERABAND 

YELLOW 11726 and silicone elastomer, ELASTOSIL®  2030) have been prepared and tested 

under different conditions for thoroughly analyzing the lifetime behavior. 

In particular, for styrenic DET specimens, the obtained lifetime results have shown that: 

1)  Weibull distribution model (in time unit of energy conversion cycle) fits generally well 

with the obtained lifetime results. Since Weibull model is a well-studied area in stochastic 

field, the associated theoretical or practical conclusions and methods are available for 

further exploration on the lifetime performances and reliability prediction of DET systems. 

2) The applied electric field amplitude affects dominantly the lifetime behavior of DET 

systems. The relationship between the applied electric field amplitude and characteristic 

lifetime 𝛼 is indeed following the inverse power law introduced in [45]. 

3) The test results on different electrode configurations emphasize the local enhancement of 

electrical stress around the boundary of electrode. The discontinuity and singularity at the 
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boundary of electrode might be a prominent cause in the degradation process of DET 

systems. 

4) Lifetime characterization of DET systems might be better described in terms of number of 

cycles rather than in terms of elapsed time. This implies that the degradation process of a 

DET system might be due to the thermal effects that occur during the charging and 

discharging phases within the operating cycles. 

5) The results obtained in this work during the testing of specimens with different sizes are 

not statistically enough and more experimentation focused on this subject should be 

conducted in the future. 

The overall lifetime for styrenic DET specimens is in the range of 104 cycles under an electric 

field level of around 100𝑀𝑉/𝑚, which is only adequate for low-cost disposable systems. Since 

this type of material is not originally designed for DET application, the dielectric property and 

material quality might not be a priority during its production. This motivates the limited lifetime 

measured on this material and leaves significant space for improvement in case cleaner processes 

are used for its manufacturing. Nonetheless, tests on styrenic DET specimens which consider 

additional electric field levels and specimen sizes still provide a significant understanding on DET 

reliability and failure and will be continued in the future works. 

The commercial silicone film ELASTOSIL®  2030, which is specifically designed and 

manufactured for DET applications, exhibited far better performances than the THERABAND 

YELLOW 11726. 

Although the tests on silicone DET specimens are only preliminary and still undergoing, the 

following observations can already be drawn: 

1) Printing quality of the silicone-based electrodes highly affects the lifetime behavior of DET 

systems. The blade-casting procedure should be improved to avoid ‘bad’ specimens. 

2) For good silicone DET specimens, the obtained lifetime is very promising: the 

characteristic lifetime is about 2.2 million cycles for energy densities larger than 300𝐽/𝑘𝑔. 

3) Locations of breakdown points on silicone DET specimens reflect again the local 

enhancement at the boundary or irregular area of electrodes. 

Though ELASTOSIL®  2030 has shown potential to be utilized in practical DET applications, 

the manufacture procedure of DET specimens should be significantly improved, especially the 

printing of compliant electrodes based on the same silicone matrix. The considered improvement 



Chapter 6  

Conclusion 

111 

 

methods include electrode-dielectric bonding via low pressure oxygen plasma and electrode 

deposition via ink-jet printing. Electromechanical characterization on ELASTOSIL®  2030 film 

should also be conducted to assess its performance against those of other DE materials. An 

experimental set-up will be developed in future works for lifetime characterization on specimens 

under both electrical and mechanical loadings, to verify their combined effect as in practical 

applications. The applied electrical and mechanical loadings will be based on practical working 

conditions experienced in inflatable DET generators for wave energy harvesting [21]. 
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