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ABSTRACT 

 

MODELING AND APPLICA TION OF ARTIFICIAL M USCLE 

ACTUATORS 

 

¢amlēca, Fahri Buĵra 

Doctor of Philosophy, Mechanical Engineering 

Supervisor: Prof. Dr. Y. Samim ¦nl¿soy 

 

April 2019, 284 pages 

 

Electro Active Polymers (EAPs) are the group of polymeric materials which are also 

known as the Artificial Muscles that are already available commercially or can be 

manufactured in laboratory conditions. Artificial muscle actuators are considered as 

alternatives to conventional electric/pneumatic/hydraulic devices in certain 

applications which require lightweight actuators. Artificial muscle actuators are not 

yet capable of completing heavy duty missions, however these flexible actuators do 

not require additional mechanisms for actuation and their high efficiency outputs make 

them a strong alternative to conventional systems in future applications. 

This study is motivated by the potential of the materials known as artificial muscles 

in replacing the conventional actuators, particularly in aero structures where the 

weight and cost advantages are strongly emphasized. An exhaustive experimental 

study of the properties of a suitable representative material is carried out and the 

mathematical characterization of the material is performed. A model as a typical 

example of an aero structure in the form of a wing trailing edge is used to establish 

the capabilities and to ascertain the possibility of application in aero structures. 
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¥Z 

 

YAPAY KAS EYLEYĶCĶLERĶN MODELLENMESĶ VE UYGULAMASI 

 

¢amlēca, Fahri Buĵra 

Doktora, Makina M¿hendisliĵi 

Tez Danēĸmanē: Prof. Dr. Y. Samim ¦nl¿soy 

 

Nisan 2019, 284 sayfa 

 

Polimer malzeme grubu i­inde yer alan Elektro Aktif Polimerler (EAP) aynē zamanda 

Yapay Kaslar olarak da bilinmektedirler. Bu malzemeler ticari olarak bulunabildiĵi 

gibi laboratuvar koĸullarēnda da ¿retilebilirler. Yapay kas eyleyiciler, hafifliĵin 

gerektiĵi ºzel uygulamalarda konvansiyonel elektrik/pnºmatik/hidrolik cihazlara 

alternatif olarak d¿ĸ¿n¿lebilirler. Yapay kas eyleyiciler g¿n¿m¿z koĸullarēnda aĵēr 

y¿k iĸlerini tamamlayabilecek kapasitede olmamakla birlikte, bu esnek eyleyiciler 

­alēĸmak i­in de ek mekanizmalara ihtiya­ duymamaktadērlar. Y¿ksek verimle 

­alēĸmalarē gelecekte onlarē konvansiyonel sistemlere gºre g¿­l¿ bir alternatif haline 

getirmektedir. 

Bu ­alēĸmanēn motivasyonu yapay kas olarak bilinen malzemelerin ºzellikle aĵērlēk 

ve maliyet unsurlarēnēn ºnem kazandēĵē havacēlēk yapēlarēnda mevcut konvansiyonel 

eyleyicilerin yerine kullanēlabilecek alternatifler oluĸturabilmeleridir. Bu ­alēĸmada 

ºrnek bir malzeme se­ilerek, t¿m ºzellikleri b¿t¿nleĸik bir deneysel sistem ile 

belirlenmiĸ ve matematiksel modellemesi yapēlmēĸtēr. Tipik bir u­ak kanadēnēn firar 

kenarēnēn modelini temsil eden bir d¿zenek kullanēlarak, yapay kas malzemenin hava 

yapēlarēndaki kabiliyeti ve uygulanabilirliĵi incelenmiĸtir.  

Anahtar Kelimeler: Dielektrik Elastomer, Malzeme Karakterizasyonu, 

Elektromekanik Karakterizasyon, Akēllē Malzemeler, Yumuĸak Eyleyiciler 
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CHAPTER 1  

 

1. INTRODUCTION  

 

Many electric/pneumatic/hydraulic actuators are available in various sizes and 

specifications. The design and operating characteristics of these conventional devices 

are well understood. They are capable of performing heavy duties and commercially 

available at affordable prices. They are not necessarily direct driven and thus may 

require additional components like belts or gears to satisfy the requirements of the 

specific application. They are heavy, rigid and their costs are high. The geometric 

space allocation requirements of them force to enlarge system dimensions for proper 

operating conditions. The structural integrity of the appliance (small or large) is highly 

affected due to cost considerations. 

Actuators that can be used instead of conventional devices described above have been 

the focus of researchers for a long time. In particular, actuators that are miniaturized 

and capable of sustaining small and/or large loads applicable to various applications 

are a popular concern. Actuators that can drive the mechanisms without needing 

additional components and capable to perform on land, underwater or aerial missions 

require new technologies to study on. 

One of the alternatives as new era actuators is the Artificial Muscles. They are a group 

of polymeric materials which are also known as the Electro Active Polymers (EAPs). 

They are already available commercially or can be manufactured in laboratory 

conditions. These actuators are made of soft and formable materials. Different types 

of these materials have been developed, studied, and published in the literature 

recently. These materials do not need additional mechanisms to actuate. They can be 

tailored for specific needs. These materials are candidates for use in new concepts of 
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actuators to replace conventional devices as they possess suitable characteristics with 

respect to light weight, low cost, low design space requirements among others. 

Biological muscles are an evolutionary optimized motion generator of species. They 

are driven by chemical mechanisms resulting in toughness, reliability, compliance, 

and capability of operation with large strains. Muscle cells are cylindrically shaped 

with very thin diameters and bundled together capable of generating large forces with 

short response times. Muscles produce linear forces by the use of actin and myosin 

interaction. Artificial muscles are similar to biological muscles in terms of direction 

of motion capability, large straining, and compliance. Artificial muscles, on the other 

hand, generate force by activation of a magnetic field. Thin layers of artificial muscles 

can be grouped and ordered to generate high forces. The toughness, reliability, and the 

order of lifting capability of artificial muscles are not yet sufficient for heavy 

applications, however they are capable of emulating the behavior of natural muscles 

in the near future to develop biologically inspired mechanisms. 

As an example to visualize the motion concept can be a mimetic motion of a human 

face. There are 43 different muscles that control all our emotions [1]. Muscles are 

biological actuators that are stimulated by instant nerve reactions. However, no 

conventional group of motors are capable to simulate these 43 different muscles 

simultaneously with the desired actuation speed and magnitude. Additionally, daily 

life electric motors will need gear systems, enough space to properly locate and have 

to operate in various environmental conditions while on a human face. It is apparent 

that a more convenient actuation mechanism is required for efficient design of an 

artificial face. At this point, it will be proper to introduce artificial muscles for 

actuation concept. These artificial muscle materials can be programmed to actuate in 

different directions with varying speeds and amplitudes without need of a weight, 

space allocation and rigidity constraint. 
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1.1. Motivation and Contribution  

This study is motivated by the potential of the materials known as artificial muscles 

in replacing the conventional actuators for use in a wide range of applications, 

particularly in aero structures where the weight and cost advantages are strongly 

emphasized. 

In the thesis study, an exhaustive experimental study of the properties of a suitable 

representative material is carried out and the identification of the material is made in 

all aspects related to the application as an actuator which is called Dielectric Elastomer 

Actuator (DEA) in full  detail. Mathematical characterization of the material using the 

test results is obtained. The capabilities and the potential use of the selected material 

to ascertain the possibility of application in aero structures is established. 

Following the selection of a suitable artificial muscle material, a set of experiments 

are performed to analyze the material characterization which will be used in 

manufacturing of an artificial muscle actuator. The manufacturing process of artificial 

muscle actuator is detailed and the possible manufacturing defects are outlined. The 

capabilities of artificial muscle actuator are also analyzed with a bunch of static and 

electro activated test systems. 

Modeling of such materials are generally defined using strain energy functions. Most 

of the time, these functions are empirically obtained based on partial use of full 

material models or statistical approaches. In literature, the use of strain energy 

functions are limited to static models like modeling uniaxial tension or combined tests 

which well suit most of the time. Meanwhile, the strain energy function models are 

capable to capture relaxation behavior of the material. On the other hand, the use of 

these strain energy models in creep response is not available in literature due that the 

mathematical interpretations are cumbersome. In this study, the use of these models 

in creep response modeling is introduced with a unique technique beside static and 

relaxation behavior models. It is also shown that the hyperelastic strain energy 
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function coefficients can be identified using the relaxation and creep experiments 

results. 

The use of strain energy functions is not suitable for real time applications due to high 

computational effort. Direct approaches, such as using the voltage as the input and the 

stretch ratio of the material as the output from such models are possible. On the other 

hand, the reversal of the input and output variables is not handy either in case of 

quadratic nature of the models. It is shown in this study that, there are simpler 

mathematical models that are capable to fit  the material in action during real time 

voltage applications. The use of these models are real time capable, experiment 

friendly and able to predict material behavior correctly. 

Meanwhile, regardless of the applied creeping load, the effect of high voltage is 

isolated from the DEA response and a novel approach is proposed to estimate the DEA 

actuation strain using the voltage strain effect. 

In literature, different set of experiments were performed in material and DEA actuator 

level. In this study, a complete way forward to characterize such a soft material into 

an actuating mechanism is fully outlined and a representative application is 

demonstrated using a typical aerial wing structureôs trailing edge and the camber 

potential of the artificial muscle actuator is investigated. 

 

1.2. Thesis Overview 

This thesis describes the way of application of dielectric elastomer actuator on a 

demonstrative trailing edge in the following chapters: 

Chapter 2 ï Literature Review presents the current state of the art on electroactive 

polymers, their classification and dielectric elastomer design prospects. 

Chapter 3 ï Modeling of Elastomeric Materials provides a brief summary on how 

to model hyperelastic and viscoelastic response of elastomer materials. 
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Chapter 4 ï Material Characterization Tests outlines the simple material tests 

performed to analyze material properties as obtained from manufacturer. 

Chapter 5 ï Electromechanical Tests give information on production of a dielectric 

elastomer actuator and provide information on the tools and processes that are 

required. The tests to detail exhaustively material behavior from a simple material 

level perspective up to tailored actuator configuration is outlined. 

Chapter 6 ï Mathematical Modeling of Material and DEA presents the interactions 

between mathematical models and performed tests for both material and produced 

DEA levels. 

Chapter 7 ï Application to 3D Model Trailing Edge summarizes the steps to build 

a demonstrative aircraft wing like trailing edge model, installation of the soft actuator, 

test system, actuating the DEA and its angular position capability results. 

Chapter 8 ï Conclusion restates the objective of the thesis and discusses the results 

of this study. A concise summary is presented and recommendations for further study 

are discussed. 
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CHAPTER 2  

 

2. LITERATURE REVIEW  

 

2.1. Introduction  

Rubber, also named as elastomer, is a kind of polymer which is built up by long chain 

molecules. Polymers or the elastomers are the base of artificial muscle structures 

which are so called Electro Active Polymers (EAPs). The basic motivation of research 

in polymers has initially been the simulation of the behavior and performance of actual 

mammalian muscles. These polymers have functional similarities to biological 

muscles including resilience, damage tolerance and large actuation strain. Efforts have 

been focused on materials that are able to change their volume or shape as a 

consequence of an external excitation. 

The actuators manufactured from these smart materials do not need traditional 

components like gears, belts and bearings, which present high costs, weights and 

possible sources of failures. As long as these materials lead to new alternative actuator 

designs, they are also classified as the future sensing and energy harvesting devices. 

Before getting into the comparison of polymeric materials with biological muscles, a 

general categorization of polymers is presented in Figure 2-1. 

Biological muscles are the real actuators of human and animal movements. They are 

chemically activated biological elastic mechanisms and are capable of lifting large 

loads at short (millisecond) response times. They produce linear forces and able to 

operate for billions of cycles over a period of hundred years or more. They are energy 

efficient, have a high contraction ratio, compliant and their stiffness can be varied 

smoothly and dynamically. They can also act as sensory mechanisms. Mechanical 

properties of natural muscles are widely studied in [4]ï[8]. EAP materials are 

classified as rubber and used to emulate the movement of actual muscles. The 
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properties of rubber should be well outlined to understand the actuation mechanism of 

EAPs. 

 

 

Figure 2-1 Structural categorization of polymers [2], [3] 

 

Rubber is a hyperelastic material that can be strained up to 500-800% in any direction. 

The mechanical behavior of rubber is not always linear and has a time dependent 

response in nature. It is usually described by a S-shaped stress- stretch curve. The bulk 

modulus of rubber is usually 1000-2000 times higher than its shear modulus which 

makes it nearly incompressible. Thus, in many design cases, the approximation of 

incompressibility is quite appropriate and a well-known assumption [9]. When rubber 

is subjected to cyclic loading, viscoelasticity is observed leading to a phenomenon so 

called hysteresis. Hysteresis is defined as the dependence of the state of a material on 

its history which effects its stiffness. The reasons of hysteresis but not limited to are 

the internal friction, strain induced crystallization, stress softening, structural 

breakdown and domain deformation [10]. 

Mechanical properties of rubber are controlled by the amount carbon black mixed in 

the material. A higher amount of carbon black leads to a phenomenon called Mullins 
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Effect. Mullins effect is the response of filled rubbers in which the stress-strain curve 

depends on the maximum loading previous encountered. That means, the first time a 

material is stretched to a certain level, the stress will be higher than the next time the 

material is stretched to the same level. The reason is the breakdown of cross-links 

between the molecular chains. It is worth noting that it is necessary to subject the 

material to more than one loadingïunloading cycle, as the stretch-induced softening 

occurs mainly between the first and second cycle [11], [12]. 

Compared to the mammalian muscle, EAP technology still does not offer all the 

features of a human muscle. So far, one of the most obvious difference between 

humans or animals and todays robots is the missing capability of robots to combine 

perception and actuation. In natural muscles, proprioception means the feedback from 

neurons located in natural muscles, which make it possible to execute complex and 

sensitive movements. To simulate it in robotics, the use of EAP is a promising 

possibility to combine sensing and actuation in one device, which is then easy to call 

self-sensing actuator [13]. 

 

2.2. Background of EAPs 

Generally, all EAP materials can generate force and strain with considerably high 

response speed, lower density, light weight, pliability and improving resilience. On 

the other hand, these developed forces and reliability are not capable to complete 

heavy-duty missions. The efficiency of these materials is considered to be high but 

limited publication is available for the common standardization [12]. However, the 

reason of the motivation of the research community on these materials is the increasing 

need for miniature, low mass, less power consuming, flexible, direct drive and 

inexpensive actuators. EAPs ability to generate large displacements will be the future 

of the mechanisms. 

EAPs are active materials mainly categorized into two major groups based on their 

actuation mechanism. Materials which are driven by the mobility or the diffusion of 
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ions ï known as Ionic (Wet) EAPs and materials which are driven by electric fields or 

Maxwell forces known as Electronic (Dry) EAPs. 

In comparison with active materials, several óósmart materialsôô have been proposed 

as artificial muscles including Electro Active Ceramics (EACs), Shape memory Alloys 

(SMAs), Magneto Strictive Alloys (MSAs) and Piezoelectric Ceramics (PZTs). 

However, while EAPs can undergo large strains, perform short response time and their 

densities are lower, these smart like materials cannot hold all these properties at the 

same time.  

PVA gels, Nafion and flemion, Copoly (Aam/bdMG) gels and electrochromic 

polymers (ProDOT-( CH3)) and liquid crystal elastomers are the future EAP materials 

that have been studied in literature recently [3]. On the other hand, studies on these 

materials have not been published widely. Materials like molecular actuators and 

carbon nanotubes are called high-tech materials and are still need a strong 

development. 

A property comparison and classification of artificial muscle class materials are 

provided in Table 2-1. A detailed comparison of Electronic and Ionic Electroactive 

polymers is provided in Table 2-2. Detailed information about materials will be given 

in preceding chapters.  
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Table 2-1 Main and sub class-based comparison chart 

Main 

Class 

Sub 

Class 
Advantages Disadvantages 
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(W
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E
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P

) 

1. Natural bi-directional actuation that 
depends on the voltage polarity [14] 

2. Some Ionic EAP like CPs have a 

unique capability of bi-stability [14] 
3. Low voltage requirement [14] 

1. Requires electrolyte medium for proper 
actuation[14]ï[16] 

2. Electrolysis occurs in aqueous systems at >1.23 

V [14] 
3. Require encapsulation or protective layer in 

order to operate in open air conditions [14] 

4. Low electromechanical coupling efficiency [14] 
5. Except for CPs and NTs, Ionic EAPs do not 

hold strain under DC voltage [14] 
6. Slow response time [14] 

7. Bending EAPôs induce a relatively low 
actuation force [14] 

8. High currents require electrodes such as gold or 

platinum [14] 

9. Except for CPs, it is difficult to produce a 
consistent material (particularly IPMC) [14] 

10. To keep the actuator in a defined position, 

energy shall be sustained throughout the process 
[14]ï[16] 

11. Bandwidth is typically in the upper range of 

tens of Hertz due to ionic motion [14]ï[16] 
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ry
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A

P
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1. High mechanical energy density [14] 
2. Large actuation forces [14] 

3. Can operate for a long time in room 

conditions [14] 
4. Fast response time [14] 

5. Can hold strain/displacement under DC 

voltage activation [14] 
6. Can be operated in air with no major 

constraints [14] 

1. Independent of the voltage polarity, it produces 
mostly mono polar actuation due to associated 

electrostriction effect [14] 

2. High voltage requirement (~100 MV/m) [14] 
3. High activation field close to breakdown level 

required [14] 
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1. Large displacements [5] 
2. Actuates quickly using resistive 

heating [5] 

3. Large force generation [8], [17] 
4. High energy density [17] 

5. High material strength [17] 

6. High elasticity [17] 

1. Low bandwidth [17] 
2. Low frequency [17] 

3. High hysteresis [17] 

4. Limited operating temperature range [17] 
5. Long time required to cool down and return to 

rest position [5], [8] 

6. Fatigue problem [8] 
7. Large energy requirement [8] 

M
a
g

n
e

to
 S

tr
ic

ti
v
e
 

A
llo

y
 (

M
S

A
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1. High stiffness [5] 

2. High frequency [17] 
3. Wide operating temperature range [17] 

4. Controllable via magnetic field [17] 

1. Small strain [5] 

2. Low tensile strength [17] 
3. Brittle [17] 
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ic
 (

P
Z

T
) 1. Fast reaction time [8], [17], [18] 

2. High force potential [18] 

3. Precise and high electromechanical 
responses [8] 

4. Easily formed [8] 

5. High bandwidth [17] 
6. Low actuation power [17] 

7. Wide operating temperature range [17] 

8. Electromechanical coupling is linear 

1. Auxiliary equipment required [17] 

2. Low tensile strength [17] 

3. Brittle [4], [14], [17] 
4. Striction-limited [4], [14] 

5. Stiff/rigid [4], [5], [14] 

6. Limited displacement levels [17], [19]  
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Table 2-2 Main, sub and sub II class-based comparison chart 

Main 

Class 

Sub 

Class 
Sub II Class Advantages Disadvantages 
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Ionic Polymer Metallic 

Composites (IPMCs) 

1. Large bending capabilities [15] 
2. Difficult t o sustain DC driven 

displacements [15] 

3. Wide operating temperature range 
also capable of actuation below 0 

degree [15] 

1. Must be improved to increase 
the maximum stress output [15] 

2. Small displacement and force 

outputs [15] 
3. Even with special construction 

techniques, 2 Volts of energy 

can generate %50 strain with a 
net blocked force of 

approximately 1.16 kPa [15] 

Ionic Polymer Gels 
(IPGs) 

1. Responds to electric fields [5] 1. Still in the exploratory stages [5] 

Conjugated (Conducted) 

Polymers (CDs) 
1. Light and biocompatible [15] 1. Must be encapsulated [5] 

Carbon Nanotubes (CNs) 

1. Lifetime and actuation rate is 

higher than for most ionic EAPs 

[5] 

2. Recently super elastic CNT 
aerogel muscles are reported [5] 

1. They are stiff, strain amplifiers 

to be required [5] 

2. High creep rate [5] 

3. Cost, health and safety 
concerns [2] 
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D

ry
 E
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)
 

Dielectric Elastomers 

(DEs) 

1. The bandwidth and force outputs 

of DEs are generally exceed ionic 
EAPs [15], [20] 

2. Softness, cost effectiveness, 

manufacturability, low weight, 
inexpensive, mechanically robust, 

flexible, silent, reliable, simple 

and scalable [2], [15], [20]ï[23] 
3. Most feasible materials for 

actuation [15] 

4. Efficient at low velocities [24] 
5. High strain rates [2], [8], [21], 

[23], [25]ï[27] 

6. High energy densities [2], [20], 
[23] 

7. High electro-mechanical coupling 

efficiencies [2], [26] 

8. Low cycling hysteresis [2] 

9. Fast response times [20], [22], 

[25]ï[27] 
10. Excellent conversion time [25] 

11. High specific energy [20], [25], 

[27] 
12. Negligible viscoelastic behavior 

[22] 

13. Low Power Consumption [20] 

1. Stress relaxation and creep are 

an issue [15] 

2. Typical operating voltages 
range from 500 V to 10 kV [5], 

[28] 

3. Require large electric fields [2] 
 

ElectroStrictive Polymers 

1. Spontaneous electric polarization 

[5] 

2. Fast response speeds for 
electrically activated ones [5] 

3. The required electric fields are 

lower than for most other field 
activated EAP technologies [5] 

1. Response speed is limited due 

to the requirement for heat 

diffusion. [5] 
2. The use of stiffer polymers 

yields small strains and a work 

densities [5] 
3. The actuation strains are small. 

[2], [5] 

4. Slow response times for 
thermally activated ones [5] 

Ferroelectric 
1. Lightweight, flexible, easily 

formed, and are not brittle [5] 
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2.2.1. Ionic Polymers 

Ionic Electroactive Polymers (IEPs) can be activated by ion displacement. Diffusion 

or mobility of ions results in shape deformation of material. Few volts are needed for 

actuation but higher electrical power is needed with respect to Electronic Polymers. 

To keep the actuator in a defined position, energy shall be sustained throughout the 

process. Their bandwidths are typically in the upper range of tens of Hertz due to ionic 

motion. These polymer groups require electrolyte (wet environment) for proper 

actuation mechanism, which is a property to be preferred in underwater applications 

compared to Electronic Polymers [14]ï[16]. The use of IEPs are not within the scope 

of this study but a brief summary information on the types of IEPs are provided below. 

Ionic Polymer Metallic Composites (IPMCs) are ion-exchange polymer membrane 

films coated with thin flexible metallic or carbon electrode plates on its surfaces. 

When an electric field or magnetic field is applied, the mobile cations available in the 

membrane are driven through stationary anion groups. This causes, in turn, one side 

of the membrane to swell whereas the other side experiences contraction, thus 

resulting in large bending displacements under low input voltages [2], [5], [15]. 

Nafion and Flemion are the most important and widely used base materials. Nafion 

has thermal and chemical stability and good mechanical properties. Flemion is 

selected when higher bending capabilities are required [15], [29], [30]. 

IPMCs can easily be processed and miniaturized for many applications. They can 

work in within a wide temperature range also capable to actuate below 0 ÁC. They 

require low driving voltage typically on the order of a few volts or less (nearly equal 

to 1-5V) and actuation strains and stresses of >3 % and 30 MPa have been reported. 

Due to the generated low strains and the environmental condition of actuation their 

applications as artificial muscles are limited. Even with special construction 

techniques, with 2 V and 3 V applied voltages, a maximum of 2.94 mm and 3.78 mm 

tip displacement that exert 1.4g and 1.7g forces were reported in literature [2], [5], 

[15], [20]. 
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Electrodes that cover the base IEPs strongly influence the mechanical and thermal 

behavior of the actuator system. Precious electrode materials, Gold (Au) and Platinum 

(Pt) nanoparticles are widely used [15]. 

IPMCs are constructed as linear, stacked and parallel linear actuators to generate large 

actuation forces. They can be used as actuators in micro pumps, mechanical grippers, 

metering valves, as artificial muscles in robotic applications and energy harvester for 

battery chargers and as sensors in accelerometers, force, pressure, displacement and 

velocity measurement [5], [15]. 

Ionic Polymer Gels (IPGs) are polyacrylic gel acid in an electrolyte solution and 

responds to electric fields. These materials are a class of hydrogels that swell in water. 

A hydrogel placed into an aqueous solution can change in shape and volume by a 

change in the polymer-liquid interaction and hence the degree of swelling. Because of 

the diffusion of ions through the multilayered gel, the actuation of these materials is 

slow [2], [5], [31]. 

One of the most promising study is to combine ionic gels with McKibben artificial 

muscles. The intension is to replace conventional pneumatic system with a chemical 

actuation mode to improve the response speed and reducing system complexity [5]. 

Conjugated (Conducted) Polymers (CPs) work based on mass transport induced by 

ion movement during reduction-oxidation phase. It is considered to be the primary 

mechanism responsible for volume change and the reason of actuation. PPy and PANI 

are the base materials used for actuator design. Several different electrolytes can be 

used according to system requirements, due that most CP actuators must be 

encapsulated [5], [15]. 

Actuation behavior of CP actuators is strongly dependent on the fabrication process 

and the operating environment. CPs require low actuation voltage (1-5 V or lower) 

and generate considerable achievable stress up to 100 MPa which is larger than 

mammalian skeletal muscle. Large strain output that range from 1 to å40% can be 

achieved. They are light weight and biocompatible, simple mechanisms can be 
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constructed, they consume small electrical power, easily shaped and can operate 

silently [5], [15], [31]. On the other hand, CPs suffer from a very low operating 

efficiency of å1% and electromechanical coupling under 1%. 

These advantages make them attractive for a wide range of applications like robotics, 

biomedical devices, biomimetic systems, bio manipulation blood vessel reconnection, 

displays devices (i.e. dynamic Braille, haptic, electrochromic), valves, power suits, 

artificial limbs, toys and gadgets, control devices and catheters, sensor applications, 

printed circuit boards, various semi-conductor devices [3], [5], [15], [31]ï[35]. 

Carbon Nano Tubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. 

The application of a bias on single-walled carbon nanotubes suspended in an 

electrolyte suspension causes the electrolyte ions to migrate to the surface of the 

CNTs. This surface charge accumulation is compensated by a rearrangement in the 

electric charge within the tube. These effects together with the Coulombic forces 

produce the CNT actuation [2]. 

Beside conventional CNT actuators, super elastic CNT aerogel muscles are introduced 

in literature that requires no electrolyte medium and the actuation results from 

applying a positive voltage with respect to a counter electrode. The CNT actuators 

have gas-like density and highly anisotropic mechanical properties, with Poissonôs 

ratios reaching to 15 [5]. 

CNTs present several positive characteristics for their use as EAP, such as low 

actuation voltages (å1 V), high operating stress (26 MPa), high effective power to 

mass ratios (270 W/kg) and millisecond level response time. Individual CNTs output 

a high tensile modulus (640 GPa) and high tensile strengths (20-40 GPa), which are 

an order of magnitude larger than any other continuous fiber. Lifetime and actuation 

rates are higher than for most ionic EAPs [2], [5]. 

However, the cost of CNTs are very high, their applicability is limited because their 

actuation strains are typically below 2% and they require strain amplifiers to be used 
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as artificial muscles. Also, manufacturing an EAP from CNTs is difficult due to health 

and safety concerns [2], [5]. 

Electro Rheological Fluids (ERFs) can rapidly solidify and increase their viscosity 

dramatically, in response to an applied electric field. These materials are made by 

suspending particles in a liquid whose dielectric constant or conductivity is 

mismatched in order to create dipolar particle interactions in the presence of an AC or 

a DC electric field. Potential applications of ERFs include shock absorbers, engine 

mounts and acoustic dampers [16], [31]. 

 

2.2.2. Electronic Polymers 

Electronic Polymers are materials that can sustain the induced displacement with an 

applied DC voltage. This property makes them suitable for most of the robotic 

applications. They have high mechanical energy density and can be operated in air 

with no major constraints. They can generate relatively large actuation forces and 

exhibits fast responses. On the other hand, they require high electric field to activate 

which is close to its breakdown strength level. 

Electronic EAPs work based on electrostriction and exerts Maxwell stress effect 

actuation mechanisms. Therefore, the electro-mechanical response of a given polymer 

can be explained by either one of them or by a mixture of both. The typical materials 

of these actuation mechanisms are PVDF or liquid crystal elastomers for 

electrostriction and silicones or acrylics for Maxwell stress [2]. 

Dielectric Elastomer Actuators (DEAs) are basically soft and flexible compliant 

capacitors. They are composed of a thin elastomeric membrane sandwiched between 

two compliant electrodes that are able to convert electrical energy into mechanical 

energy, as actuators, and vice versa as sensors. The dielectric medium consists of 

incompressible and highly deformable elastomeric materials. When all the dipoles in 

a material align in this way to an applied electric field, the material is known as a 
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dielectric [28]. The electrodes are designed to be able to comply with the deformations 

of the elastomer. As for any capacitor, when an electric field is applied to the 

electrodes, positive charges appear on one electrode, and negative charges on the 

other. This gives rise to Coulomb forces between opposite charges, generating a 

pressure, known as the Maxwell stress. The Maxwell stress forces the electrodes to 

move closer, thereby squeezing the elastomer. As the elastomer is thinned, it elongates 

in the directions perpendicular to the applied force. Exploiting this simple principle, 

materials can be designed and processed, as well as the design of actuator geometries 

[2], [5], [24], [28], [36]. Deformation characteristics and response time of DEA place 

them between PZTs and shape memory alloys [27]. 

DEAs have a lot of advantages such as high energy efficiency, unrivaled power-to-

weight ratio and soft structure. Furthermore, they are capable of sensing its 

deformation and status without additional sensing devices [13]. The bandwidth and 

force outputs of DEAs generally exceed ionic EAPs [15]. 

High voltage requirements (> 1 kV) can be a concern, especially in biomedical and 

toy applications. Generally, there is a need to convert line or battery voltages up to 

kilovolt potentials, which adds cost and consumes volume. Relatively small DC-DC 

converters are available for moderate to low power applications [37] but the cost and 

size at present are prohibitive for application in small portable devices. 

Dielectric breakdown can limit actuator yield strength limit especially when 

imperfections exist within films. The materials can actuate at high stresses (up to 7.7 

MPa in acrylic and 3.2 MPa in silicone base materials). However, in practical devices 

the maximum stress is typically lower due to the reduced electric field required to 

avoid breakdown and to imperfect mechanical coupling with the load. 

DEA applications can be grouped as Braille displays, life-like robots, tunable lens, 

power generators, lightweight artificial muscles for robots, diaphragm actuators for 

pumps, speakers and flow control devices such as dimples or vibrating surfaces for 

aerodynamic applications, heating valves, tissue engineering, surgical tools, wind 
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turbine flaps, toys, rotary motors, grippers for material handling [8], [20], [25], [26], 

[36], [38]. 

Maximum linear strains of up to 380% were demonstrated but there is a tradeoff 

between strain and life cycles when loaded. For applications that require high 

lifetimes, the actuator must be designed to operate at strain levels below 15%. The 

strain is also dependent on the actuation frequency. As the frequency is increased, the 

strain decreases. 

Liquid Crystal Elastomers (LCEs) combine the orientational ordering properties of 

liquid crystals with the elastic properties of elastomer networks. It was observed that 

the reorientation of mesogens in liquid crystals during a phase transition could result 

in bulk stresses and strains [5]. 

LCEs can be divided into two categories namely the nematic and smectic. The 

actuation mechanism for these two systems is different. The change in orientation can 

be affected via thermal and electrical stimuli. Thermally activated LCEs (including 

optical, electrical, and direct magnetism) can extend up to 400% strains but their 

response speed is limited due to the requirement for heat diffusion. On the other hand, 

thermal relaxation is still an issue for LCEs. 

Electrically activated LCEs have polarized mesogens that can realign in the presence 

of an electric field. These have much faster response speeds (10 ms) than the thermally 

activated ones and require fewer electric fields according to most other EAP 

technologies. However, the actuation strains are relatively small (<10%) [2], [5]. 

Additional improvements in strain and work density will be required to use LCEs as 

an artificial muscle. These are possibly a good actuator candidate if there is no need 

for large actuation strains and the properties of liquid crystals, like their known 

electro-optic or electro-chromic capabilities, are desired. An iris like LCE is developed 

recently as a demonstrative application [2]. 
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Electrostrictive Graft Elastomers (EGEs) consist of a flexible non-crystallizable 

macromolecule chain with a grafted polar polymer that is able to crystallize. The 

application of an external electric field induces the reorientation of the polar 

crystallites, which results in deformation. This field-induced deformation is 

maintained until the electric field is removed. This type of materials offers very low 

strain values (around 4%) but relatively high energy densities [2], [5]. Unimorph and 

bimorph bending actuators made of EGEs were demonstrated in literature [5]. 

 

2.2.3. Smart Like Materials  

Piezoelectric Ceramics (PZTs) have been used as sensor and active force generator 

for a long time. They present numerous advantages, such as precise and high 

electromechanical responses, elevated response speeds and being easily formed. On 

the other hand, PZTs can generate only 0.2% of strain at maximum. Single crystal 

PZTs can generate slightly more strain levels around 1.7%. PZT are capable to work 

with low energy densities [5], [8], [18]. 

The Shape Memory Alloys (SMAs) are famous for being a large-displacement 

sensor/actuator material. They can produce considerable amount of linear 

displacements and generate large forces. Their maximum strain is limited to around 

8% and gets lower when the material is subjected to cyclic loading. On the other hand, 

low fatigue life, temperature control problems, small response speeds and large energy 

requirements are still serious concerns [8]. 

The use of SMAs as artificial muscle is not practical due to the time required to cool 

the alloy and return to the initial position. In order to obtain good operating 

frequencies, the SMA must be actively cooled which increase the bulkiness, 

complexity and cost of the system [5]. SMAs and PZTs both suffer from small strains 

and high stiffness. Thus, these materials are not particularly suited to artificial muscle 

applications. 
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Ferroelectric Polymers (FPs) have a non-centro-symmetric structure that exhibits 

permanent electric polarization. These materials possess dipoles that can be aligned in 

an electric field and maintain their polarization. The induced polarization can be 

removed by applying a reverse electric field or by heating above the materialôs Curie 

temperature. The polymers exhibiting these properties are limited mainly to PVDF 

and some PDVF copolymers such as Nylon 7, Nylon 11 and their odd numbered 

combinations [2], [5]. 

These materials may act piezoelectric responses after appropriate poling. Their 

piezoelectric actuation properties are typically worse than ceramic piezoelectric 

crystals. However, they have the advantages of being lightweight, flexible, easily 

formed, and are not brittle. Additionally, while ceramics are limited to strains on the 

order of 0.2%, ferroelectric polymers are capable of strains of 10% and very high 

electromechanical coupling efficiencies [5]. 

 

2.3. In Depth Review of Dielectric Elastomers 

DEAs work mainly by the effect of electrostatic attraction between compliant 

conductive layers applied on the two surfaces of elastomeric films. When voltage is 

exerted, the conductive layers induce compressive forces and the film counteracts in 

perpendicular directions. The film shrinks in thickness and expands in area 

accordingly. The actuation mechanism of Dielectric Elastomers (DEs) is as illustrated 

in Figure 2-2. Elastomers are sufficiently compliant that large strains are induced and 

there is efficient coupling between the electrical energy input called the Maxwell 

Stress and mechanical energy output. Typically, the spacing between conductive 

layers is less than 0.1 mm. Although the output planar strains are large, the 

displacement in thickness direction is small. Since elastomers maintain constant 

volume, contraction in one direction leads to expansion in the other two directions. 

Most mechanisms make use of the expansion perpendicular to the direction of the 

applied electric field due to large displacements. By pre-straining one of the two axes 
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most of the expansion is directed perpendicular to the pre-strain. The pre-straining can 

also result in higher breakdown strengths [15]. 

 

 

Figure 2-2 Working principle of DEAs 

 

DEA produce linear motion while electric motors generate rotary motion [28]. They 

have fast response time [20], [22], [25]ï[27], excellent conversion time [25], high 

specific energy value [20], [25], [27], exhibits large actuation strains which are 

typically in the range of %10 to %100 but can reach up more than %380 [2], [8], [21], 

[23], [25]ï[27]. They are light weight [2], [15], [21], [23], structurally flexible [21], 

high electromechanical efficiency i.e. >%90 [2], simple to construct [23] and reach up 

to high electric fields (usually around 100 V/ ɛm) [2]. They have high energy density 

(>8 MJ/m3) [2], [20], [23]. They are silent [20], [23], reliable [22] and power 

consumption is low [20]. They can work in large bandwidths especially in silicone 

(1400 Hz) and moderate bandwidths are possible in 3Môs acrylic VHB tapes (10 Hz 

typical) but small displacements can be achieved at tens of kilohertz in both silicone 

and acrylic materials [20]. They can operate over relatively high temperature ranges, 

silicone in particular can operate over a temperature range of -100 to +250 oC. Both 

can also act as generators and sensors. They are cost effective [15] and show low 

cycling hysteresis [2]. 
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On the other hand, high driving voltages which are typically lie in the range of 1 to 10 

kV [28] is a major concern. The range of applied maximum voltage depends on the 

polymer breakdown field and the thickness of the polymer film. However, switch-

mode amplifiers (very small sizes, 2.5 mm x 2.5 mm x 2.5 mm) able of convert 10 V 

to 1000 V are under development, allowing the possibility of incorporating low to 

high voltage conversion [28]. 

DEs can be tailored to make rotary motors which is feasible and possibly even 

advantageous, to replace traditional electromagnetic motors with dielectric elastomer 

motors in conventional robots [39]. 

 

2.3.1. Materials 

Dielectric materials are capable to polarize when exposed to electric field. In theory, 

any elastomer or soft thermoplastic may act as a dielectric layer. These materials are 

composed of small dipoles. These dipoles are aligned accordingly to the applied 

electric field and a certain time is required to complete response. This time is known 

as the relaxation time and governs the dynamic response of the dielectric material. 

Widely used dielectric materials are silicone, polyurethane and acrylic elastomers. 

Indeed, a large number of elastomer materials have been tested for DE devices, 

including PU, isoprene or natural rubber [40], acrylic rubbers, silicone elastomers 

[41], fluoro elastomers and even thermoplastic copolymers [2]. Besides, PDMS [40], 

PVDF [28] and Elastosil 625 [28] are the future promising dielectric materials that are 

currently under investigation. However, literature community is focused on acrylic 

and silicone elastomers where these materials are the most promising and 

commercially available ones. 

Vulcanization is a process that generates cross linkages between the polymer chains 

of the rubber molecules [15]. Dielectric elastomers can be chemically formulated and 



 

 

 

23 

 

fabricated with conventional polymer processing techniques such as spin coating and 

casting in laboratory conditions.  

Among all, acrylic elastomers are a kind of Polyacrylate [22], [25], [41] which are 

commercially available as brand names VHB F4969PC [23], VHB 4910 and VHB 

4905 from 3M company. 

VHB 4905 and VHB 4910 are acrylic foam elastomers available in the form of a 

membrane. These materials are made from the mixture of aliphatic acrylate, which are 

based on the structure of a vinyl group and a carboxylic acid terminus. VHB is in the 

form of tape material and can exert very large strains. They show a dissipative 

behavior, incompressible and viscoelastic in nature. These tapes have excellent 

durability and excellent solvent and moisture resistance [28], [38], [42]. However, 

these materials suffer from important viscoelastic effects, which result in long-term 

relaxations and slow response times [2]. They are very sensitive to humidity and 

temperature with an optimum operation temperature at around 20 ᴈ for un-modified 

acrylates [2]. The handling of these products is quite difficult because of their sticky 

nature. The manufacturer declared and research community extracted specifications 

of VHB tapes are tabulated in Table 2-3. According to the material specifications sheet 

[43], youngôs modulus of VHB tapes is defined three times more than its shear 

modulus. 

On the other hand, there are other materials recently defined as a good alternative 

material for actuation purposes [15], [41]. Nitrile Butadien Rubber (NBR) is a 

synthetic elastomer which is manufactured by combining the copolymerized 

Acrylonitrile (ACN) and Butadiene Rubber (BR). This material performs better 

mechanicals properties with respect to silicone and acrylic elastomers. PDMS, 

commonly known as silicone, is a mixed inorganicïorganic polymer based on silicon 

and oxygen backbone (SiïO), which provides low elastic modulus and high 

mechanical dissipation factors [2]. Silicones possess relatively low dielectric constant 

and energy density (Ůô = 2.5ï3.0 at 1 kHz, and e = 0.75 MJ/m3, respectively) and 
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modest electro-mechanical actuation strain (about 120% of linear strain [2], about 

%30 actuation strain [25]) when compared with acrylic elastomers [2]. Nevertheless, 

they have the advantage of a lower viscoelasticity, resulting in a faster response time 

and low viscoelastic losses, good resilience and low electric leakage [2]. Moreover, 

they also exhibit the advantage of a wide temperature range (from ī100 to 260 ǓC) and 

have low rates of moisture absorption, which have resulted in their use in most 

commercial products [2]. To use as an actuator, silicone elastomers require compliant 

electrodes [25]. However, silicones are available as viscous liquids that can be 

polymerized after casting to form membranes of any desired thickness [22]. 

 

Table 2-3 VHB acrylic foam tape series technical specifications 

Property VHB 4905 VHB 4910 

Thickness [mm] 0.5 1.0 

Width (used) [mm] 1180 1140 

Thickness tolerance Ñ15% Ñ10% 

Adhesive type General Purpose General Purpose 

Density [kg/m3] 960 960 

90Ǔ peel adhesion [N/cm] 21 26 

Normal tensile [kPa] 690 690 

Dynamic overlap shear [kPa] 480 480 

Static shear weight in grams at (22 ǓC) 1000 1000 

Dielectric breakdown strength [V/mm-1] 31 [44]  

Dielectric constant 4.5 at 1/8 Hz [44] 
3.21 at 1kHz 

2.68 at 1 MHz 

Poissonôs ratio 0.49 0.49 

Volume resistivity [ohm-cm] 3.1 1015 3.1 1015 

Shear modulus at 25ǓC, 1 Hz [Pa] 6 105 6 105 

Youngôs modulus [MPa] - 1-2 [44] 

Youngôs modulus at 50% [MPa] 0.04 [44]  

Elongation [%] >600 [44] >600 [44] 

Strain at break [%] 879 [44] 879 [44] 

Long term use temperature [ǓC] 93 [44] 93 [44] 

Energy density [MJ/m3] 3.4 [2] 3.4 [2] 

Creep [%] 70 [44] 70 [44] 

Thermal conductivity (W/mK) 0.16 0.16 

Thermal coefficient of expansion (m/m/ǓC) 180 10-6 180 10-6 

*: All other material values are from [43] otherwise referenced. 
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Examples to silicone elastomers are CF19-KE441 [15], Sylgard 186 [22] from Dow 

Corning, CF18-2186 [22] and CF19-2186 from Nusil [15] where CF18 exhibits higher 

elongation at break point and is 3.5 times softer than Dow Corningôs Sylgard 186 [22].  

Danfoss PolyPower material [20], [21], [27] is a DE material that is fabricated using 

a silicone elastomer in conjunction with compliant metal electrode technology. 

PolyPower actuator is produced in thin sheets of 40 ɛm thickness and the reported 

dielectric field strength is 40 V/mm and dielectric constant is around 3.1 [20]. High 

performance DE materials, including P(VDF-TrFE-CTFE) polymer doped with 

DEHP plasticizer are currently being investigated for their reasonably low stiffness 

(~35MPa) and high dielectric constant (>50) [23]. A simple comparison of most 

widely used materials are provided in Table 2-4. 

 

Table 2-4 Comparison of most widely used DE materials 

Property vs Material VHB 4905/4910 KE441 NBR 

Dielectric Constant 4.7 2.8 14 

Elastic Modulus 0.25 MPa 0.24 MPa 3 MPa 

Stress Relaxation high small very small 

Time Response good bad close to good 

* Measured according to a sample test configuration 50 [L] x 15 [W] mm x [0.5, 0.15, 0.2] [T] mm 

where T stands for VHB 4905, KE441 and NBR [15]. 

 

2.3.2. Electrodes 

To use DEs as an actuator, sensor or a generator, electrodes play a key role in DEA 

fabrication. They are required to generate electric fields. The elastomer material is 

squeezed between the electrodes to generate motion. Dielectric material is coated on 

both sides with compliant electrodes. The electrodes must adhere to the elastomer 

membrane and be compliant to elastomer deformation without constraining it either 

mechanically or electrically, that is, they should be able to sustain large deformations 

without losing conductivity [44]. Practically, it means that compliant electrode 
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material should deform while the dielectric material is changing its shape during 

actuation without losing their conductivity and without generating opposing stress. 

In theory, compliant electrodes should be conductive, sustain large deformations, 

adhere well to membrane, softer than the elastomer, easily patterned, not to alter the 

membrane properties, have low mechanical and electrical losses, be self-clearing and 

sustain millions of cycles without loss of performance [44]. The properties of different 

types of electrode materials are summarized below. 

Gold Electrodes are available in thin layers of 250 nm of beaten gold. They have the 

advantage that so-called óself-healingô effect. It means that at the position of the 

electrode where an electrical breakdown occurs, the thin gold layer evaporates and the 

actuator does not fail. On the other hand, the gold electrodes constrain the elongation 

of the actuator mechanically and cost ineffective [45]. 

Silicone/Graphite Electrodes are a mixture of 11 g graphite powder (TIMREX SP30 

or Superior Graphite, ABG1005, 20g) and 10 ml silicone oil (DC 200/100 cs or 45 g 

Dow Corning, DC 200/50 cs). This graphite electrodes are used in many applications 

[45]ï[52]. As an assumption, the Silicone/Graphite electrodes do not constrain the 

elongation of the actuator mechanically. The electrode thickness is approximately 20-

40 Õm [45], [48]ï[50]. Note that the thinnest electrode applied is measured to be 

approximately 5 Õm [46]. 

Carbon Conductive Grease Electrodes are assumed to be another compliant electrode 

type. The carbon conductive grease is smeared on the elastomer material. Carbon 

grease electrodes are the most commonly used solution as they provide good 

conductivity even at very high strains [7], [47], [53]ï[55]. They are cheap and easy to 

apply, and they provide good adhesion to most DE materials while having minimal 

impacts on actuation performances. They result in slippage between adjacent layers in 

multilayer actuator applications [5]. Among the commercially available compliant 

conductive grease electrodes Chemtronics conductive grease CW7100 and CW7200 
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[15], [21], [52] and Tecnolube Nyogel 755G [56] are considered as reliable compliant 

electrodes. 

Carbon-based electrodes (usually based on carbon black and graphite) are the most 

widely used ones, mainly because of their low cost, low impact on stiffness and ease 

of fabrication. They are generally used as loose particles (carbon powder), dispersed 

into a viscous media (carbon grease), or dispersed into an elastomer (conductive 

rubber) [44]. 

In contrast to greases, conductive powder electrodes do not use any binder to enhance 

the stability of the electrode. Conductive powders are commonly carbon-based 

materials, which are usually sprayed onto the surface of the dielectric. Graphite and 

carbon black electrodes have similar properties. Recently, transparent electrodes have 

been shown by using carbon nanotubes [21]. Ketjenblack EC-300J [57] and 

Ketjenblack EC-600JD [58] are nano powder electrode materials that are widely used 

as compliant electrodes [23]. On the other hand, a mixture of carbon black particles 

and silicone oil ELBESIL B50 serves also as a compliant electrode with sheet 

resistances in the range of 10-60 kÝ [38]. 

Metal Electrodes are not compliant. They are generally made of brass. They do not 

change their shape while the elastomer material is being squeezed. While these 

electrodes provide good electrical conductivity, they limit the strain of %~1 [5], [21], 

[35], [59], [60]. 

Mixture Electrodes are composed of two materials. Carbon Powder and Ethyl Alcohol 

are mixed to produce the electrode. Alcohol evaporates before actuation and a thin 

layer of carbon dust remains on the elastomer [61]. The graphite powder electrodes 

are tested in some of applications [47], [61]. Meanwhile, the mixture of silicone 

elastomer and carbon black are also tested [55], [62], [63]. The use of Ketjenblack and 

silicone glue mixture is also another application of mixture electrode. The mixture is 

viscous enough to spray on the elastomer for stable DEA application [28]. Beside all, 

graphite powder and silicone rubber compounds are also tested [28]. Other mixtures 



 

 

 

28 

 

like silicone matrix which is solved in trichloroethylene is combined with carbon black 

powder are currently under investigation [63]. Membrane is coated with a mixture of 

graphite powder (TIMREX SP30, 11 g) and silicone oil (DC 200/100 cs, 10 ml) for 

the electrodes [64].  

Silver Grease Electrodes [47], [55] and Conductive Polymer Electrodes [53] are used 

rarely in applications. 

 

2.3.3. Design and Manufacturing Performance Parameters 

DEA performance is highly affected and typically measured by a number of basic 

parameters. These parameters are summarized below. 

Strain as the deformation response of a DEA depends on the loading configuration 

[25], typical DEAs provide strains greater than 100% in actuation [38], it was also 

demonstrated in literature that, controlling the electric charge instead of voltage during 

actuation may also induce additional strains [25]. Linking multiple actuators in series 

results in greater deformation, whereas multiple actuators in parallel results in larger 

force output [23], high voltage-triggered linear deformations up to 360% strain with 

clamped boundary conditions, 488% area strain with membrane under dead loads and 

1692% area strain on membranes mounted on an air chamber have been reported using 

polyacrylate VHB films from 3M [22], capable of sustaining very high stretches [28]. 

 

Energy Density is defined as the mechanical output energy per stroke per unit volume 

or mass of material. Output stress varies quadratically with electric field. However, 

due to the compliance of the materials, the force that can be coupled to a load will 

decrease with increasing strain for a particular electric field. Maximum force is 

available at zero strain and at maximum strain the elastomer will not generate any 

output forces. For a given strain, the output force and DE stiffness can be tuned by 

varying the applied field. This is an important feature for artificial muscle applications 

as it allows the DEAs to heal themselves as natural muscles due to maintain stability 
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or prevent damage [5] and high energy density [22]. Precise measurement of DE film 

thickness is important parameter that needs to be determined to accurately estimate 

the applied electric field. When measuring film thickness, contact method is not 

recommended. Instead, using optical methods, capacitive methods to measure 

dielectric constant are preferred [12]. 

Response Time is the reaction speed of the DEA to an applied input. The input may be 

due to applied electric field or strain. Silicone elastomers are demonstrated to be faster 

(as low as a few ms) than acrylic elastomers in actuation response [8], [22]. 

Theoretical Efficiency is defined as the efficiency obtained with ideal electronics. 

Viscoelastic effects play a key role in reducing efficiency [5], elastomers have very 

little mechanical loss [28], humidity, temperature and strain rate effects the actuator 

performance [65]. The endurance limit or generated force are highly effected by the 

efficiency of the DEA [8]. Stress relaxation is not desirable for an actuator, it needs to 

be maintained as small as possible [15]. 

Dielectric Constant is proportional with the induced stress. As this value gets higher, 

the larger mechanical pressure and energy density can be obtained for the same driving 

voltage which means larger actuation forces [15]. The elastic modulus needs to be 

small to enhance the strain but the deliverable output force decreases with smaller 

modulus [15]. 

Power Consumption needs to be small. The driving currents are very low and the 

device is electrostatic in nature, so it will theoretically only consume power during an 

active area expansion (thickness reduction) and no power will be consumed to 

maintain the DE at a stable actuated state. Furthermore, some of the energy can be 

recovered after the actuation cycle is complete. In practice, however, there will be 

some leakage current through the dielectric, the amount will depend on the material 

and its thickness, and thus the DE will consume a small amount of power when 

maintained in a stable actuation state [5]. 
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Driving Voltage is an important fact and needs to be kept minimum using thin 

dielectric layers [21], a low voltage driven DEA was developed using piezoelectric 

transformers [20]. Typical driving voltages for dielectric elastomer actuators lie in the 

range between 1 to 10 kV, depending on the polymer breakdown field and thickness 

of the polymer film [20]. Voltage requirement highly affected by the breakdown field 

and film thickness [28]. On the other hand, electric field is required to generate the 

high forces [20]. 

Shear Modulus is an important mechanical parameter. Elastomers become flexible as 

the shear modulus decreases [66], materials that have low shear modulus are preferred 

in flexible mechanism designs. 

Some of the DE materials are commercially available but these materials perform 

limited actuation capability. On the other hand, fabrication of dielectric materials is 

another common option. The fabrication process may vary according to design 

requirements. Spin coating is a common manufacturing technique [21]. In spin 

coating, two components of uncured PDMS are mixed and applied onto the disk of a 

spin coater. The rotational speed defines the resulting thickness of the dielectric. After 

completing the first step, a heating process is applied to cross-link the elastomer which 

accelerates the curing process. Finally, graphite powder may be sprayed onto the 

PDMS surface if needed in defined master geometry. 

Many studies are performed in literature to study the response of DEA under constant 

load with or without electrical activation. Different actuation concepts are studied with 

DEAs. Significant amount of force generation (around 400 gr) is observed with 

different pre-stretch values at applied around 5 kV [12], [56], [59], [62], [67]. The 

displacement characteristics studied for DEA [68] where voltage is sinusoidally varied 

from 0 to 2.7 kV at a quasi-static frequency. Pulse width modulated response 

characteristics are also studied [41]. 
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Various voltage input signals are applied like ramp (as low as possible), step-wise, 

sinusoidal, triangular and saw-tooth wave voltage to investigate electrical failure 

limits [12], [69]. The breakdown shall be observed in three minutes [12]. Also, free 

stroke vs frequency studies are performed. Blocking force tests are performed for 

dynamic behavior characterization. 

 

2.3.4. Pre-straining 

Pre-straining is a common method used in manufacturing of DEAs. As long as, pre-

strain a DE has several negative effects on actuation performance, there are 

mechanical differences between pre-strained and non-pre-strained configurations. 

Pre-straining is not a pre-request but provides higher actuator performances. It 

influences the mechanical and electrical properties [15]. When an elastomer is pre-

strained, DE film thickness and driving voltage is reduced [21]. Pre-straining results 

in suppression or elimination of electromechanical instability, leading to large 

actuation strains [25]. In literature, both pre-straining and pre-stretching 

nomenclatures are commonly used to depict the same state. Uniaxial pre-stretching a 

DEA is an effective technique to obtain large deformation results compared to biaxial 

pre-stretching [22]. Pre-stretching helps to increase the actuation force and reduces 

the displacement decrease during actuation [41]. DEs are pre-stretched, typically up 

to five times their in-plane dimensions, in order to improve their performance due to 

reduced thickness [7], [45], [46], [56], [70]. 

The performance of a DEA is time-dependent and degrades after several cycles of 

actuation due to the continuous reduction of the pre-strain with time. When the pre-

strain reduces, the actuation force and displacement decrease [15], [41]. 

Development of actuators without pre-strain is very important in robotic applications 

due to eliminate the negative effect of pre-straining [15]. On the other hand, pre-
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straining of a DE is very cumbersome. Pre-straining jigs are commonly used in 

manufacturing of DEAs [26]. 

It is shown in literature that the electrical breakdown strength increases more than ten 

times by equi-biaxial pre-stretching of the DE film where the so-called pull-in failures 

are avoided. Meanwhile, it keeps the DEA in tension in all times which prevents 

buckling [7], [45], [60], [70]. 

Usually, the electrode material is sprayed onto the insulating elastomer film while it 

is strained at least about 75% [62]. Higher pre-stretch ratios result in high electrode 

effectivities. 

 

2.3.5. Actuator Configurations 

Different types of DEAs are manufactured in literature for various purposes. The most 

common actuator types are sketched in Table 2-5. Among them, circular, single or 

multiple layered planar, stacked, rolled, tubular, and diaphragm designed actuators are 

widely preferred. The selected design of actuator serves for specific application needs. 

A rolled or a tubular actuator design generates large deformations and high force 

values but needs extremely large pre-strains to amplify strain and force [41]. Note that, 

different actuator designs need different manufacturing techniques.  

On the other hand, the working principle of these DEA designs differ. Actuation 

mechanics of these DEA based on similar extension modules. Some of these use the 

uniaxial extension capabilities of DE while other use equi-biaxial, shear deformation 

capabilities. 
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Table 2-5 Comparison of most widely used DEA configurations 

# DEA Design Type DEA Schematic View Reference 

1 Circular Actuators 

 

[25] 

2 

Membrane, Single 

or Multi-Layer 

Planar Actuators 

 

[26] 

3 Stacked Actuators 

 

[21] 

4 Rolled Actuators 

 

[27] 

5 Tubular Actuators 

 

[71] 

6 
Diaphragm 

Actuators 

 

[71] 
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2.3.6. Dielectric Constant 

Dielectric constant or the dielectric permittivity is defined as the ability of a material 

to store electrical energy in an electric field which characterizes the degree of electric 

polarization a material experiences under the influence of an external electric field. It 

is demonstrated that its value decreases by increasing pre-strain [45] and different 

excitation frequencies [49], [72]. The dielectric constant of VHB material is about 3.2 

in pre-strained configuration and not equal to theoretical value of 4.7 and used by 

many researchers [45]. 

Actually, dielectric permittivity, ‐ has real and imaginary parts [12]. Real part 

directly governs the amount of electrical energy available for conversion into 

mechanical energy. It also determines the actual effective Maxwell stress. The 

imaginary part accounts for the amount of electrical energy lost as electrical 

dissipation in the elastomer. The permittivity of a material is measured with broadband 

dielectric analyzers, LCR bridges, potentiostats/galvanostats and vector network 

analyzers by applying sinusoidal input. Real and imaginary parts can be obtained by 

circuit analysis. 

It has been shown in literature that the dielectric constant of elastomeric films is 

frequency dependent. As the frequency of excitation increases the dielectric constant 

gets lower than theoretical values. Meanwhile, the strain response of the film is 

affected by the sinusoidal input. 

 

2.3.7. Failure Types 

There are various failure types that need to be considered when designing and 

manufacturing DEAs. It is reported that over-stretching leads to material rupture [25]. 

On the other hand, tearing, cracking, sparking and strain hardening are observed 

common DEA failures [28]. Molecular weight breakdown as a results of a slipping of 
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chains and surmounting of intermolecular forces [66] and aggregation which is a 

material problem appears as the volume percentage filler particles is raised [8], [9]. 

Also, electrical breakdown is commonly observed actuator failure which is observed 

in case of high voltage application [25]. In many cases, voltage-induced deformation 

is limited by electrical breakdown [73]. Electric breakdown is observed when a defect 

region occurs due to voltage application on the DEA, where sparks can jump from one 

electrode to the other which means death to an actuator [28]. Dielectric breakdown in 

silicone actuators seems confined to defects but acrylic actuators breakdown due to 

the applied electric field reaching defined maximum value [28]. Loss of tension in the 

axial direction always precedes electromechanical instability [74]. 

Electromechanical Instability which is also known as pull-in instability is observed 

due to a positive feedback between an increasing electric field and a thinning DE, 

which may lead to electrical breakdown. This instability may be suppressed or 

eliminated by pre-stretch or by designing an elastomer with óóshortôô polymer chains 

that restricts the limiting elastic strain to a sufficiently small value. The suppression 

or elimination of electromechanical instability leads to a significant enhancement in 

the actuation strain [25]. For a compliant dielectric such as an elastomer, the voltage-

induced deformation is often limited by electromechanical instability [73]. 

A DEA may respond in failure to voltage in two ways: One is the electromechanical 

instability, characterized by a peak in the voltage-stretch response and the other one 

is a monotonic voltage-stretch response. When electromechanical instability is 

suppressed or eliminated, large actuation strains exceeding 100% may be attained. 

Electromechanical instability may be suppressed or eliminated by pre-stretching 

and/or selecting/designing another elastomer with a smaller limiting stretch [25]. 

Stress softening is observed under repeated application of loads, stress softening of 

elastomers occurs due to breakage of chains and weak bonds. This reduction in stress 

is also known as Mullins effect [66]. 
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2.4. Conclusion 

When the literature is reviewed it is seen that the ionic EAPs require aquarius 

environment to actuate which is not a scope of this study. Among electronic EAPs, it 

is easy to select the acrylic dielectric elastomer material to study on based on several 

factors including commercially availability, ease of processability, well suit to 

intended application needs and behavioral similarity to the muscles of animals which 

show great application potentials in the field of small biomimetic robots. There is a 

high risk of dealing with the viscose nature of the acrylic material but the alternative 

silicone material is not available commercially and needs to be manufactured in 

laboratory conditions which is not a task for mechanical engineering discipline.  

Throughout this study, Akzo Nobelôs Ketjenblack EC-600JD is used as the electrode 

material for DEA applications. The compliant nature of the carbon particles combined 

with the sticky nature of the acrylic elastomer shall be a good combination to work. 

On the other hand, alternative Nyogel 755G is also tested as an electrode material and 

compared with respect to carbon dust. 

As experienced from literature, pre-straining is a must and shall be applied in planer 

directions to increase the effectiveness of the manufactured DEA. 
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CHAPTER 3  

 

3. MODELING OF ELASTOME RIC MATERIALS  

 

3.1. Introduction  

In Chapter 2, the properties of dielectric materials are summarized in detail. The 

design and manufacturing prospects are outlined. The dielectric materials used in this 

thesis are 3Môs VHB 4905 and VHB 4910 series acrylic tapes which are hyperelastic 

and viscoelastic in nature. In this Chapter, the mathematical modeling of such 

elastomeric material will be detailed. 

Electroactive polymers are mathematically modeled based on phenomenological 

network models. Elastic behavior is identified based on energy function models. The 

viscoelastic behavior of these material is modeled by using Prony series. Prony series 

are generalized Maxwell models which are a part of micromechanical network model 

[26], [75]. According to the quasi-linear viscoelasticity (QLV) assumption, the 

relaxation and so the creep behavior of a material is independent of the imposed 

deformation which might not hold true for all materials [75]. 

The most widely used strain energy functions to simulate hyperelastic behavior of a 

elastomeric material are Hookeôs, Neo-Hookean, Mooney-Rivlin, Ogden, Yeoh, 

Arruda and Boyce, Gent and Eight Chain models. All of these models fit to 

hyperelastic material test data in a certain amount of level. In this study Ogden, Yeoh 

and Mooney-Rivlin strain energy functions are selected for modeling purposes based 

on literature which will described briefly in the next pages. 

The fundamentals of Continuum Mechanics used in modeling are adopted from [76]ï

[79] unless otherwise specified. Reader should refer to related references for detailed 

proofs and concepts. 
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3.2. Kinematics of Deformation 

Deformation of a body can be represented by its initial and current states as illustrated 

in Figure 3-1. 

 

  

Figure 3-1 Deformation of a body from initial state to its current State 

 

Let ὼ and ώ denote the initial and the current states of a point, ὖ on a deforming body. 

The current position of the point, ώ ώὼȟὸ is a function of its initial position and 

time. The transformation between initial, ὖ and current, ὖ points can be described 

with linear mapping as given in eqn. (3.2-1), 

Ὠώ ὊὨὼ (3.2-1) 

 

Where, Ὂ is the deformation gradient tensor and defined in eqn. (3.2-2) in its explicit 

form. It is possible to calculate any deformation of a body when deformation gradient 

is known. 
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 (3.2-2) 

 

Deformation of a body will result in volume change and this transformation can be 

expressed as given in eqn. (3.2-3), where, ὠ indicates the initial volume and ὐ is 

defined as the incompressibility constraint or the volume ratio. 

Ὠὠ ὐὨὠ (3.2-3) 

 

Stretch ratio, ‗ is defined as the current length divided by the original length of the 

material. The eigenvalues of the deformation gradient tensor, Ὂ are defined as the 

principal stretch ratios, ‗. The corresponding eigenvectors are called principal 

direction of stretch, and define an orthonormal basis along which the principal 

stretches are measured. Denoting ὰȟ and ὰ are the initial and the actual lengths in Ὥth 

principal direction, the stretch ratio, ‗ can be expressed as given in eqn. (3.2-4) and 

illustrated in Figure 3-2. 

‗
ὰ

ὰȟ
 (3.2-4) 

 

 

Figure 3-2 Elongation in principle direction 
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The derivative solutions of stretch ratios, ‗ are as given in eqn. (3.2-5). 

ὰ ὰȟ‗ᴼ ‗
ὰ

ὰȟ
 

ὰ ὰȟ‗ᴼ ‗
ὰ

ὰȟ
 

ὰ ὰȟ‗ᴼ ‗
ὰ

ὰȟ
 

(3.2-5) 

 

The symmetric and positive definite right Cauchy-Green tensor, ὅ also referred as the 

Green deformation tensor is defined in terms of deformation gradient tensor, Ὂ and 

given in eqn. (3.2-6).  

ὅ ὊὊ (3.2-6) 

 

The engineering strain, ‐ȟ is defined as the change in length divided by the original 

length and can be calculated in terms of stretch ratio as presented in eqn. (3.2-7).  

‐ȟ
Ўὰ

ὰ

ὰ ὰȟ
ὰȟ

ὰ

ὰȟ
ρ ‗ ρ (3.2-7) 

 

Left Cauchy-Green tensor, ὄ given in eqn. (3.2-8) is also named as Finger 

deformation tensor and is used to describe the local area change of the material. It is 

an important strain measure in terms of spatial coordinates. It is symmetric and 

positive definite. It can be defined based on the deformation gradient tensor, Ὂ and its 

eigenvalues are the principle stretches, ‗. 

ὄ ὊὊ  (3.2-8) 

 

When there is no deformation, Finger tensor, ὄ is equal to identity matrix, Ὅ. The 

engineering strain tensor, ‐  can be written based on Finger tensor, ὄ as given in 
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eqn. (3.2-9). Note that all elements of the engineering strain tensor, ‐  is equal to 

zero when there is no deformation. 

‐ ὄ Ὅ (3.2-9) 

 

The strain invariants, Ὅ of the left Cauchy-Green tensor, ὄ and right Cauchy-Green 

tensor, ὅ are same and shares the same eigenvalues, which are the squares of the 

principal stretches, ‗. The strain invariants, Ὅ can be calculated as given in eqn. 

(3.2-10).  

Ὅ ὅ ὄ  ‗ ‗ ‗ 

Ὅ
ρ

ς
ὄ ὄ

ρ

ς
ὅ ὅ  

Ὅ ‗‗ ‗‗ ‗‗
ρ

‗

ρ

‗

ρ

‗
 

Ὅ ὨὩὸὄ ὨὩὸὅ ‗‗‗ 

(3.2-10) 

 

3.2.1. Uniaxial Tension Deformation State 

Assume an elastomeric strip is extending uniaxially as illustrated in Figure 3-3. The 

material is only stretched in tension direction and the rest of two dimensions are free 

to deform. 

 

 

Figure 3-3 Elastomeric material subjected to uniaxial deformation 
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The stretch ratio, ‗ in tension direction, ό can be defined as ‗ ὰὰϳ  where ὰ and 

ὰ are the material initial and deformed lengths. The stretch ratios of the free directions 

can be calculated as ‗ ‗ ρ ‗ϳ  using the constant volume assumption. This 

results in stress free deformations as the material is free to deform in ό and ό 

directions. Then the strain invariants, Ὅ and Ὅ can be calculated as given in eqn. 

(3.2-10). 

Ὅ ‗
ρ

‗

ρ

‗
‗

ς

‗
 

Ὅ
ρ

‗

ρ

ρ

‗

ρ

ρ

‗

ρ

‗
ς‗ 

Ὅ ρ 

(3.2-11) 

 

Using the state definition, the deformation gradient, Ὂ can be expressed as given in 

eqn. (3.2-12). 

Ὂ

‗ π π
π ‗ π
π π ‗

‗ π π

π ρ ‗ϳ π

π π ρ ‗ϳ

 (3.2-12) 

 

The right Cauchy Green deformation tensor, ὄ and ὄὄ matrix (which will be needed 

in next Chapters) can also be calculated as given in eqn. (3.2-13), 

ὄ ὊὊ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‗ π π

π
ρ

‗
π

π π
ρ

‗Ứ
ủ
ủ
ủ
ủ
Ủ
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Ụ
Ụ
Ụ
Ụ
ợ
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ủ
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 (3.2-13) 
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3.2.2. Simple Shear Deformation State 

Assume an elastomeric strip is subjected to simple shear deformation as illustrated in 

Figure 3-4. The material is only stretched in one plane with a tilt motion keeping one 

dimension free and the other one constant.  

 

 

Figure 3-4 Physical interpretation of simple shear deformation 

 

The amount of shear deformation is defined as Ὧ ὨὬϳ  where Ὠ is the relative 

displacement of the upper and lower planes and Ὤ is the thickness of the material. The 

deformed configuration, ὼ and undeformed configuration, ὢ of the material and the 

related deformation tensor, Ὂ are given in eqns. (3.2-14) and (3.2-15) respectively. 

ὼ ὢ Ὧὢ  

ὼ ὢ 

ὼ ὢ  

(3.2-14) 

 

Ὂ
ρ Ὧ π
π ρ π
π π ρ

   (3.2-15) 
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The right Cauchy Green deformation tensor, ὅ and left Cauchy Green deformation 

tensor, ὄ can be calculated using the deformation gradient tensor, Ὂ defined in eqn. 

(3.2-15). 

ὅ ὊὊ
ρ Ὧ π
Ὧ ρ Ὧ π
π π ρ

   

ὄ ὊὊ
ρ Ὧ Ὧ π
Ὧ ρ π
π π ρ

   

(3.2-16) 

 

For simple shear case, the strain invariants can be constructed substituting the right 

Cauchy Green deformation tensor, ὅ given in eqn. (3.2-16) into eqn. (3.2-10), which 

is presented in eqn. (3.2-17), 

Ὅ ὄ  ρ ρ Ὧ ρ σ Ὧ 

Ὅ
ρ

ς
ὄ ὄ σ Ὧ 

Ὅ ρ 

(3.2-17) 

 

3.2.3. Volumetric Compression Deformation State 

In a true/pure volumetric compression test, the applied hydrostatic pressure is equal 

on each outer plane of the material as sketched in Figure 3-5. The best way to perform 

a pure volumetric compression test is to use an aquarius environment that can easily 

exert the applied pressure on all surfaces. In a pure volumetric compression test, the 

stretch ratios, ‗ ‗ observed in all principal directions are assumed to be equal. 

Therefore, the deviatoric strain invariants are equal, ὍӶ ὍӶ σ and the 

corresponding volume ratio will be, ὐ ‗ ὠ ὠϳ  where ὠ is the initial volume and 

ὠ is the actual volume of the material. 
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Figure 3-5 Physical interpretation of pure volumetric compression 

 

Using the polynomial form of the strain energy potential, the total pressure, ὖ on the 

material can be calculated assuming that the infinitesimal work of strain will be due 

to exerted pressure where, ὖ ‬Ὗ‬ὐϳ  [80] as given in eqn. (3.2-18) which can be 

used to determine the Ὀ values (will be defined in strain energy functions) from 

volumetric test data. Note that ‗ ὐ in compression case. 

ὖ
„ „ „

σ
ςὭ
ρ

Ὀ
‗ ρ   (3.2-18) 

 

The strain energy functions which will be detailed in the next sections involve two 

parts. One is the deviatoric part, which describes the response of material to 

hyperelastic excitation and the other one is the volumetric part. Although both 

volumetric and deviatoric deformations are present, the deviatoric stresses are several 

orders of magnitude smaller than the hydrostatic stresses (because the bulk modulus 

is much higher than the shear modulus) and can be neglected for volume conservative 

material models [81].Generally, the elastomeric materials have a Poissonôs ratio 

approaching to 0.5 which indicates to an assumption that the material is volume 

conservative and the Ὀ values are assumed to be zero. That case is considered as 

incompressibility and infinite bulk modulus, ὑ [80], [82]. 
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Performing a pure volumetric compression is not simple and applicable for all times. 

Quasi-volumetric compression test is an alternative to pure volumetric compression 

test and can be used to determine the volumetric properties of a material instead [10, 

p. 43], [66, p. 45], [80], [81]. The quasi-volumetric compression test is performed by 

restricting the material in two principal directions and compressing through the free 

direction as sketched in Figure 3-6.  

 

 

Figure 3-6 Physical interpretation of quasi-volumetric compression test 

 

In a quasi-volumetric compression test, the volumetric strain, ‐ can be calculated as 

given in eqn. (3.2-19) using test parameters where, Ὤ is the initial and Ὤ is the actual 

material heights during test. 

‐
ὠ ὠ

ὠ

Ὤ Ὤ

Ὤ
  (3.2-19) 

 

In a pure volumetric compression test, the first and second deviatoric strain invariants 

are defined as given in eqn. (3.2-20) [80]. 

ὍӶ ‗Ӷ ‗Ӷ ‗Ӷ  

ὍӶ ‗Ӷ ‗Ӷ ‗Ӷ  
(3.2-20) 
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Deviatoric stretches can be expressed as ‗Ӷ ὐ ϳ‗ where ‗ are the principle 

stretches. When quasi-volumetric compression is considered, the corresponding 

principle stretches of the material will be as given in eqn. (3.2-21). 

‗ ρȟ   ‗ ρȟ   ‗
Ὤ

Ὤ
  (3.2-21) 

 

The volume ratio, ὐ in volumetric compression test, can be calculated as given in eqn. 

(3.2-22) where, Ὡ  is the plunger displacement and ὶ is the plunger radius.  

ὐ
Ўὠ

ὠ

“ὶЎὬ

“ὶὬ

Ὤ Ὡ

Ὤ
  (3.2-22) 

 

For the calculation of Ὀ coefficients, the applied pressure, ὖ and the corresponding 

volume ratio, ὐ, throughout the quasi-volumetric compression test are required to be 

measured. The compressive stress imposed by the plunger is effectively the applied 

pressure, ὖ. 

 

3.3. Mechanics of Hyperelastic Materials 

A material is called Cauchy-elastic or Elastic if the stress field at time, ὸ depends only 

on the state of deformation and boundary condition including temperature at that time, 

ὸ and not on the deformation or temperature history. 

According to the theories of Continuum Mechanics, hyperelasticity is defined as a 

kind of constitutive modeling for ideally elastic materials that exhibit large strains. Let 

a stress, ὸ ὸ‐ is defined as a function of strain, ‐ where the work, ὡ of stress on 

strain can be defined as given in eqn. (3.3-1). 

ὡ ὸ‐Ὠ‐ (3.3-1) 
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For an infinitesimal body, the incremental work of the external forces is equal to the 

incremental work of internal forces and can be determined as given in eqn. (3.3-2), 

Ὠὡ ὖȡὨὊ (3.3-2) 

 

where, ὖ is defined as the 1st Piola-Kirchhoff stress tensor, Ὂ is the deformation 

gradient tensor and ὡ is the scalar form of Helmholtz free-energy function so called 

the strain energy function. The value of the strain energy function increases with the 

induced deformation. 

The Helmholtz free energy function, ὡ definition also contains the thermal energy 

and mechanical strain energy. On the other hand, in most discussions, the thermal 

energy part is usually neglected and mechanical part, ὡ is considered including the 

medium density, ”. The materials that satisfy eqn. (3.3-2) are so called Hyperelastic. 

The hyperelastic response of any material is obtained when the internal force 

equilibrium of mass, linear and angular momentum balance is achieved. This 

condition is satisfied either material is at rest or in equilibrium with respect to external 

force excitation. The balance equation of 1st Piola-Kirchhoff stress, ὖ is given in terms 

of deformation gradient, Ὂ tensor and given in eqn. (3.3-3). It is the force measured 

per unit surface area defined in the reference configuration so called the engineering 

stress. 

ὖὊȟὸ ὐὸὊȟὸὊ  (3.3-3) 

 

Where, ὸ is defined as the ótrueô Cauchy stress. The constitutive equation of an 

isothermal elastic body relates the Cauchy stress tensor, ὸ ὸὊȟὸ at each place with 

the deformation gradient tensor, Ὂ. Cauchy assumption is defined as the Newtonôs law 

of action and counteraction and the appearance of stress tensor which is in equilibrium 

in the body. It is the force measured per unit surface area defined in the current 

configuration. Cauchy stress, ὸ and 1st Piola-Kirchhoff stress, ὖ point in the same 
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direction. Using eqn. (3.3-2), 1st Piola-Kirchhoff stress, ὖ can also be written in terms 

of right Cauchy-Green deformation tensor, ὅ as given in eqn. (3.3-4) to use where 

appropriate.  

ὖ
‬ὡὊ

‬Ὂ
ςὊ
‬ὡὅ

‬ὅ
 (3.3-4) 

 

The 1st Piola-Kirchhoff stress tensor, ὖ is not a symmetric tensor so it is convenient 

to introduce 2nd Piola-Kirchhoff stress tensor, Ὓ which is symmetric and can be 

expressed in terms of deformation gradient tensor, Ὂ and right Cauchy-Green 

deformation tensor, ὅ as presented in eqn. (3.3-5). 

Ὓ Ὂ ὖ Ὂ
‬ὡὊ

‬Ὂ
ς
‬ὡὅ

‬ὅ
 (3.3-5) 

 

The Cauchy stress, ὸ definition is used to model hyperelastic material behavior and 

the balance equation given in eqn. (3.3-3) can be re-ordered to express Cauchy stress, ὸ 

in terms of the 1st Piola-Kirchhoff stress, ὖ as given in eqn. (3.3-6).  

ὸ ὐ ὖὊ  (3.3-6) 

 

Using the transformations provided in eqn. (3.3-4), the Cauchy stress, ὸ can be re-

written in reduced forms as given in eqn. (3.3-7). 

ὸ ὐ
‬ὡὊ

‬Ὂ
Ὂ ςὐ Ὂ

‬ὡὅ

‬ὅ
Ὂ  (3.3-7) 

 

In hyperelasticity, the use of strain measure that are insensitive to rigid body motion 

are preferable. Right Cauchy-Green deformation tensor, ὅ is insensitive to rigid body 
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motion so it is appropriate to intoduce in equations. The Cauchy stress, ὸ can also be 

written in terms of 2nd Piola-Kirchhoff stress, Ὓ as given in eqn. (3.3-8) using the 

equalities defined in eqn. (3.3-5). 

ὸ ὐ ὊὛὊ ὐ Ὂ ς
‬ὡὅ

‬ὅ
Ὂ

ςὐ Ὂ
‬ὡὅ

‬ὅ
Ὂ  

(3.3-8) 

 

In order to determine constitutive equations for isotropic hyperelastic materials in 

terms of strain invariants, Ὅ differentiation of ὡ ὅ ὡ ὍȟὍȟὍ  with respect to 

right Cauchy-Green deformation tensor, ὅ is considered using the chain rule as 

presented in eqn. (3.3-9). 

‬ὡὅ

‬ὅ

‬ὡ

‬Ὅ

‬Ὅ

‬ὅ

‬ὡ

‬Ὅ

‬Ὅ

‬ὅ

‬ὡ

‬Ὅ

‬Ὅ

‬ὅ
 (3.3-9) 

 

Where, 

‬Ὅ

‬ὅ
Ὅȟ

‬Ὅ

‬ὅ
Ὅρ ὅȟ

‬Ὅ

‬ὅ
Ὅὅ  (3.3-10) 

 

Substituting eqn. (3.3-10) into eqn. (3.3-9) will result in eqn. (3.3-11) as follows, 

‬ὡὅ

‬ὅ

‬ὡ

‬Ὅ
ρ
‬ὡ

‬Ὅ
Ὅρ ὅ

‬ὡ

‬Ὅ
Ὅὅ  (3.3-11) 

 

Then, one can write the 2nd Kirchhoff stress, Ὓ as given eqn. (3.3-12), 
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Ὓ ς
‬ὡὅ

‬ὅ
ς
‬ὡ

‬Ὅ
Ὅ
‬ὡ

‬Ὅ
Ὅ
‬ὡ

‬Ὅ
ὅ Ὅ

‬ὡ

‬Ὅ
ὅ  (3.3-12) 

 

For isotropic materials, assuming that the Cauchy stress, ὸ depends on the left Cauchy 

Green deformation tensor, ὄ and substituting eqn. (3.3-11) into eqn. (3.3-8), the 

Cauchy stress, ὸ definition can be obtained as defined in eqn. (3.3-13). 

ὸ ςὐ
‬ὡ

‬Ὅ
ὊὊ

‬ὡ

‬Ὅ
ὍὊὊ ὅὊὊ Ὅ

‬ὡ

‬Ὅ
ὅ ὊὊ  (3.3-13) 

 

The most general Cauchy stress, ὸ definition presented in eqn. (3.3-14) in terms of 

stress invariants is obtained by substituting right Cauchy Green tensor, ὅ given in eqn. 

(3.2-6) and Left Cauchy-Green tensor, ὄ given in eqn. (3.2-8). 

ὸ ςὐ
‬ὡ

‬Ὅ
Ὅ
‬ὡ

‬Ὅ
ὄ
‬ὡ

‬Ὅ
ὄ Ὅ

‬ὡ

‬Ὅ
Ὅ (3.3-14) 

 

The resulting Cauchy stress, ὸ given in eqn. (3.3-8) can be redefined in terms of 

principal stretches, ‗ representation.  

Ὠὡὅ Ὠὡ‗ȟ‗ȟ‗
‬ὡ

‬‗
Ὠ‗

‬ὡ

‬‗
Ὠ‗

‬ὡ

‬‗
Ὠ‗ (3.3-15) 

 

Using eqn. (3.3-15), 2nd Piola-Kirchhoff stress tensor, Ὓ and principal direction based, 

Ὓ shall be introduced as given in eqn. (3.3-16) where ό is the direction vector. 
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Ὓ ς
‬ὡ

‬ὅ

ρ

‗

‬ὡ

‬‗
ό ό 

Ὓ
ρ

‗

‬ὡ

‬‗
 

(3.3-16) 

 

Then the Cauchy stress tensor, ὸ equation will result as given in eqn. (3.3-17). 

ὸ ὐ ὊὛὊ
ρ

‗‗‗
‗
‬ὡ

‬‗
ό ό 

ὸ
‗

‗‗‗

‬ὡ

‬‗
 

(3.3-17) 

 

Many soft materials resist volume changes much stronger than shape changes. In case 

of incompressible material assumption which can be considered as a restriction for 

volume deformation, the volume ratio, ὐ can be introduced as defined in eqn. (3.3-18). 

For an incompressible material, the volume ratio, ὐ is equal to unity. 

ὐ
Ὠὠ

Ὠὠ
‗‗‗ ὨὩὸὊρ (3.3-18) 

 

Strain energy function, ὡ can be regarded as a function of the principal stretches, ‗. 

It can be represented in the form, ὡ ὅ ὡ ‗ȟ‗ȟ‗ . It can be redefined 

introducing the incompressibility constraint which can be rearranged as ὐ ρ π as 

given in eqn. (3.3-19),  

ὡ ὡ Ὂ ὴὐ ρ (3.3-19) 

 

Where, ὴ is defined as the hydrostatic pressure or Lagrangean multiplier to enforce 

incompressibility constraint, ὐ which is called the workless stress component and can 
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only be determined from equilibrium equations and the boundary conditions. Using 

the equality introduced in eqn. (3.3-19), the 1st Piola Kirchhoff stress, ὖ can be 

differentiated with respect to deformation gradient, Ὂ as given in eq. (3.3-20) using 

the property ὐὊ . 

ὖ
‬ὡὊ

‬Ὂ
ὴὊ

‬ὡὊ

‬Ὂ
 (3.3-20) 

 

Multiplying eqn. (3.3-20) by Ὂ  from left hand side, the resulting 2nd Piola Kirchhoff 

stress tensor, Ὓ can be re-stated as, 

Ὓ ὴὊ Ὂ Ὂ
‬ὡὊ

‬Ὂ
ὴὅ

‬ὡὅ

‬ὅ
 (3.3-21) 

 

Multiplying eqn. (3.3-20) by Ὂ  from right hand side, the resulting Cauchy stress, ὸ 

can be re-written as, 

ὸ ὴὍ
‬ὡὊ

‬Ὂ
Ὂ ὴὍὊ

‬ὡὊ

‬Ὂ
 (3.3-22) 

 

The equations given in (3.3-20), (3.3-21) and (3.3-22) are the most general forms used 

to define incompressible hyperelastic materials at finite strains. In case of 

incompressible isotropic hyperelasticity, strain energy function, ὡ may be expressed 

in terms of strain invariants, Ὅ. Noting that ὨὩὸὄὨὩὸὅὍ ρ, only Ὅ and Ὅ will 

be the independent deformation variables. 

ὡ ὡ ὍὅȟὍὅȟὍὅ ὡ ὍὄȟὍὄȟὍὄ  (3.3-23) 
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ὡ ὡ ὍὅȟὍὅ
ρ

ς
ὴὍ ρ (3.3-24) 

Where,  serves for Lagrange multiplier. Deriving eqn. (3.3-24) with respect to right 

Cauchy Green deformation tensor, ὅ and substituting the chain rule elements given in 

eqn. (3.3-10), the same equation with eqn. (3.3-12) where Ὅ  is replaced by ὴȾς 

is obtained. 

Ὓ ς
‬ὡ ὍȟὍ

‬ὅ

‬ὡ ὴὍ ρ

‬ὅ
 

Ὓ ὴὅ ς
‬ὡ

‬Ὅ
Ὅ
‬ὡ

‬Ὅ
Ὅ ς

‬ὡ

‬Ὅ
ὅ 

(3.3-25) 

 

Where, Cauchy stress, ὸ is as given in eqn. (3.3-26). 

ὸ ὐ ὖὊ ς
‬ὡ

‬Ὅ
Ὅ
‬ὡ

‬Ὅ
ὄ
‬ὡ

‬Ὅ
ὄ ὴὍ (3.3-26) 

 

Using the property, ὄ Ὅὄ ὍὍ Ὅὄ  and eliminating ὄ  in favor of ὄ , one 

can rewrite eqn. (3.3-26) as, 

ὸ ὐ ὖὊ ς
‬ὡ

‬Ὅ
ὄ
‬ὡ

‬Ὅ
ὄ ὴὍ (3.3-27) 

 

In terms of principal stretches, ‗ and principal component basis, the governing 

Cauchy stress, ὸ equation can be written as given below using the hydrostatic pressure 

constraint, ὴ. 

ὡ ὡ ‗ȟ‗ȟ‗ ὴὐ ρ (3.3-28) 
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Where, ὐ‗ , so analogously. 

ὸ ‗
‬ὡ

‬‗
ὴ (3.3-29) 

 

ὖ
‬ὡ

‬‗

ρ

‗
ὴ (3.3-30) 

 

Ὓ
ρ

‗

‬ὡ

‬‗

ρ

‗
ὴ (3.3-31) 

 

The engineering stress, ʎ (force per unit area of the undeformed configuration) is 

calculated as for a totally incompressible material as given in eqn. (3.3-32),  

„ ὖ
ὸ

‗
 (3.3-32) 

 

The Cauchy stress, ὸ can be evaluated to model all deformation states. But, in case of 

simple shear deformation a special and practical approach is available. The definition 

of simple shear deformation state was previously introduced at Section 3.2.2. Using 

the eqns. (3.2-16) and (3.2-17) which are calculated based on shear deformation, Ὧ, 

Cauchy stress, ὸ given in eqn. (3.3-26) can be evaluated as, 
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ὸ ς
‬ὡ

‬Ὅ
σ Ὧ

‬ὡ

‬Ὅ

ρ Ὧ Ὧ π
Ὧ ρ π
π π ρ

‬ὡ

‬Ὅ

ρ Ὧ Ὧ ςὯ Ὧ π

ςὯ Ὧ ρ Ὧ π
π π ρ

ὴρ 

(3.3-33) 

 

The shear stress component, ὸ  of stress tensor, ὸ can be given as presented in eqn. 

(3.3-34). 

ὸ ς
‬ὡ

‬Ὅ
σ Ὧ

‬ὡ

‬Ὅ
Ὧ
‬ὡ

‬Ὅ
ςὯ Ὧ  

ὸ ςὯ
‬ὡ

‬Ὅ

‬ὡ

‬Ὅ
 

(3.3-34) 

 

The strain energy function, ὡ in general defined in terms of strain invariants as 

ὡ ὍȟὍȟὍ . This equation will lead to ὡ ὍȟὍ  in case of incompressibility is valid. 

Substituting the strain invariants Ὅ and Ὅ which can be written in terms of shear 

deformation Ὧ as calculated in eq. (3.2-17), it is possible to rewrite the strain energy 

function in terms of shear deformation as given in eqn. (3.3-35). 

ὡ ὍȟὍȟὍ ὡ ὍȟὍ ὡ σ Ὧ ȟσ Ὧ ὡ Ὧ (3.3-35) 

 

To evaluate the shear stress equation, one needs to find the derivates of strain energy 

function, ‬ὡ‬Ὅ. This expression can be remodified in terms of shear strain by taking 

the derivative using chain rule given in eqn. (3.3-36). 
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ὡ Ὧ
‬ὡ

‬Ὧ

‬ὡ

‬Ὅ

‬Ὅ

‬Ὧ

‬ὡ

‬Ὅ

‬Ὅ

‬Ὧ
  

ὡ Ὧ
‬ὡ

‬Ὅ
ςὯ

‬ὡ

‬Ὅ
ςὯ ςὯ

‬ὡ

‬Ὅ

‬ὡ

‬Ὅ
 

(3.3-36) 

 

Where, ὡ Ὧ ὸ  which is a special case solution for simple shear deformation 

mode. In shear case, the principal directions όȟόȟό are translated and rotated thus 

principle stretches, ‗ shall be recalculated. Note that the modified principal stretches, 

‗ are the square roots of the eigenvalues of ὅ. Then, the eigenvalue problem can be 

defined as given in eqn. (3.3-37), 

ὅ ‗Ὅ π (3.3-37) 

 

Principle stretches, ‗ can be evaluated based on shear deformation, Ὧ by solving the 

eqn. (3.3-37) [83] assuming that ‗ ρ, as given in eqn. (3.3-38), 

‗ ρ
Ὧ

ς

ὯЍὯ τ

ς

Ὧ

ς

Ὧ

τ
ρ 

‗ ρ
Ὧ

ς

ὯЍὯ τ

ς

Ὧ

ς

Ὧ

τ
ρ 

(3.3-38) 

 

If one can substitute the equations given in eqn. (3.3-38) to strain energy function then 

the corresponding ὡ Ὧ can be calculated and taking the derivate will result in final 

shear stress component. 
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3.4. Strain Energy Representation 

Elastomers that are used as DEA material exhibit rubbery behavior. For isotropic 

materials, Ronald Rivlin found the base representation for the strain energy, 

ὡ ὅ ὡ ὍȟὍȟὍ  (3.4-1) 

 

Hyperelastic materials can be defined through various strain energy density potentials, 

ὡ which are a scalar valued function and Ὅ are the first, second and third strain 

invariants of the left Cauchy-Green deformation tensor, ὅ respectively. The third 

invariant Ὅ is assumed to be equal to unity in case of material incompressibility.  

A large number of constitutive equations represented by various forms of strain energy 

functions have been proposed for rubbery materials. Mechanical and electrical 

properties of unfilled and carbon-black filled rubber products are affected from the 

percentage of carbon-black. These materials are modeled with different constitutive 

equations such as Hookeôs, Neo-Hookean, Rivlin, Mooney-Rivlin, Polynomial, 

Reduced Polynomial, Yeoh, Ogden, Arruda and Boyce, Van Der Waals Models and 

so on. Each of these models either use statistical approach, the strain invariant 

approach or principal stretch-based approaches. 

Regardless of which strain energy function is used, the number of deformation states 

of a material is infinite. To understand the deformation mechanism, ease of modeling 

and application to parameter estimation, some basic deformation modes are preferred 

to study.  

For all the deformation states described below, ό will denote the principal 

deformation direction. All derivations are performed using the constant volume 

assumption where Ὅ ‗‗‗ ρ. Strain energy function, ὡ ὍȟὍ  and the strain 

invariants are calculated according to the equations given in eq. (3.2-10). Stretch ratio, 

‗ definition is used instead of strain. 
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3.4.1. MooneyïRivlin Strain Energy Function 

Generalized Rivlin strain energy function which is also called the polynomial 

hyperelastic model is the most commonly used model in analysis of unfilled rubber 

vulcanizate rubber like materials and given in eqn. (3.4-2). 

ὡ ὅ ὍӶ σ ὍӶ σ
ρ

Ὀ
ὐ ρ

ȟ

 (3.4-2) 

 

Where, ὡ is the strain energy density fuction, ὅ  are material parameters that 

describes the shear behavior, ὍӶôs are the measure of distortion in the material namely 

the first and second invariants of the deviatoric strain, Ὀôs are the material 

incompressibility parameters and ὐ is the elastic volume ratio. The order parameter, 

ὔ can be selected up to six however values of ὔ greater than 2 are rarely used [84]. 

ὅ  is the first term of this power series and set equal to 0 to reflect zero strain energy 

when the material is unstretched [85]. 

Mooney-Rivlin model is an expanded version of Neo-Hookean Model. Neo-Hookean 

strain energy function model is given in eqn. (3.4-3) and obtained from generalized 

Rivlin model by taking the first term ὅ π and second index Ὦ π (ὅ  is also set 

to zero) [28], [78], [85].  

ὡ ὅ ὍӶ σ (3.4-3) 

 

Neo-Hookean model gives a good experimental fit up to %40 strain in uniaxial tension 

and up to %90 strains in simple shear where, ὅ  is the material constant and ‘ is 

defined as the shear modulus [66]. Mooney-Rivlin model is a phenomenological 

model and involves some basic assumptions. When the experimental data is fit to 

mathematical model, it is required to truncate the additional terms. If order is set to 
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unity, then 2 term Mooney-Rivlin strain energy function is obtained where it is given 

in eqn. (3.4-4).  

ὡ ὅ ὍӶ σ ὅ ὍӶ σ
ρ

Ὀ
ὐ ρ  (3.4-4) 

 

The most commonly used model assuming the volumetric part as ὐ ρ [78], [86] is 

given in eqn. (3.4-5). 

ὡ ὅ Ὅ σ ὅ Ὅ σ (3.4-5) 

 

The second and third order Mooney-Rivlin strain energy functions are given in eqns. 

(3.4-6) and (3.4-7). 

ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ Ὅ σ
ὅ Ὅ σ  

(3.4-6) 

 

ὡ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ Ὅ σ
ὅ Ὅ σ ὅ Ὅ σ  

(3.4-7) 

 

Regardless of the value of the order, the initial shear modulus, ‘ and the bulk 

modulus, ὑ of the material extracted from Mooney-Rivlin model depend only on the 

polynomial coefficient ὔ ρ and are given in eqns. (3.4-8) and (3.4-9). 

‘ ςὅ ὅ  (3.4-8) 

 

ὑ
ς

Ὀ
 (3.4-9) 
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Uniaxial deformation equations 

The Cauchy stress, ὸ is calculated based on the stretch ratios observed in principle 

directions using the eqn. (3.3-29). The term, ‗  is determined using the eqn. (3.4-5) 

where Ὅ and Ὅ are defined in eqn. (3.2-10), 

‗
‬ὡ

‬‗
‗ ςὅ ‗ ςὅ ‗‗ ‗‗  

‗
‬ὡ

‬‗
ςὅ ‗ ςὅ ‗ ‗ ‗  

(3.4-10) 

 

Analogously, similar derivative equation can be obtained for  

‗
‬ὡ

‬‗
ςὅ ‗ ςὅ ‗ ‗ ‗  (3.4-11) 

 

Cauchy stress, ὸ can be evaluated using the boundary conditions ὸ ὸ π where 

the material is free to deform in ό and ό directions. Where, hydrostatic pressure, ὴ 

can be evaluated from eqn. (3.4-12). 

ὸ ‗
‬ὡ

‬‗
ὴ π  ựựự  ὴ ‗

‬ὡ

‬‗
 (3.4-12) 

 

The resulting Cauchy stress, ὸ is given in eqn. (3.4-13). 

ὸ ‗
‬ὡ

‬‗
ὴ ‗

‬ὡ

‬‗
‗
‬ὡ

‬‗
 

ὸ ς‗ ὅ ὅ ‗ ‗ ς‗ ὅ ὅ ‗ ‗  

(3.4-13) 

 

Substituting ‗ ‗ and ‗ ‗  using the incompressibility Ὅ ‗‗‗ ρ 

property, final Cauchy stress equation, ὸ can be stated as given in eqn. (3.4-14). 

ὸ ςὅ ‗
ρ

‗
ςὅ ‗

ρ

‗
 (3.4-14) 



 

 

 

62 

 

The equation given in (3.4-14) can also be evaluated using the equation given in 

(3.3-26). Using the eqn. (3.4-5), the derivative of strain energy function, ὡ with 

respect to stress invariants Ὅ and Ὅ are calculated in eqn. (3.4-15). 

‬ὡ

‬Ὅ
ὅ          ȟ

‬ὡ

‬Ὅ
ὅ  (3.4-15) 

 

Substituting eqns. (3.2-11), (3.2-13) and (3.4-15) in eqn. (3.3-26) results in 

multidimensional Cauchy stress tensor, ὸ as given in eqn. (3.4-16). 

ὸ ς

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὅ ‗
ς

‗
ὅ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‗ π π

π
ρ

‗
π

π π
ρ

‗Ứ
ủ
ủ
ủ
ủ
Ủ

ὅ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‗ π π

π
ρ

‗
π

π π
ρ

‗Ứ
ủ
ủ
ủ
ủ
Ủ

Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

ὴ
ρ π π
π ρ π
π π ρ

 

(3.4-16) 

 

Evaluating eqn. (3.4-16), the Cauchy stress component, ὸ ὸ is calculated as given 

in eqn. (3.4-17). 

ὸ ς‗ὅ τ‗ὅ ὴ (3.4-17) 

 

Where, the boundary conditions to calculate the hydrostatic pressure, ὴ can be 

computed as given in eqn. (3.4-18). 

ὸ
ς

‗
ὅ ς‗ὅ

ς

‗
ὅ ὴ π 

ὴ
ς

‗
ὅ ς‗ὅ

ς

‗
ὅ  

(3.4-18) 
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Substituting eqn. (3.4-18) into eqn. (3.4-17) will result in same stress value which is 

provided in eqn. (3.4-14). The engineering stress equation is also given in eqn. 

(3.4-19). 

„
ὸ

‗
ςὅ ‗

ρ

‗
ςὅ ρ

ρ

‗
 (3.4-19) 

 

Simple shear deformation equations  

Using the strain energy function given in eqns. (3.4-5) and (3.4-15), the eqn. (3.3-34) 

can be evaluated as given in eqn. (3.4-20). 

„ ςὯ
‬ὡ

‬Ὅ

‬ὡ

‬Ὅ
  

„ ςὯὅ ὅ  

(3.4-20) 

 

The hyperelastic material coefficients ὅ ρ and ὅ ρ. The infinitesimal shear 

modulus is calculated as given in eqn. (3.4-21). 

‘ ςὅ ὅ   (3.4-21) 

 

Volumetric Compression Equations 

The quasi-volumetric compression test may be performed instead of pure volumetric 

compression test. The volumetric part of the strain energy function is obtained from 

eqn. (3.4-2) and used as described in Section 3.2.3. The ὔ is equal to unity as the 

parameter variable is Ὥ ρ. In Mooney-Rivlin strain energy function the resultant 

volumetric compression equation is given in eqn. (3.4-22). 

ὖ ςὭ
ρ

Ὀ
ὐ ρ

ς

Ὀ
ὐ ρ (3.4-22) 
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3.4.2. Ogden Strain Energy Function 

Mooney-Rivlin polynomial and Ogden models theoretically provide the similar 

results. However, there is a difference between the methods in terms of their formula. 

Mooney-Rivlin model present the strain energy density based on the principal strain 

invariants, whereas, Ogden model offers the strain energy density based on three 

principal stretches. As the principal stretches are directly measurable, it is 

advantageous to use model [66], [84], [87]. The general form of Ogden strain energy 

potential is given in eqn. (3.4-23). 

ὡ
ς‘

‌
‗Ӷ ‗Ӷ ‗Ӷ σ

ρ

Ὀ
ὐ ρ  (3.4-23) 

 

Where, ‗Ӷ ὐ Ⱦ‗, ‗ is a principal stretch ratio, ὔ is the model order, ‘, ‌ and Ὀ 

are material parameters which may be functions of temperature. ὐ, ὐ and Ὀ have the 

same definitions as in the polynomial form. Simple hyperelastic models, which are 

not successful at high strain levels, are preferred at low strain levels. Therefore, Ogden 

model is more suitable for the cases where the material undergoes large strains. 

Additionally, it is more convenient to use the Ogden model, where compressibility 

should also be taken into account, i.e. where the material is slightly compressible [66]. 

By setting ὔ π, ‌ π and ‌ ς in the Ogden model, the Mooney-Rivlin 

model can be constructed [84]. 

Mooney-Rivlin model may capture the stress-strain response up to a strain of 

approximately 300% while the Ogden model typically captures the stress-strain 

response up to 700% [88]. The shear modulus obtained in Ogden model is given in 

eqn. (3.4-24). 

‘‌ π    Ὥ ρȟȣȢȟὔ 

‘‌ ς‘ 
(3.4-24) 
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Where ‘ is the shear modulus of the material in its reference configuration and the 

condition given in eqn. (3.4-24) is not necessary for every Ὥ if ὔ σ [78]. 

 

Uniaxial Deformation equations  

The Cauchy stress, ὸ can be calculated using stretch ratio in principle directions as the 

equation given in eqn. (3.3-29). To calculate the Cauchy stress equation, ‗  shall 

be determined as given in eqn. (3.4-25). 

‗
‬ὡ

‬‗
‗
‘

‌
‌‗

‘

‌
‌‗  

‗
‬ὡ

‬‗
‘‗ ‘‗  

(3.4-25) 

 

Analogously, similar derivative equation can be obtained for  

‗
‬ὡ

‬‗
‘‗ ‘‗  (3.4-26) 

 

Cauchy stress equation for uniaxial stretch can be evaluated for ὸ, using the boundary 

conditions ὸ ὸ π where the material is free to move in ό and ό directions. 

ὸ ‗
‬ὡ

‬‗
ὴ π  ựựự  ὴ ‗

‬ὡ

‬‗
 (3.4-27) 

 

Thus, hydrostatic pressure, ὴ given in eqn. (3.4-27) can be evaluated from boundary 

conditions and can be used in eqn. (3.3-29) to evaluate Cauchy stress, ὸ. The final 

equation is given in eqn. ). 

ὸ ‗
‬ὡ

‬‗
ὴ ‗

‬ὡ

‬‗
‗
‬ὡ

‬‗
 

ὸ ‘‗ ‘‗ ‘‗ ‘‗  

ὸ ‘ ‗ ‗ ‘ ‗ ‗  

(3.4-28) 
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Substituting ‗ ‗ and ‗ ‗  due to deformation mechanism in eqn. ), final 

Cauchy stress expression in stretch direction can be obtained as given in eqn. (3.4-29), 

ὸ ‘ ‗
ρ

‗
‘ ‗

ρ

‗
 

ὸ ‘ ‗ ‗
ϳ

‘ ‗ ‗
ϳ

 

(3.4-29) 

 

The equation given in (3.4-29) can not be written using the equation given in (3.3-26) 

due that Ogden model uses principal stretches instead of strain invariants. Engineering 

stress definition can be given as provided in eqn. (3.4-30). 

„
ὸ

‗
‘ ‗ ‗

ϳ
‘ ‗ ‗

ϳ
 (3.4-30) 

 

Simple shear deformation equations  

Substituting the derivations provided in eqn. (3.3-38) to a two term Ogden model 

strain energy function given in eqn. (3.4-23), the ὡ Ὧ strain energy function can be 

calculated as given in eqn. (3.4-31). 

ὡ Ὧ
ς‘

‌

Ὧ

ς

Ὧ

τ
ρ

Ὧ

ς

Ὧ

τ
ρ ς

ς‘

‌

Ὧ

ς

Ὧ

τ
ρ

Ὧ

ς

Ὧ

τ
ρ

ς  

(3.4-31) 

 

According to the equation given in (3.3-36), to calculate the shear stress component 

of Ogden model, the derivative of eqn. (3.4-31) shall be taken with respect to Ὧ. The 

resulting shear stress equation is provided in eqn. (3.4-32). 
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ὸ ὡ Ὧ
‘

‌

ρ

Ὧ
τ ρ

Ὧ

ς

Ὧ

τ
ρ

Ὧ

ς

Ὧ

τ
ρ

‘

‌

ρ

Ὧ
τ ρ

Ὧ

ς

Ὧ

τ
ρ

Ὧ

ς

Ὧ

τ
ρ   

(3.4-32) 

 

Where, ‘ π is the infinitesimal shear modulus and ‌ are a stiffening parameters. 

By setting, ὔ π, ‌ π and ‌ ς in the Ogden model, Mooney-Rivlin model 

is obtained where ὅ  and ὅ  [84]. 

 

Volumetric compression deformation equations  

The quasi-volumetric compression test may be performed instead of pure volumetric 

compression test. The volumetric part of the strain energy function is obtained from 

eqn. (3.4-2) and used as described in Section 3.2.3. The ὔ is equal to 2 as the parameter 

variable is Ὥ ς. In Ogden strain energy function the resultant volumetric 

compression equation is given in eqn. ). 

ὖ ςὭ
ρ

Ὀ
ὐ ρ

ς

Ὀ
ὐ ρ

τ

Ὀ
ὐ ρ  (3.4-33) 
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3.4.3. Yeoh Strain Energy Function 

The Yeoh strain energy function is a reduced polynomial model with ὔ σ and 

generated from Rivlin model [45], [84], [85]. Yeoh studied the effect of the second 

order invariance on the general polynomial series expansion, and stated that the 

sensitivity of the strain energy function to changes in the second invariant is generally 

much smaller than the sensitivity to the changes in the first invariant. In addition, the 

ὍӶ dependence was difficult to measure and hence it was preferable to neglect it 

completely instead of using erroneous values. This model is an output of a sensitivity 

analysis of Rivlin model which is performed following Tschogel model results. The 

model provides more accurate results for unfilled rubber vulcanizates. As the 

elastomer materials are made of carbon free acrylic and silicone, Yeoh model in theory 

provides the best for them. It is applicable for a much wider range of deformations. It 

is demonstrated that the Yeoh form based on left Cauchy-Green deformation tensor 

shows excellent agreement with the response of experimental actuators [26]. The 

general form of Yeoh strain energy function given in eqn. (3.4-34) which is a function 

of strain invariant, Ὅ only.  

ὡ Ὅ ὅ ὍӶ σ
ρ

Ὀ
ὐ ρ  (3.4-34) 

 

Also, in eqn. (3.4-35), the reduced form of the equation considering incompressibility 

assumption, ὐ ρ, [86] is presented. 

ὡ Ὅ ὅ Ὅ σ ὅ Ὅ σ ὅ Ὅ σ  (3.4-35) 

 

Where, ‘ ςὅ  is the initial shear modulus and ὑ  is the initial bulk modulus 

[45], [84]. The material constants, ὅ given in eqn. (3.4-35) can also be approximated 

from the initial shear modulus as given in eqn.(3.4-36) [9]. 
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ὅ
‘

ς
 

ὅ
‘

ςπ
 

ὅ
‘

ςππ
 

(3.4-36) 

 

Yeoh model is applicable for a much wider range of deformation and it is able to 

predict the stress-strain behaviour in different deformation modes from data gained in 

one simple deformation mode like uniaxial tension [10], [84]. 

 

Uniaxial deformation equations  

For nth order Yeoh model [89], the tension / compression equation can also be 

expressed as given in eqn. (3.4-37). 

„‗ ςὅὭ‗ ‗ ‗ ς‗ σ  (3.4-37) 

 

For a hyperelastic material, Cauchy stress, ὸ can be calculated using stretch ratios, ‗ 

in principle directions according to eqn. (3.3-29). To calculate the Cauchy stress 

equation, ‗  term shall be determined as given in eqn. (3.4-38), 

‗
‬ὡ

‬‗
‗ ς‗ὅ τ‗ ‗ ‗ ‗ σὅ

φ‗ ‗ ‗ ‗ σ ὅ  

‗
‬ὡ

‬‗
ς‗ὅ τ‗ ‗ ‗ ‗ σὅ

φ‗ ‗ ‗ ‗ σ ὅ  

(3.4-38) 

 

Analogously, similar derivative equation can be written for ‗  term as given in 

eqn. (3.4-39). 
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‗
‬ὡ

‬‗
ς‗ὅ τ‗ ‗ ‗ ‗ σὅ

φ‗ ‗ ‗ ‗ σ ὅ  

(3.4-39) 

 

Using the boundary conditions ὸ ὸ π where the material is free to deform in ό 

and ό directions, hydrostatic pressure, ὴ can be obtained through eqn. (3.4-40). 

ὸ ‗
‬ὡ

‬‗
ὴ π  ựựự  ὴ ‗

‬ὡ

‬‗
 (3.4-40) 

 

The eqn. (3.4-40) can be substituted in eqn. (3.3-29) to evaluate Cauchy stress, ὸ. The 

resulting equation is given in eqn. (3.4-41). 

 

ὸ ‗
‬ὡ

‬‗
ὴ ‗

‬ὡ

‬‗
‗
‬ὡ

‬‗
 

ὸ ς‗ὅ τ‗ ‗ ‗ ‗ σὅ
φ‗ ‗ ‗ ‗ σ ὅ
ς‗ὅ τ‗ ‗ ‗ ‗ σὅ
φ‗ ‗ ‗ ‗ σ ὅ  

ὸ ς‗ ‗ ὅ ςὅ ‗ ‗ ‗ σ
σὅ ‗ ‗ ‗ σ  

(3.4-41) 

 

For uniaxial tension case, ‗ ‗ and ‗ ‗  using incompressibility 

assumption. Substituting the stretch transformations into eqn. (3.4-41), final Cauchy 

stress in stretch direction, ό can be obtained as given in eqn. (3.4-42). 

ὸ ςὅ ‗
ρ

‗
τὅ ‗

ρ

‗
‗

ς

‗
σ

φὅ ‗
ρ

‗
‗

ς

‗
σ  

ὸ ς‗
ρ

‗
ὅ ςὅ ‗

ς

‗
σ

σὅ ‗
ς

‗
σ  

(3.4-42) 
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The eqn. (3.4-42) can also be written using the equation given in (3.3-26). Using the 

eqn. (3.4-35), the derivative of strain energy function, ὡ with respect to stress 

invariants Ὅ and Ὅ are calculated in eqn. (3.4-43). 

‬ὡ

‬Ὅ
ὅ ςὅ Ὅ σ σὅ Ὅ σ  

‬ὡ

‬Ὅ
π 

(3.4-43) 

 

Substitute eqns. (3.2-11), (3.2-13) and (3.4-43) in eqn. (3.3-26) results in 

multidimensional Cauchy tensor notation, Ὕ given in eqn. (3.4-44). Note that π. 

Ὕ ς

ụ
Ụ
Ụ
Ụ
Ụ
ợ

ὅ ςὅ Ὅ σ σὅ Ὅ σ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‗ π π

π
ρ

‗
π

π π
ρ

‗Ứ
ủ
ủ
ủ
ủ
Ủ

Ứ
ủ
ủ
ủ
ủ
Ủ

ὴ
ρ π π
π ρ π
π π ρ

 

(3.4-44) 

 

Evaluating the eqn. (3.4-44) and using the eqn. (3.2-11), the Cauchy stress 

component, Ὕ ὸ can be calculated as given in eqn. (3.4-45). 

ὸ ς‗ ὅ ςὅ ‗
ς

‗
σ σὅ ‗

ς

‗
σ

ὴ 

(3.4-45) 

 

Where, 

ὸ ς
ρ

‗
ὅ ςὅ ‗

ς

‗
σ σὅ ‗

ς

‗
σ

ὴ π 

ὴ
ς

‗
ὅ ςὅ ‗

ς

‗
σ σὅ ‗

ς

‗
σ  

(3.4-46) 
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Substitute eqn. (3.4-46) into eqn. (3.4-45) will result in same stress expression given 

in eqn. (3.4-42). Finally, the engineering stress equation will be as defined in eqn. 

(3.4-47). 

„
ὸ

‗
ς‗

ρ

‗
ὅ ςὅ ‗

ς

‗
σ

σὅ ‗
ς

‗
σ  

(3.4-47) 

 

Simple shear deformation Equations  

Nth order Yeoh simple shear deformation mode [89] can also be written as given in 

eqn. (3.4-48). 

†‎ ς‎ὅὭ‎  (3.4-48) 

 

Using the strain energy function, ὡ given in eqn. (3.4-35) and the derivations 

provided in eqn. (3.4-43), the eqn. (3.3-34) can be rewritten as given, and the initial 

shear modulus of Yeoh model can be approximated according to eqn. (3.4-36). 

„ ςὯ
‬ὡ

‬Ὅ

‬ὡ

‬Ὅ
  

„ ςὯὅ ςὅ Ὅ σ σὅ Ὅ σ    

„ ςὯὅ ςὅ σ Ὧ σ σὅ σ Ὧ σ    

„ ςὯὅ ςὅ Ὧ σὅ Ὧ  
„ ςὯὅ τὯὅ φὯὅ  

(3.4-49) 

 

Volumetric compression equations 

The quasi-volumetric compression test may be performed instead of pure volumetric 

compression test. The volumetric part of the strain energy function is obtained from 

eqn. (3.4-2) and used as described in Section 3.2.3. The ὔ is equal to 3 as the parameter 
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variable is Ὥ σ. In Yeoh Energy function the resultant volumetric compression 

equation is given in eqn. (3.4-50). 

ὖ ςὭ
ρ

Ὀ
ὐ ρ  

ὖ
ς

Ὀ
ὐ ρ

τ

Ὀ
ὐ ρ

φ

Ὀ
ὐ ρ  

(3.4-50) 

 

3.5. Viscoelastic Materials 

The time dependent material behavior is often referred to as viscoelasticity. When an 

elastomer material is subjected to a constant load, it deforms continuously. It continues 

to deform slowly with time indefinitely or until rupture or yielding caused failure. An 

example to a life span of an idealized elastomer material is given in Figure 3-7. The 

primary region is the early stage of loading, then it reaches a steady state which is 

called the creep stage (secondary region) followed by a rapid increase (tertiary stage) 

and finally rapture. This phenomenon of deformation under load with time is called 

Creep. All elastomeric materials creep to a certain level, some may not show a 

secondary region and tertiary creep only occurs at high stresses. The degree of creep 

depends on several factors, such as type of material, magnitude of load, temperature 

and time [90, p. 1]. 

 

 

Figure 3-7 Response of elastomer w.r.t. constant uniaxial loading [90, p. 1] 
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If the applied load is released before the creep rupture occurs, an immediate elastic 

recovery equal to the elastic deformation, followed by a period of slow recovery is 

observed as shown in Figure 3-8. The material in most cases does not recover to the 

original shape and a permanent deformation remains. The magnitude of the permanent 

deformation depends on length of time, amount of stress applied and temperature [90]. 

 

..  

(a)       (b) 

Figure 3-8 (a) Applied constant uniaxial load from Ô to Ô (b) Deformation response 

of material 

 

The creep rupture is basically similar to a creep test with the exception that it is 

continued until the material fails. The basic information obtained from the stress 

rupture test is the time to failure at a given stress as shown in Figure 3-9. Based on 

that, a safe side stress can be determined. Below the limit which is safe to operate, 

provides the time requirement of the end use application [90]. 
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Figure 3-9 Creep rapture envelope and expected material life [90] 

 

3.5.1. Elastomer Design 

Design with plastics can be divided into two categories, design for strength and design 

for stiffness. The strength of a component is limited by the yield strength and rupture 

resistance of the material from which it is made. A creep rupture envelope given in 

Figure 3-9 can be obtained from creep test. For an expected life time, the maximum 

stress, „  allowed can be decided from the creep rupture envelope line. Design for 

stiffness with creep curves proceeds by establishing the maximum strain acceptable 

‐ , thereby establishing a horizontal line on the creep diagram correspondingly. 

The expected lifetime tL of the part is also determined, and the maximum stress 

permissible is found on the creep curve at the intersection of these two lines [90]. Time 

dependence of the mechanical response in a so called quasi-linear viscoelastic model 

is described by using time dependent coefficients in the strain energy potential [45] 

 

3.5.2. Linear Viscoelasticity 

Let constant stress, „ are to be applied to a viscoelastic material and time dependent 

strains, ‐ are to be recorded as given in Figure 3-10. Before each constant loading is 
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applied, assume that the load is fully removed and material is let to recover its original 

position [90]. 

 

 

(a)     (b) 

Figure 3-10 Viscoelastic creep response (a) Applied constant stress, ʎ (b) Observed 

strain, ʀ 

 

If the stress-time and strain-time curves given in Figure 3-10 are replotted to form a 

strain-stress curve as given in Figure 3-11, for each applied loading, „, there will be 

a strain deformation, ‐ for each time, ὸ which will be a strait line. 

 

 

Figure 3-11 Applied constant loading, ʎ versus the strain deformation, ʀ 
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At a particular time ὸ and ὸ, following constant loading, the observed strains ‐ and 

‐ are linear with the magnitude of corresponding stresses, „ and „ [90]. Then the 

stress strain relationship can be defined as given in eqn. (3.5-1) where the the slope is 

the constant time, ὸ values. Thus, for any arbitrary time ὸ, the strains encountered at 

two different stress levels can be expressed as presented. 

‐ὸ

„ ὸ

‐ ὸ

„ ὸ
 (3.5-1) 

 

For a creep test, creep compliance function, Ὁ ὸ can be defined as given in eqn. 

(3.5-2) and expressed as the ratio of strain to stress at a certain time [90]. 

Ὁ ὸ
‐ὸ

„ὸ
 (3.5-2) 

 

This property is often characterized as linear viscoelasticity. In the linear range, the 

compliance is independent of stress, which means that the normalized compliance is 

identical whatever stresses are applied in the creep test („ , „ or other levels). The 

strain range where a specimen is considered linear viscoelastic can be determined by 

creep test [90]. The material is defined as nonlinear viscoelastic when these equalities 

defined in eqns. (3.5-1) and (3.5-2) are no longer valid. This phenomenon is sketched 

in Figure 3-12. 

However, polymers generally exhibit linear viscoelastic property at low stresses such 

that the corresponding strain is below ~0.5Ĭ10-2. At higher stress levels, the material 

will assume nonlinear viscoelastic behaviors which will not obey the linear relation 

between stress and strain [90]. 

Linear viscoelasticity refers to a theory which follows the linear superposition 

principle, where the relaxation rate is proportional to the instantaneous stress [91]. 
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Figure 3-12 Linear-nonlinear transition of stress strain relationship with respect to 

different time levels [90] 

 

The basis of small viscoelasticity is Boltzmann superposition principle [92], [93]. The 

principle assumes that ñeach loading step makes an independent contribution to the 

final stateò. A viscoelastic material is said to be linear [93] if, 

1. The stress is proportional to the strain at a given time as defined in eqn. (3.5-3). 

Where, ὧ is a proportional constant. 

‐ὧ„ὸ ὧ‐„ὸ  (3.5-3) 

 

The equation means that for a linear viscoelastic material, the creep 

compliance (or the relaxation function) is independent of the applied stress 

levels (or the strain levels). Thus, the compliance-time curves at different stress 

levels should coincide if the material is linear viscoelastic. 

2. According to the definition of Boltzmann superposition principle, each loading 

step makes an independent contribution to the final deformation which can be 

obtained by the addition of these and indicates that the linear superposition 

principle holds and valid. Then, the linear viscoelastic response to a multiple 

step loading can be generalized in the integral form as given in eqn. (3.5-4). 
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‐ὸ Ὁȟ„ Ὁ ὸ †
Ὠ„

Ὠ†
Ὠ† (3.5-4) 

 

Where, Ὁȟ is defined as the instantaneous creep compliance, Ὁ ὸ † is the 

transient creep compliance, „ is the applied stress, † is a variable introduced into the 

integral in order to account for the history of the material. This integral equation is 

known as the Heredity or Volterra integral. It basically implies that the strain is 

depended on the stress history of the material under consideration [93]. 

 

3.5.3. Linear Viscoelastic Models 

Different linear viscoelastic constitutive models can be constructed by superimposing 

springs and dashpots using them in serial and/or parallel as shown in Figure 3-13. The 

simplest forms are the Maxwell Model and the Kelvin-Voigt Model which consists of 

a Hookean spring and Newtonian dashpot connected in series and parallel is shown in 

Figure 3-13 (a) and (b). Standard Linear Solid Model consists of a combination of two 

springs and a dashpot [91]. Generalized Maxwell Model is a combination of Maxwell, 

Kelvin-Voigt and Standard Linear Solid Model and given in Figure 3-13 (c) [9], [91]. 

It is used as a base model for Prony series representation of stress relaxation function. 

In these models, spring is used to model the elastic response while the dashpot is used 

to model the viscous response of the material. 

 

 

 
Maxwell Model 

(a) 

 

 
Kelvin ï Voigt Model 

(b) 

 

 
Generalized Maxwell Model 

(c) 

Figure 3-13 Constitutive elements to model viscoelasticity 
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The Maxwell model consist of a linear spring („ Ὁ‐  and a linear dashpot ‐

„Ⱦ– in series where Ὁ is the Youngôs modulus and – is the viscosity [92, p. 338]. The 

rate of change in strain of the system is given by the equilibrium equation provided in 

eqn. (3.5-5). 

‐
Ὠ

Ὠὸ
‐ ‐

„

Ὁ

„

–
 (3.5-5) 

 

This is the differential equation representation of the Maxwell model. If an applied 

step strain ‐ὸ ‐Ὄὸ is introduced to eqn. (3.5-5) where Ὄὸ is the Heaviside 

step function, the closed form solution of this first order differential equation in terms 

of applied stress is given in eqn. (3.5-6). 

„ὸ „Ὡ ϳ  (3.5-6) 

 

Analogously, for a step strain input, the relaxation modulus can be given as in eqn. 

(3.5-7). 

Ὁ ὸ ὉȟὩ ϳ  (3.5-7) 

 

The equation is also defined as a single Prony series term. Generalized Maxwell model 

is a rheological model. There is a free spring on one end and an arbitrary number ὔ of 

Maxwell elements arranged in parallel [76, p. 298], [92, p. 340], [94, p. 98]. Then the 

effective stress relaxation modulus can be calculated to be as given in eqn. (3.5-8). 

Ὁ ὸ Ὁȟ ὉȟὩ  (3.5-8) 

 

A linear viscoelastic model with a given Prony series is identical to a multi-network 

Maxwell model. 
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3.5.4. Modeling Linear Relaxation Behavior 

Stress relaxation is defined as a gradual decrease in stress considering an applied 

deformation. In a relaxation test, the specimenôs strain, ‐, is held constant for a period 

of time while the stress is monitored. In a relaxation test, the time dependent stress 

response of material can be written as given in eqn. (3.5-9). 

„ὸ Ὁ ὸ‐ (3.5-9) 

 

Where, Ὁ ὸ is defined as the stress relaxation modulus. To develop a model capable 

of predicting the stress response due to an arbitrary applied strain history, it is relevant 

to decompose the strain history into sum of infinitesimal strain steps [92, p. 311]. 

‐ὸ Ў‐Ὄὸ †  (3.5-10) 

 

Where, Ў‐ is the strain increment at time, †. The total stress response from applying 

this strain history can be obtained from superposition principle [92, p. 311] and given 

in eqn. (3.5-11). 

„ὸ Ў‐Ὁ ὸ †  (3.5-11) 

 

This stress response can be written in integral form as the number of strain increments 

goes to infinity.  

„ὸ Ὁ ὸ †
Ὠ‐†

Ὠ†
Ὠ† (3.5-12) 

 

Once the Ὁ ὸ is determined, eqn. (3.5-12) can be used to predict the stress response 

due to any imposed strain history where  is the strain rate [92, p. 312], [93], [95]. 
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The stress relaxation function, Ὁ ὸ can be defined as in the form of Generalized 

Maxwell model as given in eqn. (3.5-13). 

Ὁ ὸ Ὁȟ ὉȟὩ
ϳ  (3.5-13) 

 

More commonly, the stress relaxation function, Ὁ ὸ can be written as the normalized 

series expansion [92, p. 315] as presented in eqn. (3.5-14). 

Ὣ ὸ
Ὁ ὸ

Ὁȟ
ρ Ὣ ρ Ὡ ϳ  (3.5-14) 

 

Where, Ὣ ὸ is the dimensionless relaxation modulus and it is defined by a set of 

Prony series coefficients Ὣ and corresponding relaxation times, †. Using eqn. 

(3.5-13), the governing stress equation given in eqn. (3.5-12) can also be written in 

the form of Generalized Maxwell model is given in eqn. ) [45], [95], [96].  

„ὸ „ „Ὡ ϳ  (3.5-15)  

 

Where, „ὸ is the time varying shear stress, „  is the long-term nominal stress, „ 

and † are the parameters which depend on the relaxation behavior and ὔ is the number 

of Maxwell elements. Note that, the eqn. ) is a stress solution defined based on long-

term nominal stress, „ . 

The value of „ὸ at ὸ π, which is called the initial shear stress, „, can be found 

using eqn. ) as given in eqn. (3.5-16). 

„ὸ π „ „ „ (3.5-16) 

 

By substituting eqn. (3.5-16) into eqn. ), the time varying shear stress equation, „ὸ 

can be redefined based on initial shear stress, „ as given in eqn. (3.5-17). 
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„ὸ „ „ρ Ὡ ϳ „Ὣ ὸ (3.5-17) 

 

Where, Ὣ ὸ is as defined in eqn. (3.5-14). Using the equation, the corresponding 

stresses, „ὸ can be determined for different applied constant strains, ‐. According 

to the assumption of quasi-linear viscoelasticity, the stress relaxation function is 

independent of the magnitude of the deformation [45]. The first way to find the stress 

relaxation function is to normalize eqn. (3.5-17) with respect to initial shear stress, „ 

[96], [97] as given in eqn. (3.5-18). 

Ὣ ὸ
„ὸ

„

„ В „ρ Ὡ ϳ

„
 (3.5-18) 

 

The Prony series coefficients, Ὣ can be obtained by dividing the stiffness of the 

individual springs stiffnesses, „with the initial stiffness, „ as Ὣ . The rest of the 

unknown parameters can be found by parameter comparision [45, p. 27]. The second 

way to find the stress relaxation function is to normalize eqn. ) with respect to long-

term nominal stress, „  [45, p. 39] as given in eqn. (3.5-19). 

Ὓ ὸ
„ὸ

„

„ В „ϽὩ ϳ

„
 (3.5-19) 

 

Normalization with respect to long-term nominal stress, „  is prefered when the initial 

stress value, „ is uncertain due to relaxation test conditions. In this method, the fading 

memory effect of the material is used. Eqn. (3.5-19) can also be written in terms of 

Prony series coefficients as defined in [45, p. 39]. 

Ὓ ὸ
„ В „Ὡ ϳ

„

ρ В Ὣ В ὫὩ ϳ

ρ В Ὣ
 

Ὓ ὸ
„ὸ

„

„

„
Ὡ ϳ

В ὫὩ ϳ

ρ В Ὣ
 

(3.5-20) 



 

 

 

84 

 

 

The value of ὔ can be obtained through experimental evaluation. Other parameters, 

„Ð, „ and † can be deduced from a curve fitting algorithm. Plotting Ὓ ὸ for all 

performed tests and using the average of Ὓ ὸ plots and determine Ὣ and † where 

Ὣ and † can be obtained by coefficient comparison from parameters „ȟ„ and †. 

In fact, the initial strain is applied over a short ramp of variable duration so that 

determination of the initial stress value is uncertain. 

 

3.5.5. Modeling Linear Creep Behavior 

Creep is a slow, continuous deformation of a material under constant stress. An 

instantaneous strain, ‐ proportional to the applied stress is observed after the 

application of stress and this is followed by a progressive increase in strain. The total 

strain as given in eqn. (3.5-21) at any instant of time is represented as the sum of the 

instantaneous elastic strain and the creep strain [93].  

‐ὸ ‐ ‐ (3.5-21) 

 

Creep compliance function, Ὁ ὸ can be defined as follows [95] as given in eqn. 

(3.5-22). 

‐ὸ Ὁ ὸϽ„ (3.5-22) 

 

The creep compliance, Ὁ ὸ at any instant of time is the sum instantaneous and creep 

states as provided in eqn. (3.5-23). 

Ὁ ὸ
‐

„

‐

„
Ὁȟ Ὁ ὸ (3.5-23) 
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Where, Ὁȟ is defined as the instantaneous creep compliance and Ὁ ὸ is the 

transient component of the compliance [93]. The resulting strain [92, p. 335] equation 

from applied stress is calculated by the eqn. (3.5-24). 

‐ὸ Ὁ ὸ †
Ὠ„†

Ὠ†
Ὠ† (3.5-24) 

 

The transient creep compliance function, Ὁ ὸ is often given in the form of a Power 

series or a Prony series expansion in viscoelastic modeling. The power law form of 

this function is defined as given in eqn. (3.5-25). 

Ὁ ὸ Ὁὸ (3.5-25) 

 

Which is mathematically simple and has been found to provide an adequate prediction 

of short term creep behavior [93] and the Prony series form is defined as given in eqn. 

(3.5-26). 

Ὁ ὸ Ὁ ρ Ὡ  (3.5-26) 

 

Using the Prony series expansion, the resulting creep strain function will be as given 

in eqn. (3.5-27). 

‐ὸ Ὁȟ„ Ὁȟ„ρ Ὡ  (3.5-27) 

 

The use of Prony series is dominant over Power series. If a specimen is load free prior 

to the time ὸ π, at which a stress „ „ὸ is applied, the strain at ὸ π can be 

represented as follows [95], 

‐ὸ Ὁȟ ὸ„ Ὁ ὸ †
Ὠ„†

Ὠ†
Ὠ† (3.5-28) 
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Where,  is defined as the stress rate. To determine the stress state in a viscoelastic 

material at a given time, the deformation history must be considered. For linear 

viscoelastic materials, a superposition of hereditary integrals describes the time 

dependent response [95]. For linear elastic behavior, the relaxation modulus and creep 

compliances are interrelated and can be inverted to with each other by using 

convolution integrals [93], [98]. 

 

3.5.6. Nonlinear Viscoelasticity 

If any of the conditions for linear viscoelasticity are no longer satisfied, the 

viscoelastic behavior is considered to be nonlinear. The degree of nonlinearity can be 

influenced by factors such as applied stress level, strain rate, and temperature [93]. 

Non-linear viscoelastic behavior encountered when the observed strain, ‐ is large. A 

finite strain viscoelastic model may be derived by generalizing linear viscoelasticity 

in the sense that the 2nd Piola-Kirchhoff stress is substituted for engineering stress and 

Green-Lagrange strain is used instead of engineering strain [91]. 

The Bergstrom-Boyce approach is based on the generally accepted idea that 

elastomers act as if they were made from two superposed solids as given in eqn. 

(3.5-29) and sketched in Figure 3-14: one purely elastic and one viscous. Solid A is a 

purely elastic network of polymer chains while solid B is a plastic or viscous network 

connected in series with a second elastic network [87]. The resulting true stress on the 

material is the sum of the stresses acting on each network. 

„ „ „  (3.5-29) 

 



 

 

 

87 

 

 

Figure 3-14 Bergstrºm-Boyce Rheological Model [87] 

 

For a quasi-linear viscoelastic material model, the time dependence of mechanical 

response can be described by using time dependent coefficients in the strain energy 

potential. Usually rheological models are used to model viscoelastic behavior of 

materials. These models involve elastic part to simulate recursive energy and inelastic 

parts to simulate the loss energy [77]. 

 

On the other hand, in-plane pre-straining and out-of-plane electrostatic activation 

induce a three-axial stress and deformation state in dielectric elastomer actuators. 

Under such circumstances hyperelastic-viscoelastic models derived from uniaxial 

tests are often inadequate for predicting the mechanical response [45]. The time-

dependent mechanical response of dielectric elastomers can be described by using a 

quasi-linear viscoelastic model (QLV). In QLV model the material parameters in the 

strain energy potential are dependent on time but independent of the deformation. The 

time dependency of the material parameters can be expressed by using 4th order Prony 

series expansion of dimensionless relaxation modulus [49]. 

 

 

 



 

 

 

88 

 

3.6. Force Balance 

The electrostatic pressure or the Maxwell stress describes the behavior of charged 

bodies when a potential difference across the two electrode surfaces of the elastomer 

is subjected to an electric field as demonstrated in Figure 3-15. Electrostatic forces 

arise only at the interface between the electrodes and the elastomer. The elastomer 

behaves as a passive layer and no direct interaction occurs between electrical field and 

its mechanical properties.  

 

 

Figure 3-15 Schematic of the actuation response of dielectric elastomers 

 

The electrostatic pressure or the Maxwell stress, ὴ , acting on the insulating elastomer 

film can be calculated for a given applied voltage, ὠ  using the initial film thickness, 

ᾀ [7], [45], [46], [56], [59], [61], [70], [88] as given in eqn. (3.6-1). 

ὴ ‐‐
ὠ

ᾀ
 (3.6-1) 
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Where the free-space permittivity, ‐ is equal to ψȢψυ  ρπ  , and ‐ is the 

relative dielectric constant of the elastomer, ὠ is the applied electrical potential to the 

electrodes and ᾀ is the initial thickness of the polymer film. 

The minus sign given in eqn. (3.6-1) indicates that the equivalent pressure is 

compressive. Due to the mechanical compression, the elastomer film contracts in the 

thickness direction and expands in the filmôs planar directions.  

 

 

Figure 3-16 Change of Maxwell stress w.r.t. applied voltage and initial thickness 

 

The Maxwell equation is valid for uniform electrical charge distribution on infinitely 

large electrodes and uniform film thickness and it is experimentally verified [60]. The 

equation provided is an approximation of the real film loading. A pull-in failure occurs 

when the film thickness falls below a certain threshold and the equivalent Maxwell 

pressure becomes always greater than the compressive stress of the elastomer film. 
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CHAPTER 4  

 

4. MATERIAL CHARACTERIZ ATION TEST S 

 

4.1. Introduction  

Identification tests are required to observe the material and DEA mechanical 

properties which can be used in an effective actuator design. These tests are grouped 

mainly as material characterization tests and electromechanical tests. Material 

characterization tests are applied both to 3Môs VHB 4905 and VHB 4910 materials. 

The electromechanical tests are performed on DEAs which are manufactured from 

VHB 4910 materials. All tests are performed at room temperature. All the presented 

test results are given as in raw data form. The comparisons are made for the same 

initial configured actuators unless otherwise specified. 

 

4.2. Material Characterization Tests 

Different kind of material characterization tests are available in literature. The tests 

are selected according to the desired use of material. In this study, uniaxial tension, 

quad lap shear and volumetric compression tests are performed for both 3Môs VHB 

4905 and VHB 4910 acrylic tape materials at METU Central Laboratory. All tests 

were performed using Zwick Roell (Z250) testing machine using proper mountings. 

According to the type of test, stress/strain or force/displacement results are recorded. 

The tests are performed at room temperature and defined test speeds. 
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4.2.1. Uniaxial Tensile Tests 

There are several standardized uniaxial tensile tests (i.e. ISO 37, ASTM D412 and 

DIN 53504) that can be used to determine stress-strain properties of vulcanized and 

thermoplastic rubbers which are also applicable to DE materials [22], [46], [65], [66], 

[87], [99], [100]. 

Uniaxial tension tests were performed according to the test matrix provided in Table 

4-1. The test campaign is applied both to 3Môs VHB 4905 and VHB 4910 tapes, 

separately. Initial Youngôs modulus, yield stress, failure stress and strain history were 

observed and recorded.  

 

Table 4-1 Uniaxial tension test matrix 

# 
Applied Strain Value to 

each Specimen 

Total Number of Test 

Specimen 

Total Number of Repetition 

for each Specimen 

1 %20 3 3 

2 %50 3 3 

3 %100 3 3 

4 

%20+ 

%50+ 

%100+ 

Rapture 

3 

3 

3 

3 

1 

5 Direct Rapture 3 1 

 

The procedure for uniaxial tension testing is quite simple. 30 dog bone shaped 

specimens (15 specimens for each VHB 4905 and VHB 4910) were cut considering 

at least 1/10 width to length ratio using a punch machine as given in Figure 4-1 (a) & 

(b). During specimen preparation, the use of oily paper was a good choice to bypass 

the sticky nature of the VHB tape material. Before each test, specimenôs red liner was 

removed with a scalpel as shown in Figure 4-1 (c). 
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The specimen top and bottom ends were connected to the grips of testing machine as 

presented in Figure 4-2 (a). Undeformed gauge length of 20 mm was maintained for 

each specimen. Unfortunately, due to sticky nature of the material and the mounting 

of the specimen is made by hand, slight gauge length divergences observed which was 

unavoidable. For measuring the strain of the specimen during tensile testing, non-

contact extensometer device cannot be used which was a better way of measuring the 

strain due that grips of extensometer damaged the specimen material. To start a 

uniaxial test, application of 0.030 N preload is programmed on testing machine. When 

the specimen is loaded with the preload, the uniaxial tensile test was started. All tests 

were performed with a 50 mm/min strain rate speed. The strain history was collected 

via the displacement of the machine strikers with a predefined zero position. The time 

history of the specimensô tension stress, „ὸ and strain, ‐ὸ were measured and 

recorded.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-1 Specimen preparation for uniaxial tensile test (a) Punch machine (b) VHB 

4905 and VHB 4910 specimens (c) Dog bone shaped and red liner removed 

specimen 
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(a) 

 
(b) 

 
(c) 

Figure 4-2 Uniaxial tensile testing (a) Mounting the specimen (b) Zwick testing 

machine (c) Elongation of material during testing 

 

It has been shown in literature that normally a sample has to be strained at the same 

strain level minimum three times to overcome stress hardening effect [101]. 

Considering this fact, different testing scenarios were tried to simulate as tabulated in 

Table 4-1. For each test, three specimens were used. At the beginning the specimens 

were strained up to %20 strain, data recorded and the test was terminated. The 

specimen is not removed from the test machine and it is let to traverse its original 

starting gauge length position. Material was let to relax itself for five minutes. 

Following the relaxation, the material was loaded again with %20 strain. The test 

procedure repeated and finally, the specimen was loaded again with % 20 strain for 

the last time. After completion of testing, specimen removed from testing machine. 

This defined test scenario was applied to each three specimens individually. The same 

routine was also applied to %50 and %100 strain test. 

A more combined testing scheme was performed by straining a specimen first %20 

three times, then %50 for three times and then %100 again for three times following 

consecutively and finally specimen is forced to strain until rapture occurs. This test 

was aimed to observe the material in cyclic relaxation capability after different 

straining steps. 
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Last set of specimens were used to observe material behavior in direct rapture. No 

interval strains were applied and the material is forced to strain until rapture. In all 

tests, the stress and strain time history were recorded. 

The results of these tests are given from Figure 4-3 to Figure 4-5 for 3Môs VHB 4905 

and VHB 4910 tapes. The presented time histories belong to the final data measure of 

each specimen. Note that, each specimen is tested three times for the same loading 

condition and the final history is taken into consideration. The presented raw stress 

level does not start from zero due that a preloading was used. In Figure 4-3 to Figure 

4-5, the presented stress values are offset to start from zero.  

In Figure 4-3 to Figure 4-5 it is shown that VHB 4905 and VHB 4910 material 

responses have slight differences. For low strain levels, these materials have no 

significant difference. As the strain level goes beyond %100, VHB 4905 material 

achieved higher stress values. In demonstrative application of this study, around %100 

strain level and higher will be required. As seen from Figure 4-3 (a) and (b), frontier 

straining of material results in higher stress level for same straining. In Figure 4-5 (a) 

and (b), VHB 4910 material proves higher resistance to breakdown which is due to 

higher material thickness. Hyperelastic material modeling is focused on %100 

straining and breakdown straining levels. 

 

 
(a) 

 
(b) 

Figure 4-3 Uniaxial tension test results (a) %20 Strain level (b) %50 Strain level 
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(a) 

 
(b) 

Figure 4-4 Uniaxial tension test results (a) %100 Strain level (b) %100 Strain level 

with cyclic loading 

 

 
(a) 

 
(b) 

Figure 4-5 Uniaxial tension test results (a) Direct rapture (b) Rapture after cyclic 

loading 

 

 

 

 

 



 

 

 

97 

 

4.2.2. Volumetric Compression Tests 

Volumetric compression test shall be performed using a dilatometer by applying a true 

hydrostatic pressure in a viscous environment where viscous forces act equally in each 

outer plane of material in all directions. Measurements using this method are the most 

accurate but require more effort [81]. There is a simpler but an approximate way of 

conducting a volumetric compression test which involves applying stress to the 

sample in one direction only [81]. The main objective of the test is to calculate the 

bulk modulus. The initial slope of the resulting stress-strain function will be 

considered as the bulk modulus. This value is typically 2-3 orders of magnitude greater 

than the shear modulus [66, p. 45]. The similar test is performed in many researches 

[10, p. 43], [11], [101]. ASTM (2001) óStandard no: D575-91ô, Standard Test Methods 

for Rubber Properties in Compression [11]. 

The main objective of a volumetric compression test is to measure the compressibility 

of the material. Bulk modulus of the material is obtained from the slope of the stress-

strain curve. To perform the test, 40 disk shaped specimens were prepared with a 2 

mm diameter and defined thickness (for VHB 4905, thickness is 0.5 mm and for VHB 

4910 the thickness is 1.0 mm). These samples are lubricated with silicone oil and filled 

into test fixture forming a cylindrical final specimen geometry totally having 20 mm 

height. Three tests are planned for VHB 4905 and totally 120 disk shaped specimens 

were cut. This procedure is also repeated for VHB 4910 material and 60 disk shaped 

specimens were cut. The Zwick Roell (Z250) testing machine illustrated in Figure 4-2 

(b) was also used for volumetric compression test. The test fixture was replaced with 

new grippers and compression test fixture. The testing speed was 0.5 mm/min.  

The VHB 4905 and VHB 4910 samples were cut in circular shapes using a cutting 

punch shown in Figure 4-6 (a) and (b). The cutter knife is a special heat-treated 

apparatus manufactured to cut the samples. The knife edges designed to cut the 

specimens in a true cylindrical shape. The oily paper is used to store and protect the 

prepared specimen away from environment dust. 
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(a) 

 
(b) 

 
(c) 

Figure 4-6 Volumetric compression test specimen preparation (a) Cutting punch (b) 

Cutting laminated tape with special knife (c) The circular shaped specimens 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-7 Volumetric compression test specimen stacking (a) Cut samples are 

stacked in the hole of fixture (b) Multiple samples are used to form the required 

thickness (c) Total number of samples stacked in fixture 
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Tool apparatus is in cylindrical form as given in Figure 4-7 (a). There is a deep and 

edge tapered cylindrical hole in the middle of the fixture. The prepared specimens 

were stacked through the hole one by one using silicone oil and tweezers. A great care 

should be taken to avoid the specimen twist while translating through the hole bottom 

point. For each test, 40 specimens were stacked for VHB 4905 and 20 specimens for 

VHB 4910 material. Total length of the filled specimens was 20 mm forming a long 

tubular specimen bundle for each material type as illustrated in Figure 4-7 (c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-8 Volumetric compression test specimen fixtures (a) Test fixture (b) One 

cylindrical specimen (c) Fixture mounted on test machine 

 

The test apparatus filled with specimens were mounted on the testing machine as 

presented in Figure 4-8 (c). The compression test was started from defined origin point 

and ended after 2 mm vertical travel of the punch head. The punch head displacement 

versus applied force history was monitored and recorded. It is advised to measure the 

height of the specimen bundle after testing is finished.  

When the volumetric compression test started, a trial compression force was applied 

to force remove all voids inside test fixture for each specimen bundles. These 

compression trials were also monitored and recorded but not used in analyses. When 

a test finished, the specimen bundle was not removed from the test apparatus. The 

punch head was let to traverse to its original start position and the specimen bundle 

was let to relax for 5 minutes. 
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Figure 4-9 The Samples are removed from test fixture and then measured 

 

After relaxation time finished, a second compression test was performed to same 

sample again up to 2 mm of vertical deflection and the force generated was recorded. 

This procedure was applied third time to the same specimen bundle and then removed.  

In Figure 4-10, for material VHB 4910 and in Figure 4-11, for material VHB 4905, 

the results are shown. Note that the trial run results are not presented. According to 

results it is observed that the compressive force value is getting higher in each test. 

The third and final experiments results on each three samples of VHB 4905 and VHB 

4910 materials are also given in Figure 4-12 and Figure 4-13. The response of material 

to compression force outputs similar characteristics but it is seen that the applied 

maximum force values are different due to test conditions. The reason of this variation 

may be the hand stacking of samples to test fixture and unidenticality of test specimen 

bundles. 
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Figure 4-10 Volumetric compression test result of VHB 4910 specimen bundles (all 

trials) 

 

 

Figure 4-11 Volumetric compression test result of VHB 4905 specimen bundles (all 

trials) 
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Figure 4-12 Volumetric compression test result of VHB 4905 specimen bundles 

 

 

Figure 4-13 Volumetric compression test result of VHB 4910 specimen bundles 

 



 

 

 

103 

 

In Figure 4-14 the third trials of each sample of VHB 4905 and VHB 4910 materials 

are presented. In overall perspective, the samples exhibit similar compressive behavior 

and it is not possible to say one material shows superior response with respect to the 

other. 

 

 

Figure 4-14 Volumetric compression test result of VHB 4905 & VHB 4910 

specimen bundles - third trials 

 

4.2.3. Quad Lap Shear Tests 

The quad lap simple shear test is mainly used in bearing industry [66]. The test was 

performed using the Zwick Roell (Z250) testing machine as illustrated in Figure 4-2 

(b). 20 metallic test apparatus bars as shown in Figure 4-15 (a) were manufactured to 

perform the quad lap shear test. The quad lap shear test was performed while the tapes 

were bonded on metallic test apparatuses. According to data sheet of VHB tape series 

[43], at room temperature, approximately 50% of ultimate bond strength will be 
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achieved after 20 minutes, 90% after 24 hours and 100% after 72 hours. Ultimate bond 

strength can be achieved more quickly by exposure of the bond to elevated 

temperatures (e.g. 66ÁC) for 1 hour. Thus, a heat chamber was used to bond the 

samples before testing. The quad lap shear test was performed with a tensile speed of 

0.25 mm/sec. 

The metallic bars were 100 mm in length and 20 mm in width. 10 of the barsô 

thicknesses were 10 mm and the rest 10 of them were 5 mm. 5 mm thick bars were 

used in the middle of the fixture as shown in Figure 4-15 (b). Thick bars were used to 

mount the fixture to test machine. All bars were manufactured in lathe and a slight 

surface roughness was maintained for best bonding. 

 

 
(a) 

 
(b) 

Figure 4-15 Text fixture preparation for quad lap shear test (a) Metal blocks (b) Test 

configuration 

 

All VHB tapes have a width of 19 mm in a standard sample roll. These tapes were cut 

with a scalpel in 20 mm x 19 mm x 0.5 mm (for VHB 4905) and 20 mm x 19 mm x 

1.0 mm (for VHB 4910) and bonded on thin metal bars first as shown in Figure 4-16 

(a) then red liners on the films were removed and the thick metal bars were bonded. 

Totally three sets of test fixtures are prepared for each VHB 4905 and VHB 4910 tapes 

as given in Figure 4-16 (b). 
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(a) 

 
(b) 

Figure 4-16 Bonding for quad lap shear test (a) Bonding step (b) Completed test 

apparatus 

 

Espec heat chamber was selected to heat the test fixtures given in Figure 4-16 (b). The 

heat chamber was heated to 66 ÁC and the test fixtures were let to rest an hour in 

chamber for best bonding strength. 

When the bonding process was completed, the test fixtures were removed from the 

heat chamber and ready to test as given in Figure 4-18 (a). It was noticed that the 

transparent VHB tapes are turned in black color after heating process as can be 

observed from Figure 4-18 (b). 

 

 

Figure 4-17 Heat chamber used to speed up bonding process 
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(a) 

 
(b) 

Figure 4-18 Bonded quad lap shear test fixtures (a) Bonded fixtures (b) Closer look 

to bond area 

 

The prepared and bonded samples of VHB 4905 and VHB 4910 were mounted on the 

testing machine as presented in Figure 4-19 (a). The displacement and the force history 

of the test were monitored and recorded. Reader should note that the monitored 

displacement results are the sum of the displacement of the upper and lower bonded 

tapes thus the results should be divided into two to find single bond result. Also, the 

force output should be divided into two because the right and left bars of the test fixture 

transfer the total force. This has to be taken into consideration while processing the 

test history. At a certain time, the VHB tapesô shear response was visible during test 

as shown in Figure 4-19 (b). The tests were let to continue until the rapture breakdown 

occurs as illustrated in Figure 4-19 (c). The test results are provided in Figure 4-20 to 

. In  (a), (c) and (e) VHB 4905 and in (b), (d) and (f) VHB 4910 sample results are 

presented. Each sample is subjected to tensile loading resulting in shear deformation.  
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(a) 

 
(b) 

 
(c) 

Figure 4-19 Quad lap shear test (a) Test fixtures are mounted on the testing machine 

(b) Peel off starts (c) Complete rapture 

 

The applied force [N] and observed displacement, Ὠ [mm] were recorded. The amount 

of shear Ὧ ὨὬϳ  where Ὠ is the displacement of the outer bar with respect to fixture 

base and ώ is the thickness of the specimen is calculated. For VHB 4905 and VHB 

4910 materials, thickness, Ὤ is a known parameter Ὤ πȢυ άά ὥὲὨ ρȢπ άά . For 

each sample, when the shear deformation was reached to 2 mm, the test was 

terminated and the test fixture moved to its original start position. The same loading 

scheme was applied four times including a five minutes of relaxation time between 

each testing. The relaxation time means the time where material recovers its original 

shape. As seen from , for both VHB 4905 and VHB 4910, the maximum shear strength 

was achieved in the last fourth trial. VHB 4905 presented higher shear stress value 

than VHB 4910 for the same testing conditions. In the fifth trial, test was not stopped 

at 2 mm travel and the material was let to peel completely until breakdown occurs. 

Complete peel off breakdown results of specimens are given in Figure 4-21. The test 

was terminated when one of the four tapes removed from its bonded surface and it 

was assumed that breakdown was observed. 
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Figure 4-20 Quad lap shear test results of VHB 4905 at breakdown 

 

 

Figure 4-21 Quad lap shear test results of VHB 4910 at breakdown 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

  
(f) 

Figure 4-22 Quad lap shear test results (a) VHB 4905 sample 1 (b) VHB 4910 

sample 1 (c) VHB 4905 sample 2 (d) VHB 4910 sample 2 (e) VHB 4905 sample 3 

(f) VHB 4910 sample 3 
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4.2.4. Creep and Relaxation Tests 

Standard viscoelastic material experiments like creep and stress relaxation are 

convenient to study material response. These tests provide good accuracy for long 

times like hours to days but less accurate at shorter times (seconds and less) [100].  

 

Creep tests are performed by holding a specimen at a constant tensile stress and 

measuring the resulting strain, Ů as a function of time. Similarly, relaxation tests are 

performed by holding a specimen at a constant tensile strain and measuring the 

resulting internal stress, ů as a function of time. 

Creep and relaxation tests of VHB 4905 and VHB 4910 materials are performed using 

Dynamic Mechanical Analysis (DMA) module given in Figure 4-23 (a) at METU 

Central Laboratory. Pyris Diamond Dynamic Mechanical Analyzer shown in Figure 

4-23 (b) performed the creep and relaxation test campaign. 

 

 
(a) 

 
(b) 

Figure 4-23 Creep and relaxation testing (a) Test environment (b) Pyris diamond 

dynamic mechanical analyzer 
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The geometry of the creep and relaxation test samples were same and cut in 40 mm x 

5 mm in length and width dimensions. The thickness of the specimens was 0.5 mm 

for VHB 4905 and 1.0 mm for VHB 4910. 18 samples are prepared, removed from its 

red liner and kept in oily paper as shown in Figure 4-24. Due to Dynamic mechanical 

analyzer displacement range limits and its force application constraints, creep test was 

performed at 50 mN, 100 mN and 150 mN for VHB 4905, 100 mN, 200 mN and 300 

mN for VHB 4910. Relaxation tests were performed for 1250, 2500 and 5000 

microstrains for all samples. All creep and relaxation tests were started at 5000 

microstrains gauge length corresponding to 5 mm of free sample length. Here it should 

be clarified that the original samplesô length was 40 mm but the effective testing length 

was 5 mm as presented in Figure 4-25 (a). The extra portions of the sample length 

were used for grip connections as illustrated in Figure 4-25 (b).  

 

 

Figure 4-24 Creep and relaxation test samples 
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(a) 

 
(b) 

Figure 4-25 Creep and relaxation test sample mounting (a) Each sample was fixed 

on DMA (b) Metal covers were screwed and rest of the sample was not used. 

 

At the beginning of creep tests, the results are recorded for 1800 seconds. 

Unfortunately, It was understood that the time was not sufficient to get a steady 

response and the recording time was increased to 2400 seconds in the next runs. 

Finally, 3000 seconds of recording was agreed for the final tests. The deduced duration 

was applied to both creep and relaxation experiments. 

 

In Figure 4-26 (a), (c) and (e), VHB 4905 creep results for 0.05 N, 0.10 N and 0.15 N 

and in Figure 4-26 (b), (d) and (f), VHB 4910 creep results for 0.10 N, 0.20 N and 

0.30 N are presented. The strain history was recorded for a duration of 3000 seconds. 

Same plot scale is applied for the test results as given in Figure 4-26 to provide an 

exact sense of material behavior to reader. At the end of the tests, it was seen that the 

creep response of the material did not settle which are all given in Figure 4-26. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4-26 Creep test results (a) VHB 4905 at 0.05 N step input (b) VHB 4910 at 

0.10 N step input (c) VHB 4905 at 0.10 N step input (d) VHB 4910 at 0.20 N step 

input (e) VHB 4905 at 0.15 N step input (f) VHB 4910 at 0.30 N step input 
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In Figure 4-27 the overall results of applied constant uniaxial tension results are 

provided. 

 

 
(a) 

 
(b) 

Figure 4-27 Creep test results (a) Overall results for VHB 4905 material (b) Overall 

results for VHB 4910 material 

 

In Figure 4-28 (a), (c) and (e) VHB 4905 material response to 1250, 2500 and 5000 

mstrain step input results are presented. Similarly, in Figure 4-28 (b), (d) and (f) VHB 

4910 material response to same step inputs are presented. All relaxation tests are 

performed for 3000 seconds. The results of the relaxation tests are more uniform 

according to creep tests. VHB 4905 material presents more residual stress according 

to VHB 4910.  

 

 

 

 



 

 

 

115 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4-28 Relaxation test results (a) VHB 4905 at 1250 mStrain step input (b) VHB 

4910 at 1250 mStrain step input (c) VHB 4905 at 2500 mStrain step input (d) VHB 

4910 at 2500 mStrain step input (e) VHB 4905 at 5000 mStrain step input (f) VHB 

4910 at 5000 mStrain step input 
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CHAPTER 5  

 

5. ELECTROMECHANICAL TE STS 

 

5.1. Introduction  

In Chapter 4, the VHB materials were subjected to various preliminary tests to define 

their stand-alone parameters. The tested materials were used as they are obtained from 

the manufacturer. Unfortunately, using those obtained parameters directly for an 

actuator design is not appropriate. The stiffness effect of pre-stretching, carbon black 

application, reinforcement strips, and actuator construction materials strongly effect 

the design prospect which all should be considered while designing a DEA. The 

preliminary tests will help to understand the change of material behavior in case of 

actuator tailoring. On the other hand, a DEA can be designed in multiple forms. The 

design can be in different shapes of different configuration options including various 

stacking models. In this study, linear DEAs are constructed. Single layer and double 

layer actuators are studies in electromechanical tests which all present different set of 

actuator parameters. The manufacturing of these DEAs are defined in detail in Chapter 

5.2. This chapter will focus on the electromechanical test setup design and 

manufacturing. 

 

5.2. DEA Manufacturing  

3Môs VHB 4905 and VHB 4910 acrylic film tapes are commercially available in rolled 

form with a maximum of 1140 mm and 1180 mm widths. They are sticky in both 

sides. The length of the material has no limit. The material parameters announced by 

the manufacturer are given in Table 2-3. According to literature, it has been shown 

that the standard thickness of VHB tape materials are very high to generate efficient 

force/voltage values. The thickness of the material has to be thinned to decrease the 
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required amount of voltage potential. The film as supplied (VHB 4910) has a thickness 

of 1.0 mm, which is far too thick for an actuator. Decrease in thickness of the material 

can be achieved by pre-stretching. By pre-stretching the material in planar directions, 

the thickness can be decreased and the smaller amount of voltage potential can be used 

to get the same actuator force and strain result. As the volume of the material is 

constant, the pre-stretch in planar directions will result on thickness reduction.  

The final application of the DEA is designed to work on an trailing edge of 3D wing 

concept. The actuation direction of DEA is design to be uniaxial. Although both VHB 

4905 and VHB 4910 materials are tried in all manufacturing steps, it is observed that 

VHB 4910 material is superior with respect to VHB 4905 in terms of handling. 

Demonstrative DEAs are manufactured from VHB 4910 material.  

Various planar pre-stretches are considered. The pre-stretch in length direction and 

width direction does not need to be equal namely equi-biaxial. As long as equi-biaxial 

pre-stretched DEAs are tested, the unequibiaxial pre-stretches are also tried. The 

length direction of DEA is always considered as the actuation direction. The width 

direction which is perpendicular to length direction is set with a fixed pre-stretch.  

Pre-stretching VHB tapes can be achieved in many ways. Stretching by hand or using 

an apparatus are both applicable. Unfortunately, uniform and extended pre-stretches 

cannot be achieved by hand. The use of a fixture tool is essential. In this study, 

stretching of the material is made by a square scissor aluminum apparatus as given in 

Figure 5-1. The inner square of the scissor mechanism is designed to be 100 mm x 

100 mm and it can extend up to 500 mm x 500 mm in planar directions. The head of 

bolts used in scissor mechanism is selected to be significantly large to ease the sticking 

the material on while increasing the stick area. 

VHB tapes are purchased in rolled shape and originally covered with its red liner 

protective coating. The raw material is 1180 mm in width and 5 m in length for VHB 

4910 and 1140 mm in width and 3 m in length for VHB 4905 which needs to be cut 

in smaller dimensions for actuator manufacturing trials given in Figure 5-2. 
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Figure 5-1 Prestretching scissor mechanism 

 

Special blades are required to precisely cut the tapes in shape. If one cut a 100 mm x 

100 mm VHB material and fix it on the scissor mechanism, he can stretch the material 

up to five times in planar directions. On the other hand, using a square cut tape to 

manufacture a DEA is not a must. Different amount of pre-stretches can be applied in 

both length and width directions. The scissor mechanism works well for all cut 

dimensions except the ones where any one dimension is less then 100 mm which is a 

case mostly experienced. In that case a hand pre-stretch is required to adhere the 

material first on scissor mechanism considering required dimensions, then stretching 

the scissor mechanism to desired level can be accomplished. By stretching the film 4 

times in each direction the thickness drops to 1.0 mm / 42 = 63 Õm, which is excellent 

for actuator purposes. 
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(a) 

 

(b) 

Figure 5-2 (a) 3Môs VHB tapes raw roll form (b) Cut of VHB tapes for actuator 

manufacturing  
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The scissor mechanism is only used to stretch the material to defined level but to keep 

the tape at that stretch size and work on it requires the use of Kestamid frames. The 

tapes are strongly and easily stick on the Kestamid frames. Frames in different sizes 

are manufactured to try different pre-stretched actuators. The ability to stretch the tape 

to desired dimensions and constraining at that dimension has a great flexibility. The 

sizes of pre-stretching Kestamid frames used are given in Table 5-1. 

 

Table 5-1 Prestreching frame dimensions 

Code 
X (inner) 

Dimension 

Y (inner) 

Dimension 

Width 

Dimension 

Thickness 

Dimension 
Type 

1 100 mm 100 mm 10 mm 10 mm Square 

2 200 mm 200 mm 10 mm 10 mm Square 

3 300 mm 300 mm 10 mm 20 mm Square 

4 400 mm 400 mm 10 mm 20 mm Square 

5 50 mm 100 mm 10 mm 10 mm Rectangle 

6 50 mm 200 mm 10 mm 10 mm Rectangle 

7 100 mm 200 mm 10 mm 20 mm Rectangle 

8 100 mm 300 mm 10 mm 20 mm Rectangle 

 

The stretched VHB tape on frame (Code 2) is given in Figure 5-3. The red liner 

illustrated demonstrates the initial dimension of the material. 
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Figure 5-3 100 x 200 mm kestamid streching frame and VHB band strip 

 

 

Figure 5-4 Stretched VHB tape on scissor mechanism 
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(a)             (b) 

Figure 5-5 (a) 100 x 100 mm VHB Band stretched on scissor stretching mechanism 

(b) 400 x 400 mm Kestamid stretching frame and stretched VHB band on it using 

scissor mechanism 

 

When the stretching to the frame is completed the VHB tape is adhered on the 

Kestamid frame applying hand pressure by using oily paper and then VHB tape is 

detached from the scissor mechanism. While working with the VHB tapes, it is 

observed that oily paper and its original red liner are best non-sticking tools to work 

with. Reinforcement masks by a paper band should be applied to the edges of frame 

to avoid tearing of the stretched film. 

The VHB tape is very sticky in nature due to its manufacturing purposes thus it is 

ready to emit any kind of dust particles in the air. The room conditions should be dust 

free for best performance. The carbon black smearing procedure should be performed 

quickly which will be defined next. After completing the stretching of the VHB tape 

on the frame, the carbon black should be applied on both sides (top and bottom) of the 
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material. The carbon black used is the Akzo Nobelôs KetjenBlack EC-600JD as 

illustrated in Figure 5-6 which provides excellent carbon nano particle sizes.  

 

 

Figure 5-6 Ketjenblack aggregated dust particles  

 

On the other hand, the particle sizes of the Ketjenblack is as aggregated in packing. 

Prior to application, the carbon black should be squeezed to decrease the as is state of 

particle size. This can be done squeezing the particles between two spoons. Care 

should be taken for the fluttering particles and mask should be used. After handling 

ideal carbon black particle size, it is ready to smear on the stretched material. Also, 

Nyogel 756P conducting grease is tested as an electrode material is shown in Figure 

5-7. Due to oily nature of Nyogel, a thin spatula is used to smear on VHB tape. Before 

smearing the carbon black on VHB tape, the use of a masking stencil should be 

introduced. If it is not used, the carbon dust particles flow on every part of the material 

especially the defined DEA edge borders which negatively affects the performance as 
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creating sparking areas at the edges. The electrode material should not be applied too 

close to the edges otherwise edge arcing will ruin the performance of the actuator.  

 

 

Figure 5-7 Nyogel 756P carbon grease application 

 

A stencil should be prepared to avoid this effect and apply the carbon black precisely 

in desired shape and area. Oily paper or VHB tapesô red liner can be cut in desired 

shape to use as a stencil. Both well sticks on the VHB tape and easily removed. But, 

new stencil should be used for each new actuator manufacturing as the carbon black 

is accumulated at the edges. It is experienced that there is a better way of 

manufacturing stencil for multi time use which is replacing the stencil material with 

acetate paper. The acetate paper is stiffer according to oily paper to avoid mini gaps 

at the edges however it sticks on the VHB tape resulting in fatal tears of pre-stretched 

material. To avoid sticking, the acetate paper shall be covered by 3Môs VHB 5490 

tape which provides excellent frictionless contact surface. The stencil design using 

oily paper is given in Figure 5-8. While designing a stencil, the area of carbon black 

should be well defined including the electrode application regions. For better 

performance, the electrode application region should be well isolated from the rest of 
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the carbon black area. This pattern is applied to the opposite side of the stretched VHB 

tape as well. Care should be taken not coincide the electrode application locations. 

The stencil shown has a 160 mm x 55 mm in width and length dimension excluding 

the electrode region. This is applied on a 4 x 4 pre-stretched VHB tape. 

 

 

(a)             (b) 

Figure 5-8 Oily paper masking stencil 

 

Carbon black can be smeared while the stencil is located on the pre-stretched material 

with a smooth and soft paint brush. The electrode application regions should be clearly 

visible which are illustrated on Figure 5-9. Brushing in length direction rather than 

width direction performed well. When the carbon black smeared on the both sides of 

the tape, it is not ready to be removed from the stretching frame. It can easily be torn 

due to high internal stress. Before removal, reinforcements should be applied. The 

upper and bottom edges of the actuator both on two sides should be stiffened. This can 

be done using acetate strips (15 mm x 165 mm works fine). The acetate strips can be 

glued and located on the tape. The glue material should be selected among fast drying 

ones.  
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(a) 

   

(b)            (c) 

Figure 5-9 Applied carbon black on stretched VHB tape 
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On the other hand, right and left-hand sides of the actuator on both sides (the edges of 

the carbon black area) are still weak to remove from DEA the frame. 2 mm in width 

and 20 mm in length strip VHB materials (VHB 4905 is used when VHB 4910 is 

selected as DEA) should be cut and stick on both edges at the both sides of the material 

by pre-stretching as shown in  Figure 5-9 (b) & (c). The electrical conductivity can be 

accomplished by sticking aluminum strips (cupper tapes can also be used) in 10 mm 

x 100 mm dimension to each electrode location (upper and lower parts). Finally, the 

regions where acetate strips are glued should be stiffened. Wooden strips, Kestamid 

strips or acrylic rigid strip bars can be used. Using a cutter knife, the actuator is ready 

to be removed from the pre-stretching frame. The final actuator can be obtained as 

given in Figure 5-10. 

 

 

Figure 5-10 Final DEA 
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5.3. Hardware and Software Design 

Four tests are designed to evaluate the performance of DEAs in electromechanical test 

campaign. These are DEA relaxation, blocking force, creep and voltage induced creep 

tests.  

In relaxation tests, the DEA performance will be monitored according to applied 

stretch and the generated residual stress will be observed. As the stretch ratio gets 

higher, the generated residual stress in increased on DEA.  

In blocking force experiment, it is aimed to relax the DEA to a defined stretch position 

and apply a certain amount of voltage on it. It is expected that the applied voltage will 

decrease the internal stress and when the voltage is removed, there will be an internal 

force generation. The force observed will depend on the configuration of the DEA. 

In creep test, the DEA will be loaded by a constant force and the actuator is expected 

to stretch to balance the applied force. The amount of stretch will depend on the 

applied force and actuator configuration. 

In voltage induced creep test, it is intended to observe the stretch response of the 

actuator when voltage is applied while actuator is loaded by the creeping force. The 

effect of voltage on actuator will be monitored. 

To perform these tests, a linear translation stage (SRS-012-04-030-01-F100) and its 

motion controller (DMC-30011) from H2W Technologies is selected. The linear stage 

can travel 305 mm unidirectionally with a maximum of 133 N continuous force. It is 

equipped with 1-micron linear encoder (LM 13) and powered by a brushless linear 

motor. The controller of the linear stage is a single axis motion controller and uses 32 

bit RISC processor. The motion controller operates stand alone or can be networked 

to a PC via ethernet. It supports two analog inputs and outputs. The linear stage is 

equipped with a Xenus digital servo drive XTL-230-18.  
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Figure 5-11 Linear translation stage from H2W 

 

 

Figure 5-12 ESP4 ï 100 N (10 kg) load cell is mounted on Linear Stage 

 

 

Figure 5-13 Linear translation stage and its controller unit 
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For the testing purposes, a load cell (ESP4 ï 100N) is mounted on the linear stage. 

The signal conditioning is performed by OM-19 load cell conditioner. The complete 

set of linear stage unit is presented in Figure 5-11 to Figure 5-13. Unfortunately, the 

linear stage as it is delivered cannot be used for planned tests. Grippers to hold the 

DEA and a stiffing structural unit is required to adopt the system. A non-conducting 

(due to high voltage application) structural bracket apparatus which can be adjusted 

in horizontal and vertical directions is designed and manufactured for the linear stage 

is given in Figure 5-14 to Figure 5-16. 

 

 

Figure 5-14 Linear stage fixture and actuator holder design 

 



 

 

 

132 

 

 

Figure 5-15 Linear stage fixture and actuator holder manufacturing and installation 

 

 

Figure 5-16 Linear stage fixture design detail view 
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The manufactured DEAs will be tested squeezing between Kestamid bars using top 

and bottom screws as presented in Figure 5-16. The linear stage is capable to stretch 

the actuator in one direction. During tests, the actual length of the DEA in actuation 

direction, the applied force and voltage is recorded as the controller controls the 

driving motor of the linear stage and transmits the received force and position 

information to computer. The high Voltage Amplifier TREK Model 10/10B-HS is 

used to generate high-speed high voltage to system. It is capable of precise control of 

output voltages with 0 to 10 kV DC voltage. It is also possible to monitor the applied 

voltage and ampere values using the controller unit of linear stage. For blocking force 

and voltage induced creep tests, controller applies the required amount of voltage on 

DEA. The structural design of the electromechanical test setup is given in Figure 5-17. 

 

 

Figure 5-17 Schematic definition of structural electromechanical test components 
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When the DEA is mounted on the electromechanical test setup, the direction of motion 

of the linear stage is assumed to actuation direction, ‗ and the width direction, ‗ is 

kept constant as defined in Figure 5-18. The manufactured DEA is fixed to linear stage 

by the screws. Great care should be taken to align the actuator and the load cell to 

avoid undesired moment effects. 

 

 

Figure 5-18 Installation direction definitions of DEA 

 

5.4. Software Design 

Galil Motion controller DMC 30011 is programmed with a Galil tools software. The 

communication is well satisfied between the software and controller via ethernet 

protocol using Windows based platform. According to each type of test, related Galil 

controller codes are manually generated.  
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Basically, all four tests require, displacement control and read all other parameters or 

force control and read all other parameters. For relaxation tests, displacement control 

is performed. DEA is quickly stretched to an user defined position and kept constant 

for a certain amount of time. The DEAôs initial and final positions and the force data 

are recorded throughout the test. In blocking force experiment, the base relaxation 

procedure is maintained and voltage is applied. User defined constant force is applied 

on the DEA starting from the start position and kept constant during creep test using 

a force controller. As the DEA responds in strain to applied force, the starting and 

ending position of the actuator are also recorded. For voltage induced creep test, the 

same routine applied for creep test is used. After a certain amount time, desired voltage 

is applied using high voltage amplifier by controller.  

The position, force and applied voltage histories are all recorded throughout the tests. 

The control design of the system developed in Galil tools software is illustrated in 

Figure 5-19. The wiring diagram and the details of the codes are given in Appendix A 

& B. 

The generated Galil codes are designed according to the data transfer schematics of 

the electromechanical test system is given in Figure 5-20. 
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Figure 5-19 Schematic definition of logic of generated Galil control codes 

 

 

 

Figure 5-20 Schematic definition of logic of electromechanical test components 
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All Galil codes are first compiled on Galil tools software and test directly on the 

system. When the controller tests are completed, a Matlab GUI is constructed to 

operate controller from a standalone computer capable to input all user defined 

parameters input to controller and monitor desired output results. The Matlab GUI 

connects to GALIL via wireless IP communication. The opening screen of GUI is as 

given in Figure 5-21. The opening screen maintains connection to Galil controller and 

guides user to desired test sub module. Three sub modules are designed as GUI to 

perform related tests which are presented in Figure 5-22 to Figure 5-24. 

For the relaxation test GUI given in Figure 5-22, the initial DEA start position and 

ending position are required inputs. The duration of the relaxation test, linear stageôs 

begin and ending speeds and accelerations can be defined using the GUI. The test data 

resolution can be adjusted.  

 

 

Figure 5-21 Matlab GUI opening screen to connect Galil controller 
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Figure 5-22 Matlab GUI relaxation test module 

 

 

Figure 5-23 Matlab GUI creep test module 
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