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ABSTRACT

MODELING AND APPLICA TION OF ARTIFICIAL M USCLE

ACTUATORS
caml,eakar i Bujra
Doctor of PhilosophyMechanical Engineering
SupervisorProf. Dr.Y. Samim | nl ¢¢soy

April 2019, 284 pages

Electro Active Polymers (EAPa)e the group of polymeric materials which are also
known as théArtificial Musclesthat are already available commercially or can be
manufactured in laboratory conditiorstificial muscle actuators are considered as
alternatives to conventional electripneumatic/hydraulic devices in certain
applications which require lightweight actuatofstificial muscle actuators are not
yet capableof compleing heavy duty missionsiowevertheseflexible actuators do
not requie additional mechanisnfisr actuaton andtheirhigh efficiency outputs make

them a strong alternative to conventional systemfigture applications.

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

in replacingthe caventional actuatorsparticularly inaero structuresvhere the
weight and cost advantages are strongly emphasfaedexhaustive experimental
study of the properties of a suitable representative material is carried out and the
mathematical characterizatioof the material is performed. A model as a typical
example of a aero structure in the form of a wing trailing edge is used to establish

the capabilities antb ascertain the possibility of application in aero structures



Keywords: Dielectric Elastomer, Material Characterization, Electromechanical

Characterization, Smart Material, Soft Actuator
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CHAPTER 1

INTRODUCTION

Many electri¢pneumatic/hydraulic actuatorare available in various sizes and
specificationsThe design andperating characteristics of these conventiolezices
are well understood'hey arecapableof performng heavy duties and commercially
availableat affordable prices. Theare not necessarilydirect driven andhus may
require additional components dibelts orgears tosatisfy the requirements of the
specific applicationThey are heavyrigid andtheir costsare high The geometric
space allocation requirements of them faxenlargesystemdimensions for proper
operatingconditions The structural integrity of the appliance (smalewgg is highly

affected due to costonsiderations

Actuators that can be used insteadaiventionatlevices described aboliave been
the focus of researchelr a long time In particular actuaors that are miniaturized
and capablef sustaiing small and/or large loads applicable to various applications
are a popular concern. Actuators that can drive the mexhs without neeihg
additional componen@ndcapable tgperform on land, undemteror aerial missions
require new technologies to study on.

One ofthealternatives asnew era actuators is tietificial Muscles. They are a group

of polymeric materials which are also known asHhextro Active Polymers (EARS)
They arealready available commercially or can be manufactured in laboratory
condtions. These actuators are made of soft and formable mateDiffistent types

of thesematerials have been developesiudied and publishedn the literature
recently.These mateéals do not need additional meciams to actuate. They can be

tailored for specific need3hese materialare candidates for use in new concepts of



actuators to replace conventional devices as they possess suitable characteristics with

respect to light wight, 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 operationithh 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 muscle 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 anddered 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 tdevelop biologically inspired mechanisms.

As an example twisualize the motion concept can be a mimetic motion of a human
face. There are 43 different muscles that control all our emofigndluscles are
biological actuators that are stimulated by instant nerve reactions. However, no
conventional group of motors are capable to simullagse 43 different muscles
simultaneously with the desired actuation speedrmagnitude Additionally, daily

life electric motors will need gear systems, enough space to properly locate and have
to operate in various environmahtonditionswhile on a human face. It ispparent

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 materialsbeaprogrammed to actuate in
different directions with varying speeds and amplitndéhout need of a weight,

space allocation and rigidity constraint.



1.1. Motivation and Contribution

This study is motivated byé potential of the matrials known as artificial muscles
in replacingthe conventional actuatof®r usein a wide range of applications,
particularly inaero structuresvhere the weight and cost advantages are strongly

emphasized

In the thesis study, an exhaustexeperimental 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 actudtich is calleDielectric Elastomer
Actuator (DEA)In full detail. Mathematical characterization of the material using the
test results is obtained. The capabilities tredpotential usef 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 manufactyprogesof artificial

musde actuator is detailed and the possible manufacturing defects are outlined. The
capabilities ofartificial muscle actuatoare also analyzed with a bunch of static and

electro activated test systems.

Modeling of such materials are generalgfided 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 netidg uniaxial tension or combined tests
which well suit most of the time. Meanwhile, the strain endugygtion models are
capable to capture relaxatitwehaviorof the material. On the other hand, the use of
these strain energy models in creegpmnse 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 techbiggidestatic and

relaxation behavior models. It @lso shown that the hyperelastic strain energy



function coefficients can be identified usitige relaxationand creepexperiments

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 possillee Gther

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, grersimpler
mathematical models that are capabldittdahe material in action duringeal 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 rg®nse 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 charaatesizch a soft material into

an actuating mechanism is fully outlined and a representative application is
demonstrated wusing a typical aeri al wi ng st
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 27 Literature Review presents the current state of the art on electroactive

polymers, their kassificationand dielectric elastomer design prospects.

Chapter 31 Modeling of Elastomeric Materials provides a brief summary on how

to model hyperelastiand viscoelastic response of elastomer materials



Chapter 4 i Material Characterization Tests outlinesthe simple material tests

performed to analyze material propertéssobtained from manufacturer

Chapter 57 ElectromechanicalTestsgive information on production o dielectric
elastomeractuatorand provide information onthe tools and processethat are
required The tests taletail exhaustivelymaterial behavior from a simple material

level perspective ufp tailored actuator configuratios outlined

Chapter 67 Mathematical Modeling of Material and DEA presents the interactisn
between mathematical models and performed festboth material and produced
DEA levels

Chapter 71 Application to 3D Model Trailing Edge summarizeshe steps tdouild
a demonstrativaircraft winglike trailing edgemodel installation of the soft actuator,

test systemactuating the DEANd its angular positiocapability results

Chapter 81 Conclusionrestates the objective of the thesis and discusses the results
of this study. A concise summaig/presentednd recommendations for further study

are discussed






CHAPTER 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 calleBlectroActive Polymers (EA$). Thebasic motivatia of research

in polymershas initially beethesimulaion ofthe behavior and performance of actual
mammalian muscles. These polymers have functional similarities to biological
muscles including resilience, damage tolerance and large actuationEfti@is. 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 geardbeltsand bearings, whiclpresenthigh costs, weiglstand
possiblesources ofailures. As long as tlsematerials lead to new alternative actuator
designs, they are also classified as the future sensing and energy harvesting devices.
Before getting into the comparison of polymeematerials withbiologicalmuscles, a

general categorization of polymersiesentd inFigure2-1.

Biological musclesire 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 o€ycles 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 mechahohanical
properties of natural muscleme widely studied in4]i[8]. EAP materials are

classified as rubber and wsao emulate the movement of actual muscles. The



properties of rubber should be well outlineditalerstand #actuation mechanisof
EAPs.

Non-Biological

Biological

| Electronic EAP | | lonic EAP | | Inorganic Polymers | ‘ Electroactive Ceramics |
Sacch:
-lFerme\ectric | »{ lonic Polymer Gels | Shape Memory Alloys | —-| Piezoelectric |
Cellulose
Electrostrictive lonic Polymer Magnetostrictive Alloys
Graft Metal Composites
DlD\eIe:mc Conductive
Polymers
Electrostatic
Carbon Nanotubes
ElectroRheological
blquuid Crystal Fluids

Figure2-1 Structuralcategorization opolymers[2], [3]

Rubber is a hyperelastic material that can be strained up t8I¥8 inany direction.

The mechanical behavior of rubber is not always linear and has a time dependent
response in nature. It is usually described bysd&ped stresstretch curve. The bulk
modulus of rubber is usually 10@D00 times higher than its shear rabh which

makes it nearly incompressibl&hus, in many design casdke approximation of
incompressibility is quite appropriate andiall-knownassumptiorf9]. When rubber

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

breakdowrand domain deformatioiO].

Mechanical propertiesf rubber are controlled by the amount carbon black mixed in

the material. A higher amount of carbon black leads to a phenomenonMallets



Effect Mullins effect istheresponse of filled rubbers in which the strefzgin curve
depends on the maximuloading 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 reastimeidreakdown of crodmks
between the moleculahairs. It is worth noting that it is necessary to subject the
material to more than one loadingloading cycle, as the stretofduced softening

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

Compared to the mammalian muscle, EAP technology still doesffestall 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-sersing actuato[13].

2.2.Background of EAPs

Generally, all EAP materials cagenerate 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 areapatbleto complete
heavyduty missions. Thefficiency of these materials is considered to be high but
limited publication is available for the common standardizafi®). However, the
reason of the motivation of thesearclitommunity on these materials is the increasing
need for miniatureJow mass, less power consuming, flexible, direct drine a
inexpensive actuators. EAPs ability to generate large displacemente thidl 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 mobilithe diffusion of



ionsT known adonic (Wet) EAPsind materials which are driven by electric fields or

Maxwell forces known aklectronic (Dry) EAPs

In comparison with active materials,e ver al O06smart material s606
as artificialmusclesncludingElectroActive Ceramics (EAS}, Shape memory Alloys

(SM#As), Magneto Strictive Alloys (MSAs9nd Piezoelectric Ceramics (PZTs)

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

densities are lowethe® 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( CHzs)) andliquid crystal elastomerare the future EAP materials
that have been studied in literature recefly On the other hand, studies on these
materials have not been published widéfaterials like molecular actuators and
carbon nanotubes are called higlsh materials and are still rmkea strong

development.

A property comparisonand classification of artificial muscle class materials are
provided inTable2-1. A detailed comparison of Electronic and lonic Electroactive
polymersis provided inTable2-2. Detailed information about materials will be given

in precedingchapters.
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Table2-1 Main andsub classbasedcomparisorchart

Main
Class

Sub
Class

Advantages

Disadvantages

Electro Active Polymers (EAPS)

lonic Electroactive Polymers
(Wet EAP)

1.

Natural bidirectional actuation that
depends on the voltage polarify4]

. Some lonic EAP like CPs have a

unique capability of bstability[14]

. Low voltage requiremerji4]

9.

Requires electrolyte medium for proper
actuationfi14]i [16]

Electrolysis occurs in aqueous systems at >1
V [14]

Require encapsulation or protective layer in
order to operate in open air conditigtd]

Low electromechanical coupling efficienfi4]
Except for CPs and NTs, lonic EAPs do not
hold strain under DC voltag#&4]
Slow response timid.4]
Bending EAPO&6s i
actuation forcg14]

High currents require electrodes such as gold
platinum[14]

Except for CPs, it is difficult to produce a
consistent material (particularly IPME)4]

nduce

10.To keep the actuator in a defined position,

energy shall be sustained throughout the prog
[14]i [16]

11.Bandwidth is typically in the upper range of

tens of Hertz de to ionic motior{14]i [16]

. Electromechanical coupling is linear

) 1. High mechanical energy dens[ti4] 1. Independent of the voltage polarity, it producg
“E’ 2. Large actuation forcgd 4] mostly mono polar actuation due to associate
>~ 3. Can operate for a long time in room electrostriction effecl4]
£ & conditions[14] 2. High voltage requirement (~100 MV/rfi}4]
Q "'>J\ 4. Fast response tinjé4] 3. High activation field close to breakdown level
E a 5. Can hold strain/displacement under [ required[14]
g ~ voltage activatiorfl4]
I 6. Can be operated in air with no major
constraintg§14]
1. Large displacements] 1. Low bandwidth[17]
E,\ 2. Actuates quickly using resistive 2. Low frequency[17]
£< heating[5] 3. High hysteresi§l7]
=0 3. Large force generatid], [17] 4. Limited operating temperature rang&’]
g L > 4. High energy densitj17] 5. Long time required to cool down and return tg
£ ks <=?: 5. High material strengtfL7] rest positior{5], [8]
%‘ 2 6. High elasticity[17] 6. Fatigue probleni8]
o 7. Large energy requiremef8]
2 © 1. High stifnesgs] 1. Small strain5]
% % . 2. High frequency[17] 2. Low tensile strengtfil7]
e b= % 3. Wide operating temperature raf{d&] | 3. Brittle [17]
- 2 =3 4. Controllable via magnetic field 7]
g3
8 <
=
- 1. Fast reaction tim§8], [17], [18] 1. Auxiliary equipment requirefiL7]
° N 2. High force potentia]18] 2. Low tensile strengtfil7]
29 e 3. Precise and high electromechanical | 3. Brittle [4], [14], [17]
g £ responsefs] 4. Strictionrlimited [4], [14]
£c 9 4. Easily formeds8] 5. Stiff/rigid [4], [5], [14]
88 T 5. High bandwidt17] 6. Limited displacement leve[47], [19]
w N 6. Low actuation powefl7]
o 7. Wide operating temperature rar[&]
8
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Table2-2 Main, sub and sub Il clagsased comparison chart

Main
Class

Class

Sub Il Class

Advantages

Disadvantages

Electro Active Polymers (EAPS)

lonic Electroactive Polymers (Wet EAP)

lonic Polymer Metallic
Composites (IPMCs)

. Large bending capabilitig45]
. Difficult to sustain DC driven

. Wide operating temperature rang

displacementfl5]

also capable of actuation below (
degreq15]

3. Even with special construction

1. Must be improved to increase
the maximum stress outpii5]

2. Small displacement and force
outputs[15]

techniques, 2 Volts of energy
can generate %50 strain with a
net blocked force of

approximately 1.16 k#[15]

lonic Polymer Gels

(IPGs) 1. Responds to electric fields] 1. Still in the exploratory stagds]
Conjugated (Conducted) . . .
Polymers (CDs) 1. Light and biocompatibl§l5] 1. Must be encapsulatgtl]

1. Lifetime and actuation rate is 1. They are stiff, strain amplifiers

Carbon Nanotubes (CNs|

. Recently super elastic CNT

higher than for most ionic EAPs

(5]

aerogel muscles are repor{&dl

2. High creep rat¢5]
3. Cost, health and safety

to be requireds]

concerng?]

Electronic Polymers (Dry EAP)

Dielectric Elastomers
(DEs)

(S0~

8.
9.

10.Excellent conversion tim@5]
11 High specific energj20], [25],

12 Negligible viscoelastic behavior

13.Low Power Consumptiof20]

. The bandwidth and force outputs|

. Softness, cost effectiveness,

. Most feasible materials for

. Efficient at low velocitie§24]
. High strain rate§?], [8], [21],

. High energy densitief®], [20],

. High electremechanical coupling

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

manufacturability, low weight,
inexpensive, mechanically robust
flexible, silent, reliable, simple
and scalabl€?], [15], [20]i [23]

actuation15]

[23], [25]i [27]

[23]

efficiencies[2], [26]

Low cycling hysteresif?]
Fast response tim§20], [22],
[25]i [27]

[27]

[22]

1. Stress relaxation and creep ar

2. Typical operating voltages

3. Require large electric fieldg]

an issug15]

range from 500 V to 10 kY5],
[28]

ElectroStrictive Polymers

1.

2.

3.

Spontaneous electric polarization
[5]

Fast response speeds for
electrically activated on€S]

The required electric fields are
lower than for most other field
activated EAP technologi€S]

1. Response speed is limited due

2. The use of stiffer polymers

3. The actuation strains are small

4. Slow response times for

to the requirement for heat
diffusion. [5]

yields small strains and a work
densitied5]

(21, [5]

thermally activated ongS§]

Ferroelectric

1.

Lightweight, flexible, easily

formed, and are not britt[&]

12



2.2.1.lonic Polymers

lonic ElectroactivePolymers (IEPstan 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 actuaton 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, wdhi is a property to be preferred in underwater applications
compared to Electronic Polymdtst]i [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.

lonic Polymer Metallic Composites (IPMCaje ionrexchange polymer membrane
films coated with thin flexible metallic or carbon electrode plates on its surfaces.
When an electric field or magtic field is applied, the mobile cations available in the
membrane are driven through stationary animugs. This causes, in turn, one side

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

resulting in large bending displacemeuntgler low input voltagel?], [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 whehigher bending capabilities are requif&8], [29], [30].

IPMCs can easily be processed and miniaturized for many applications. They can
work in within a wide temperature range
require low driving voltage typically on the order of a fevity@r less fearly equal

to 1-5V) and actuation strains and stresses o¥>8nd 30MPa have been reported.

Due to the generated low strains and the environmental condition of actuation their
applications as artificial muscles are limited. Even with speconstruction
techniques, with ¥ and 3V 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 litef2fiui,

[15], [20].
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Electrodes that cover the basdP$Estrongly influence the mechanical and thermal
behavior of the actuator system. Precious electrode materials, Gold (Au) and Platinum

(Pt) nanoparticlesire widely usedl15].

IPMCs are constructed as linear, stacked and parallel linear actuators to generate large
actuation forces. They can be use@etsiators 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 measuremeip5], [15].

lonic Polymer Gels (IPGsare 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 aqueousiltgion can change in shape and volume by a
change in the polymdiquid 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 atrtificial
muscles. The intension is to replace conventional pneumatic system with a chemical

actuation mode to improve the response speed and reducing system corfigjlexity

Conjugated (Conducted) Polymers (CRg)rk based on mass transport induced by

ion movement during reductiesxidation phase. It is considered to be the primary
mechanism responsible for volume change and the reason of actB&yamdPANI

are the base materials used for actuator design. Several different electrolytes can be
used according to systemequirements due that most CP actuators must be

encapsulatefb], [15].

Actuation behavior of CP actuators is strongly dependent on the fabrication process
and the operating environment. CPs require low actuation voltage/(r lower)

and generate considerable achievable stress up to 100 MPa which is larger than
mammal i an skel et al muscl e. Large strain

achieved. They are light weight and biocompatible, simple mechanisms can be

14
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constructed, they consume small eleetripower, easily shaped and can operate
silently [5], [15], [31]. On the other hand, CPs suffer from a very low operating

efficiency of a41% and eall%®ctromechanical <

These advantages make them attractive for a wide range of applications like robaotics,
biomedical devices, biomimetic systems, bio manipulation blood vessel reconnection,
displays devices (i.e. dynamic Braille, haptic, electrochromic), valves, pasy s
artificial limbs, toys and gadgets, control devices and catheters, sensor applications,
printed circuit boardssarioussemiconductor deviceg3], [5], [15], [31]i [35].

CarbonNanoTubes (CNTsare allotropes of carbon with a cylindrical nanostructure.
The application of a bias on singhalled carbon nanotubes suspended in an
electrolyte suspension causes the electrolyte ions to migrate to the surface of the
CNTs. This surface charge accumudatis compensated by a rearrangement in the
electric charge within the tube. These effects together with the Coulombic forces
produce the CNT actuatidg].

Beside caventional 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 gadike ders i t y and highly anisotropic mecha

ratios reaching to 1fp].

CNTs present several positive characteristics for their use as EAP, such as low
actuation voltages (4al V), high operatin
mass ratios (270 W/kg) amdillisecond leveresponsdime. Individual CNTs output

a high tensile modulus (640 GPa) and high tensile strengthé0(Z&Pa), which are

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

rates are higher than for most ionic EAP [5].

However, tle cost of CNTs are very high, their applicability is limited because their
actuation strains are typically bel®%o 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 saéty concern$2], [5].

Electro Rheological Fluids (ERFsgan 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 paetinteractions in the presence of an AC or

a DC electric field. Potential applications of ERFs include shock absorbers, engine
mounts and acoustic dampgt§], [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 enatggsity 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 elegtezhanical 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 sti{@$s

Dielectric Elastomer Actuators EAS) 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 el@i@ynechanical
energy, as actuators, and vice versa as sen$be dielectric medium consists of
incompressible and highly deformable elastomeric matekdt®n 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 eleéieid 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 forceleth®aes 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 desiyratifrageometries

[2], [5], [24], [28], [36]. Deformation characteristics and response time of DEA place
them betweeiZTsand shape memory alloj7].

DEAs have a lot of advantages such as high eneffgyency, unrivaled poweto-
weight ratio and soft structure. Furthermore, they are capable of sensing its
deformation and status without additional sensing de\itgs The bandwidth and

force outputs of DEAs generally exceed ionic EAPS.

High voltage requirements (> 1 kV) can be a concern, especially in biomedical and
toy applications. Generallyhere is a need to convert line or battery voltages up to
kilovolt potentials, which adds cost and consumes volume. Relatively smdllM®C
converters are available for moderate to low power applicafgfjdut the cost and

size at present are prohibitiver fapplication 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 mats). 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;likie robds, 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, sui@ts| wind
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turbine flaps, toys, rotary motors, grippers for material hand8hd20], [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 (LCE€pmbine 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 straifi.

LCEs can be divided into two categories namely the nematic and smEotc
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 ibut the
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 hawauch faster response speeds (10 ms) than the thermally
activated ones and requifewer electric fields according to most other EAP

technologies. However, the actuation strains are relatively small (20%g].

Additional improvementsni strain and work density will be required to use LCEs as
an artificial muscle. Theeare possibly a good actuatandidatef there is no need

for large actuation strains and the properties of liquid crystals, like their known
electreoptic or electrechromic capabilities, are desired. An iris like LCE is developed

recently as a demonstrative applicatiah
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Electrostrictive Graft Elastomers (EGEspnsist of a fleble noncrystallizable
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 fighdluced deforration is
maintained until the electric field is removed. This type of materials offers very low
strain values (around 4%) but relatively high energy den$je$s]. Unimorph and

bimorph bending actuators made of EGEs were demonstraliéerature[5].

2.2.3.Smart Like Materials

Piezoelectric Ceramic@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 dnBP6 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 (SMAa)e famous for being a largisplacement
sensor/actuator materialThey can produce considerable amount of linear
displacements angeneratedrge forcesTheir 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 seus concernf8].

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 anccost of the systerfb]. SMAs and PZTs both suffer from small strains
andhigh stiffness. Thus, these materials are not particularly suited to artificial muscle

applications.
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Ferroelectric Polymers (FPshave a norcentrasymmetric structure that exhibits
permanent electric polarization. These materials possess dipoles thatateymed in

an electric field and maintain their polarization. The induced polarization can be
removed by applying a reverse electric
temperature. The polymers exhibiting these properties are limited ntaiRlyDF

and some PDVF copolymers such as Nylon 7, Nylon 11 and their odd numbered
combinationg?2], [5].

These materials may act piezoelectric responses after appropriate poling. Their
piezoeletric 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 02%, ferroelectric polymers are capable of strains of 10% and very high

electromechanical coupling efficiencigg.

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
perpendiculardirections. The filmshrinks in thickness and expands in area
accordingly.The actuation mechanism Dfelectric ElastomergDESs)is as illustrated

in Figure2-2. Elastomers are sufficiently compliant that large strains are induced and
there is efficient coupling between the electrical energy igplied the Maxwell
Stressand mechanical energy outpuypically, 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 expang the other two directions.

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

applied electric field due to large displacements. Byspr&ning one of the two axes
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most of the expansion is directed perpendicular tptéstrain. The prestraining can

also result in higher breakdown strengttis).

Compliant Electrode
_-¥ (Top and Bottom)

— A
|/

A
Dielectric Elastomer

Voltage On Voltage Off

I B R o o o ko

Figure2-2 Working principle of DEAs

DEA produce linear motion while electric motors generate rotary m¢igh They

have fast respongame [20], [22], [25]i [27], excellent conversion tim5], high
specific energy valug20], [25], [27], exhibits large actuation strains which are
typically in the range of %10 to %100 but can reach up more than f2R88), [21],

[23], [25]i[27]. They are light weighf2], [15], [21], [23], structurally flexible[21],

high electromechanical efficiency ix%90[2], simple to construd23] and reach up

to high electric fields (usually around 1008//m[2]. They have high energy density

(>8 MJ/n?) [2], [20], [23]. They are silen{20], [23], reliable [22] and power
consumption is low20]. They can work in large bandwidths esjally in silicone
(1400 Hz) and moder at e baaylid/WB @dpedfl® Hzar e p o
typical) but small displacements can be achieved at tens of kilohertz in both silicone
and acrylic materialf20]. They can operate over relatively high temperature ranges,
silicone in particular can operate over a temperature rangéofto +250°C. Both

can also act as generators and sensors. They are cost effesjiemd show low

cycling hysteresif?].
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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 @elopment, allowing the possibility of incorporating low to

high voltage conversiof28].

DEs can be tailoredto make rotary motorsvhich is feasible and possibly even
advantageous, to replace traditional electromagnetic motors with dielectric elastomer

motors in conventional robof39].

2.3.1.Materials

Dielectric materials are capable to polarize when exposed to electric fi¢haalry,

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 timews

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 rubjdi0], acrylic rubbers, silicone elastomers
[41], fluoro elastomers and even thermoplastic copolyfzgrdesidesPDMS [40],
PVDF[28] and Elastosil 6288] arethe future promising dielectric materidfeat are
currently under investigatiordowever, literature community is focused on acrylic
and silicone elastomers where theswterials are the most promising and

commerciallyavailableones

Vulcanization is a pcess that generates cross linkages between the polymer chains
of the rubbemoleculeqd15]. Dielectric elastomersan bechemically formulated and
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fabricated with conventional polymprocessindechniques such as spin coating and

casting in laboratory conditions.

Among all, &rylic elastomers are a kind of Polyacryl§22], [25], [41] which are
commercially available alsrand name¥HB 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 o¥/myl 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 andorsture resistancg28], [38], [42]. However,

these materialsuffer from important viscoelastic effects, which result in toemgn
relaxations and slow response tinj@$. Theyare very snsitive to humidity and
temperature with an optimum operation temperature at aroundf20 un-modified
acrylateg2]. The handling otheseproducs is quite difficult because dheir sticky
nature.The manufacturer declared and research community extracted specifications
of VHB tapes are tabulated Trable2-3. According tothe material specifications sheet
[43], yo u n gnédsilus of VHB tapes is definethree times more tharts shear

modulus.

On the other hand, there are other malteniacently defined as a good alternative
material for actuation purposd&5], [41]. Nitrile Butadien Rubber (NBR) is a
synthetic elastomer which is manufactured by combining the Iymeoized
Acrylonitrile (ACN) and ButadieneRubber (BR). This material performs better
mechanicals properties with respect to silicone and acrylic elastofPBidS,
commonly known as silicone, is a mixed inorganiganicpolymer based on silicon
and oxygen backbone {®)), which provides low elastienodulus and high
mechanical dissipation factdid]. Silicones possess relativebw dielectric constant
and ener gy dig.aatil kHz, afdled 0.75 MIméspectively) and
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modest electranechanical actuation strain (about 120% of linear sfi&inabout

%30 actuation straif25]) when compared with acrylic elastom2$. Nevertheless,

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

and low viscoelastic losses, good resilience and low electric legRaddoreover,

they also exhibit the advantageOW®éanda wi de te
have low rates of moisture absorption, which have resulted in their use in most

commercial product]. To use as an actuatsilicone elastomers requicempliant

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

polymerized after casting to form membranes of any desired thicki#jss

Table2-3 VHB acrylic foamtapeseriestechnicalspecifications

Property VHB 4905 VHB 4910
Thickness [mm] 0.5 1.0
Width (used) [mm] 1180 1140
Thickness tolerance N15% N1O0%
Adhesive type General Purpose General Purpose
Density [kg/ni] 960 960
90"peel adhesion [N/cm] 21 26
Normal tensile [kPa] 690 690
Dynamic overlap shear [kPa] 480 480
Static shear weight in grams at (£ 1000 1000
Dielectric breakdown strength [ ] 31[44]

. . 3.21 at 1kHz
Dielectric constant 4.5 at 1/8 H444] 2 68 at 1 MHz
Poi ssonbs ratio 0.49 0.49
Volume resistivity [ohrrcm] 3.110° 3.110°
Shear modulus at &5, 1 Hz [Pa] 610 6 10
Youngbs modul us [ MPa] - 1-2 [44]
Youngbs modul us at 5¢ 0.04[44]

Elongation [%] >600([44] >600[44]
Strain at break [%] 879[44] 879[44]
Long term use temperatur€] 93[44] 93[44]
Energy density [MJ/f) 3.4[2] 3.4[2]
Creep [%] 70[44] 70[44]
Thermal conductivity (W/mK) 0.16 0.16
Thermal coefficient of expansion (mAG) 180 10° 180 1¢°

*. All other material values are frofd3] otherwise referenced.
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Examples to silicone elastomers &E13KE441[15], Sylgard 18§22] from Dow
Corning, CF1&186[22] and CF192186 from Nusi[15] where CF1&xhibitshigher

elongationatbreggointand i s 3.5 times softer22t han Dc

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

a silicone elastomer in conjunction with compliant metal electrode technology.

Pol yPower actuator is produced in thin s
dielectric field strendt is 40 VAm and dielectric constant is around §0]. High
performance DE materials, including P(VOFE-CTFE) polymer doped with

DEHP plasticizer are currently being investigated for their reasonably low stiffness
(~35MPa) and high dielectric constant (>3@8]. A simple comparison of most

widely used materials are providedTiable2-4.

Table2-4 Comparison ofmostwidely used DEnaterials

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 Tstandsor VHB 4905, KE441 and NBRL5].

2.3.2.Electrodes

To use DEs as an actuator, sensor or a generator, electrodes play a key role in DEA
fabrication. They areequired 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 compliaiot 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 membransofter than the elastomer, easily patterned, not to alter the
membrangroperties, have low mechanical and electrical losses, belsating and
sustain millions of cycles without loss of performaf4. The properties of different

types of electrodenaterialsare summarized below

Gold Electodesare available in thin layers of 250 nm of beaten gold. They have the
advantage that sbpa |l | e-de &lsiengbé ef fect. |t means
electrode where an electrical breakdown occurs, the thin gold layer evaporates and the
actuator des not fail. On the other hand, the gold electrodes constrain the elongation

of the actuator mechanically and cost ineffecfd&.

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

or Superior Graphite, ABG1005, 20g) and 10 ml silicon€@C 200/100 cs or 45 g

Dow Corning, DC 200/50 cs). This graphite electrodes are used in many applications
[45]1[52]. As an assumption, the Silicone/Graphite electrodes do not constrain the
elongation of the actuator mechanically. The electrode thickness is approximately 20
4 0 [3%h [48]i[50]. Note that the thinnest electrode applied is measured to be
approxi mgaeel y 5 Om

Carbon Conductive Grease Electrodes 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 een at very high strairf§], [47], [53]i [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 application®]. Among thecommercially available compliant

conductive greaselectrode Chantronics conductive grease CW7180d CW7200
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[15], [21], [52] and Tecnolube Nyogel 75566] areconsidereds reliable compliant

electrods.

Carbonbased electrodes (usually based on carbon black and graphite) are the most
widely usedones mainly because of their low cost, low iagt on stiffness and ease

of fabrication. They are generally used as loose patrticles (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 stabity of the electrode. Conductive powders are commonly cabaged
materials, which are usually sprayed onto the surface of the dielectric. Graphite and
carbon blaclelectrodedave similar propertieRecently transparent electrodes have

been shown by usg carbon nanotubef2l]. Ketjenblack EE300J [57] and
KetjenblackEC-600JD[58] are nang@owderelectrodematerialshat arewidely used
ascompliant electrodeg23]. On the other hand, a mixture of carbon black particles
and silicone oIlELBESIL B50 serves also as a compliant electrode with sheet

resistances in the range of-@00  [BSY.

Metal Electrodesare 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 condugtgivthey limit the strain of %~15], [21],

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

Mixture Electrodesre 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 elastofé&}. The graphite powder electrodes

are testedin someof applications[47], [61]. Meanwhile, the mixture of silicone
elastomer and carbon black are alsce@d{&5], [62], [63]. The use of Ketjenblack and
silicone glue mixture is also another application of mixture electrbae mixture is
viscousenoughto spray on the elastomer for stable DEA applicgi&@). Beside all,

graphitepowder and silicone rubber compounds are also t¢88dOther mixtures
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like silicone matrix which is solved in trichloroethylene is combined with carbon black
powder are currently under investigati@3]. Membrane is coated with aixture of
graphite powder (TIMREX SP30, 11 g) and silicone oil (DC 200/100 cs, 10 ml) for
the electrodefs4].

Silver Grease Electrodd47], [55] andConductiv Polymer Electrodei$3] are used

rarely in applications.

2.3.3.Designand Manufacturing Performance Parameters

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

parameters. These parameters are summarized below.

Strain asthe deformation response of a DEA depends on the loading configuration
[25], typical DEAs provide strains greater than 100% in atain [38], it was also
demonstrated in literature that, controlling the electric charge instead of voltage during
actuation may also induce additional strgRf. Linking multiple actuators in s&s

results in greater deformation, whereas multiple actuators in parallel results in larger
force outpuff23], high voltagetriggered 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 fom 3M[22], capable of sustaining very high stretcfs].

Energy Densitys defined as the mechanical output energy per stroke per unit volume
or mass of matel. 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 zerastrain 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 tle DEAs to heal themselves as natural muscles due to maintain stability
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or prevent damag®] andhigh energy densitj22]. Precée 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 metbodsedasure
dielectric constant angreferred12].

Response Timis 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 resfg&ng2].

Theoretical Efficiencyis defined as the efficiency obtained with ideal electronics.
Viscoelastic effects play a key role in reducing efficieflgly elastomers have very
little mechanical los§28], humidity, temperature and strain rate effects the actuator
performancd65]. The endurance limit or generated force are highly effected by the
efficiency of the DEAS8]. Stresgelaxation is not desirabfer an actuator, it needs to

be maintained as small as possiilg].

Dielectric Constanis 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 forEs]. The elastic modulus needs to be
small to enhance the strain but the deliverable output force decreases with smaller
modulus[15].

Power Consumptiomeeds to be small. The driving currents are very low and the
device is electrostatic in nature, so it will theoretically onlystone 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, howeves, wilkbe

some leakage current through the dielectric, the amwilinlepend on the material

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

maintained in a stable actuation st&te
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Driving Voltageis an important fact and needs to be kephimum using thin
dielectric layerd21], a low voltage driven DEA was developed using piezoelectric
transformer$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 thicknesq28]. On the other handlectric field is required to generate the
high forceq20].

Shear Moduluss an impotant mechanical parameter. Elastomers become flexible as
the shear modulus decreaf@8], 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, fabricatiodiefectric materials is
another common option. The fabrication process may vary according to design
requirements. Spin coating is a common manufacturing techriifije In spin
coating, two components of uncure®MS 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-ktnéghe elastomer which
accelerates the curing processafly, 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 activatioBifferent actuation concepare studied with
DEAs. Significant amount of force generation (around 400 gr) is observed with
different prestretch values at applied around 5 K\2], [56], [59], [62], [67] The
displacement characteristics studied for OB8] where voltagés sinusoidally varied

from 0 to 2.7 kV at a quasiatic frequency. Pulse width modulated response

characteristics aralsostudied[41].
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Various voltage input signals aappliedlike ramp (as low as possible), stefse,
sinusoidal, triangular and sawoth wave voltage to investigate electricailufiee
limits [12], [69]. The breakdwn shall be observed in three minufgg]. Also, free
stroke vs frequency studies are performed. Blocking force tests are performed for

dynamic behavior characterization.

2.3.4.Pre-straining

Prestraining 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 betweensteained and nepre-strained configurations.

Prestraining is not a preequest but provides higher actuator performances. It
influences the mechanical and electrical propefti®$. When an elastomer is pre
strained, DE film thickness and driving voltage is redy@dd. Prestraining results

in suppression or elimination of electromechanical instability, leading to large
actuation strains[25]. In literature, both prstraining and pretretchiry
nomenclatures are commonly used to depict the same dtagexial prestretching a
DEA is an effective technique to obtain large deformation results compared to biaxial
pre-stretching[22]. Prestretching helps to increase the actuation force and reduces
the displacement decrease during actugddp. DEs are prestretched, typically up

to five times their irplanedimensions, in order to improve their performance due to
reduced thicknedd], [45], [46], [56], [70}

The performance of a DEA is tirdependent and degrades after several cycles of
actuation due to the continuous reduction of thespman with time. When the pre

strain reduces, the actuation force angldisement decreaes], [41].

Development of actuators without ps&rain is very important in robotic applications
due to eliminate the negative effect of ysteaining[15]. On the other hand, pre
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straining of a DE is very cumbersome. Bteining jigs are commonly used in
manufacturing of DEA§26].

It is shown in literature that the electrical breakdown strength increases more than ten
times by equbiaxial prestretching of the DE film where the-salled pultin failures

are avoided. Meanwhile, it keeps the DEA in tension in alesimvhich prevents
buckling[7], [45], [60], [70].

Usually, the electrode material is sprayed onto the insulating elastomer film while it
is strained at least about 79%2]. Higher prestretch ratios resuln 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 able 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 spagpfication needs.

A rolled or a tubular actuator design generates large deformations and high force
values but needs extremely large-ptiains to amplify strain and forg&l]. Note that,

different actuator designs need different manufacturing techniques.

On the other hand, the working principle of thd3EA 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 dxaxial, shear deformation
capabilities.
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Table2-5 Comparison of most widely used DEA configurations

DEA Design Type DEA Schematic View Reference
Circular Actuators (e . . [25]
Compliant electrodes RIsOHOMMS Fore Displacement
(top and bottom)
. sandwich the elastomer Displacement
Membrane, Single
or Multi-Layer ﬂ g e [26]
Plana Actuators . + I
Voltage )T/ Elastomer -
Displacement
I_ - _
Stacked Actuators L [21]
L
2+ 14 o
Rolled Actuators [27]
v
Tubular Actuators I [71]
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 imalectric 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 increasirgirpme[45] and different
excitation frequenciggl9], [72]. The dielectric constant of VHB material is about 3.2

in prestrained configuration and not equal to theoretical value of 4.7 and used by

many researchefd5].

Actually, dielectric permittivity,- has real and imaginary parf$2]. Real part
directly governs the amount of etacal energy available for conversion into
mechanical energy. It also determines the actual effective Maxavells. The
imaginary part accounts for the amount of electrical energy lost as electrical
dissipation in the elastomdrhe permittivityof a materialis measured witbroadband
dielectric analyzers, LCR bridges, potentiostats/galvanostadsvector network
analyzers by applying sinusoidal input. Real and imaginary parts can be obtained by

circuit analysis.

It has been shown in literature thaetdielectric 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 typebat need to be considered when designing and
manufacturing DBs. It is reported thaiverstretching leads to material ruptyigs].
On the other hand, tearing, cracking, sparking and strain hardening are observed

common DEA failure$28]. Molecular weight breakdown as a results of a slipping of
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chains and surmounting of intermolecular for¢@8] and aggregation which is a

material problem appears as the volume percentage filler parsickised8], [9].

Also, electrical breakdown is commonly observed actuator failure which is observed
in case of high vitage applicatiof25]. In many casesjoltageinduced deformation

is limited by electrical breakdowii@3]. 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 acf@&jmDielectric breakdown in
silicone actuators seems confined to defects but acrylic actuators breakdown due to
the applied electric field reaching defined maximuatue[28]. Loss of tension in the

axial direction always precedes electromechanical instapility

Electromechanical Instabilityvhich is also known as pith instability is observed

due to a positive feedback between an increasing electric field and a ghidBin

which may lead to electrical breakdown. This instability may be suppressed or
eliminatedbyprst r et ch or by designing an el asto
that restricts the limiting elastic strain to a sufficiently small value. The suppmmessi

or elimination of electromechanical instability leads to a significant enhancement in

the actuation straif25]. For a compliant dielectric such as an elastomer, the veltage

induced deformation is often limited by electromechanical instapngj,

A DEA may respond in failure to voltage in two ways: One is the electromechanical
instability, characterized by a peak in the voltatretch respase and the other one

is a monotonic voltagstretch response. When electromechanical instability is
suppressed or eliminated, large actuation strains exceeding 100% may be attained.
Electromechanical instability may be suppressed or eliminated bgthetehing

and/or selecting/designing another elastomer with a smaller limiting sf2&ich

Stress softening 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 Mullinsffect[66].

35



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 easyto select the acrylic dielectric elastomer matenatudy orbased on seval
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 rofdtsre is a

high risk of dealing with the viscose nature of the acrylic material but the alternative
silicone materialis not available commercially angeeds to be manufacturea

laboratory conditionsvhich is not a task for mechanical engineering discipline.

Throoghout this study, A& isksediisehe électrotteet j enbl ac
material for DEA applicationg he 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 755@lsotestedas an electrode materehd

compared with respect to carbon dust.

As experienced from literature, pséraining is a must and shall be applied in planer

directions to increase ttedfectiveness of the manufactured DEA.
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CHAPTER 3

MODELING OF ELASTOME RIC MATERIALS

3.1.Introduction

In Chapter2, the properties of dielectric materials are summarized in detail. The
design and manufacturing prospects are outlined. The dielectric materials used in this
thesis are 3MO6s WVH&ieshéliccapesniich drélperelasiic
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 modelsElastic behavior is identified based on energy function models. The
viscoelastic behavior of these material is modeled by using Revi®g. Pronygeries
aregeneralized Maxwell models which argart of micromechanical network model
[26], [75]. According to the quadinear 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 materigis].

The most widly used strain energy functions to simulate hyperelastic behavior of a
el astomeri c mat e rHoakkan, MooaeRidio, dOgded ¥eoh Ne o
Arruda and Boyce, Gent and Eight Chain models. All of these models fit to
hyperelastic material test data igertain amount of level. In this study Ogden, Yeoh
and MooneyRivlin 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 modelagdopted fronfi76]i
[79] unless otherwise specified. Reader should refer to relateémeés 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 Figure3-1.

Figure3-1 Deformation of a body from initial state to its current State

Let @andwdenote the initial and the current states of a poion a deforming body.
The current position of the poirh  « 6 is a function of its initial position and
time. The transformation between initiél, and currentp points can be described

with linear mapping as given in e(8.2-1),
Qw "0Qw (3.21)
Where, Ois thedeformation gradient tens@nd defined in eqr{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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Deformation of a body will result in volume change and this transformation can be
expressed as given in ed3.2-3), where,w indicatesthe initial volumeand U is

defined agheincompressibility constraindr thevolume ratio

Qw Qw (3.23)

Stretch ratig _ is defined as the current length divided by the original length of the
material. The eigenvalues of the deformation gradient teri€dare defined as the
principal stretch ratios _ . The corresponding eigenvectors are calpehcipal
direction of stretch,and define an orthonormal basis along which the principal
stretches are measuréknotingd ; andd are the initial and the actual lengthsth
principal direction, thetsetch ratio,_ can be expressed as given in €@12-4) and

illustrated inFigure3-2.

— (3.2-4)

AAAVANAWAN

Figure3-2 Elongation in principle direction
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The derivative solutions of stretch ratiosare as given in eq(3.2-5).

a ap_ 9 _ i
- = &
. a

a O 9 _ Ar (3.2-5)
a ap_ ° _ i
- = &

Thesymmetric and positive definitégght CauchyGreentensor 0 also referred as the
Greendeformationtensoris defined in terms of deformation gradient ten30gnd

given in eq. (3.2-6).

§ 00 (3.2-6)

Theengineeringstrain, -  is defined as the change in lengthided by the original

length and can be calculated in terms of stretch ratio as presented (B.24).

Ya a ap o 307
g i & P _ P (3.27)

Left CauchyGreen tensor, 6 given in eq. (3.2-8) is also named aginger
deformationtensorand is used to describe the local area change of the material. It is
an important strain measure in terms of spatial coordinates. It is symmaet
positive definitelt can be defined based on the deformation gradient té@smd its

eigenvalues are the principle stretches,

8 "00 (3.2-8)

When there is no deformatioRinger tensor0 is equal to identity matriXO The

engineering strain tenspr  can be written based dfinger tensord as given in
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eon. (3.29). Note that all elements of the engineering strain tensor,is equal to

zero when there is no deformation.

- 5 O (3.2-9)

The strain invariants,Oof theleft CauchyGreentensor,60 andright CauchyGreen
tensor,0 are same and shares the same eigenvalues, which are the squares of the
principal stretches, . The strain invariantsOcan be calculated as given inneq
(3.210).

O

N | Os

(3.2-10)

O
0
O

3.2.1.Uniaxial Tension Deformation State

Assume an elastomeric strip is extending uniaxially as illustratédyure 3-3. The
material is only stretched in tension direction and the rest of two dimensions are free

to deform.

Figure3-3 Elastomeric material subjected to uniaxial deformation
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The stretch ratiq, in tension directiong can be defined as ¢ & wherea and

aare the material initial and deformed lengths. The stretch ratios of the free directions
can be calculateds_ _  pj _ using the constant volume assumptidhis
results in stress free deformations as the material is free to defodbmand o

directions.Then the strain invariantd®) and ‘O can be calculated as given inneq
(3.210).

o _ = £ _ =

O L P P L C_ (3.211)
- 2 P -

uc) p = =

Using the state definition, the deformation gradiddtan be expressed as given in
eq. (3.212).

_ T T
O m _ ™
T T _

T P _ Tt (3.212)
Tt

Theright Cauchy Green deformation tensdrandd 6 matrix (which will be needed

in nextChapterycan also be calculated as given im.€§.2-13),

~ T ~ T T
g S LA
6 "co U _ h 66 6 I _ " (3.213
o R o B
u ¥ u ¥
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3.2.2.Simple Shear Deformation State

Assume an elastomeric strip is subjected to simple shear deformation as illustrated in
Figure3-4. The material is only stretched in one plane with a tilt motion keeping one
dimension free and the other one constant.

/I_'m

Uy
F 3
Xz

d T
-

= J

Figure3-4 Physicalinterpretation osimple sheardeformation

The amount of shear deformation is defined@s 'Q "Qwhere Q is the relative
displacement of the upper and lower planes@sdhe thickness of the material. The
deformedconfiguration,o and undeformed configuratioty of thematerialand the
relateddeformation tensofQare given in eas. (3.2-14) and(3.2-15) respectively.

~

A (3.214)
W ®
P Qm
O mp (3.215
T T 0

43



The right Cauchy Green deformation tensornd left Cauchy Green deformation
tensor,0 can be calculated using the deformation gradient tef@defined in eq.
(3.2-15).

(3.2-16)

=
o444 ©44

For simple shear case, the strain invariants can be constructed substituting the right
Cauchy Green deformation tensorgiven in eq. (3.2-16) into eq. (3.2-10), which
is presented in &q(3.2-17),

0 6 P p QO p o 0
0 g 6 5 s 0 (3.217)
0 B

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 sketchEdjure3-5. The best way to perfor

a pure volumetric compression test is to aseaquands environment that can easily
exert the applied pressuoa all surfacesin a pure volumetric compression test, the
stretch ratios, _ observed in all principal directions are assumed tedseal.
Therefore, the deviatoric strain invaiants are equal,® "® o and the

corresponding volume ratio will be, W] wwherew is the initial volume and

wis the actual volume of the material.
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Figure3-5 Physical interpretation of pure volumetric compression

Using the polynomial form of the strain energy potential, the total pressorethe
material can be calculated assuming that the infinitesimal work of straibemile
to exerted pressurghere 0 T "M (80] as given in en. (3.2-18) which can be
used to determine th® values(will be defined in strain energy functionfpm

volumetric test data. Note that  0in compressiomase

o L q"% o (3.218)

The strain energy functionghich will be detailedn the next sectionsinvolve two

parts. One is the deviatoric part, whiclescribesthe responseof 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 neglecteddume conservative

material modelg81]. Gener al | y, the elastomeric mat
approaching to 0.3vhich indicatesto an assumption that the material is volume
conservative and th® values are assumed to be zeFbat casds considered as

incompressibility and infinite bulk modulus, [80], [82].
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Performing a pure volumetric compression is not simple and applicaldé times.
Quastvolumetric compression test is an alternative to pure volumetric compression
testand can be used to determine the volumetric properties of a material ji€tead

p. 43] [66, p. 45] [80], [81]. Thequastvolumetric compressiotest is performed by
restricting the material in two principal directions and compressing through the free

direction as sketched Figure3-6.

HIH

Figure3-6 Physical interpretation of quagolumetric compression test

In a quasivolumetric compression test, tkielumetric strain- can be calculated as
given in eq. (3.2-19) using test parameters wheke,is the initial andQis the actual

material heights duringgst.

- 5 (3.219)

In a pure volumetric compression test, the first and second deviatoric strain invariants
are defined as given in eq3.2-20) [80].

(3.2-20)
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Deviatoric stretches can be expressed las 0 | _ where_ are the principle
stretches. When quasgolumetric compression is considered, tberresponding

principle stretchesf the materialill be as given in eq (3.2-21).

0
- ph_ ph_ =5 (3.2-21)

The volume ratiopin volumetric compression test, can be calculated as givemin eq

(3.222) where,Q is the plunger displacement ands the plunger radius.

Yo “1YQ Q Q
0 — I = - (3.222)
w “1.Q Q

For the calculation 6® coefficients, the applied pressute,and the corresponding
volume ratio,0, throughout the quasiolumetric compression test are required to be
measured. The compressive stress imposed by the plunger is effectively the applied

pressurep .

3.3.Mechanics of Hyperelastic Materials

A material is called€Cauchyelasticor Elasticif the stress field at tim&,depends only
on the state of deformation and boundary condition including temperature at that time,

oand not on the deformation or temperature history.

According to the theories of Continuum Mechantagperelasticity is defined as a
kind of constitutive modeling for ideally elastic materials that exhibit large sttaghs.
astressp 0 - is definedas a function of strair, wherethe work w of stress on

strain can be defined as given ime(8.3-1).

@ 0- Q- (3.31)
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For an infinitesimal body, the incremental work of the external forces is equal to the

incremental work of interndbrces and can be determined as given m €3-2),

Qw 0dQO (3.32)

where, 0 is defined as thd®! Piola-Kirchhoff stresstensor "Ois the deformation
gradient tensor ana is the scalar form of Helmholtz fremnergy function so called
the strain energyfunction The value of the strain energy function increases with the

induced deformation.

The Helmholtz free energy functiow, 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 @ait considered including the
medium density, . The materials that satisfyeq3.3-2) are so calletHyperelastic

The hyperelastic response of any material is obtained when the internal force
equilibrium of mass, linear and angular momentum balance is achieved. This
conditionis satisfied either material is at rest or in equilibrium with respect to external
force excitation. The balance equation ¥PlolaKirchhoff stress 0 is given in terms

of deformation gradientOtensor and given in @q(3.3-3). It is the force measured

per unit surface area defined in the reference configuration so calledgineering

stress

0"Go O 6O (3.33)

Where,0i s def i ne d Caachystreds.@he éonstitutieebequation of an

isothermal elastic body relates the Cauchy stress tansod "@0 at each place with

the deformation gradienttens@®® Cauchy assumption i s defined
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 stresg,and I Piola-Kirchhoff stress,0 point in the same
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direction.Using eaq. (3.3-2), 15! Piola-Kirchhoff stress,0 can also be written in terms
of right CauchyGreendeformationtensor,0 as given in ex (3.34) to use where

appropriate.

” w0 woO
5 99 4 %0 (3.349)

The P! PiolaKirchhoff stress tensof is not a symmetric tensor so it is convenient
to introduce2™ Piola-Kirchhoff stress tensor "Ywhich is symmetric and can be
expressed in terms of deformation gradient tenf¥0rand right CauchyGreen

deformationtensor,0 as presented in ag(3.3-5).

_ T ®0 1 ®6
v O O 3.35
Y "O0 O —5 ST g ( )

The Cauchystress,0 definition is used to model hyperelastic material behavior and
the balance equation given ime@.3-3) can be reordered to express Cauciyess 0
in terms of the ¥ Piola-Kirchhoff stress0 as given in eq, (3.3-6).

~

6 0 00 (3.36)

Using the transformations provided inne@3.3-4), the Cauchystress,0 can be re

written in reduced forms as given inre¢@.3-7).

00 0o
5 0 | 0 ¢ c;—o "0 (3.37)

T0 T

In hyperelasticity, the use of strain measure that are insensitive to rigid body motion

are preferable. Right Cauci@reendeformationtensor is insensitive to rigid body
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motion so it is appropriate to intoduce in equatidife Cauchy stress,can also be
written in terms of 2 PiolaKirchhoff stress,"Yas given in en. (3.3-8) using the

equalities defined in eq(3.3-5).

0O L OYO v OcT O
(3.38)
wo
w 2% o

In order to determine constitutive equations for isotrdpiperelastic materials in
terms of strain invariant&differentiation of® ¢ @ "CHORO with respect to
right CauchyGreendeformation tensor9 is considered using the chain rule as

presented in ayq (3.3-9).

40 @ "o 30

&

T wo

&

— Y e (3.39)
T O TO 6 1TOT 6 1O O
Where,
T . 170 .. 1710 ,
— B — @ 8hF — O 3.310
5 8 i P oo = @ (3310

Substituting eq. (3.3-10) into eq. (3.3-9) will result in eaq. (3.3-11) as follows,

8.

P 8 =g O (3.311)

T woé T o T
T

,
T 6 10° 1o

Then, one can write thé®Kirchhoff stress;Yas given en. (3.3-12),
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. T w0 Tw . JT o, e .1 o
V¢35 Sio %o i’ %ol (3-312

For isotropic materials, assuming that the Cauchy stielepends on the left Cauchy
Greendeformationtensor,6 and substituting eg (3.3-11) into eq. (3.3-8), the
Cauchystress,0 definition can be obtained as defined img@®.3-13).

w,

0 QU ,,OOO ) 000 o0 © %o 00) (3.313)

€
€

—a
—a

The most general Cauclsress,o0 definition presented in eq(3.314) in terms of
stress invariants is obtained by substitutight CauchyGreentensor0 given in eaq.
(3.2-6) and Left CauchyGreentensor® given in eq. (3.2-8).

‘ R OT ®, 1w, I (b"O (3.314)
° ¢ 1o %o e® Fo |

The resulting Cauchgtress,0 given in ea. (3.3-8) can be redefined in terms of

principalstretches, representation.

% (3.315)

Using ea. (3.3-15), 2" PiolaKirchhoff stress tensofYand principal direction based,

“Y shall be introduced as given inre¢3.3-16) whereo is the direction vector.
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N (3.316)

“T- (3.317)

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 deformatiorthevolumeratio, Ucan be introduced as defined ime(8.3-18).

For an incompressible materitiie volume ratipOis equal to unity.

Qw

= QQo " 3.318
o === Qo0 ( )

0

Strain energy functiory can be regarded as a function of the principal stretches,
It can be represented in the fogrmd & @ _h h . It can be redefined
introducing theéncompressibility constrainthich can be rearrangedas p Tas

given in eq. (3.3-19),

@ ®0O no p (3.319)

Where,n is defined as thlydrostaticpressureor Lagrangeanmultiplier to enforce

incompressibility constraintywhich is called the workless stress comporagmican
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only be determined from equilibrium equations and the boundary conditions. Using
the equality introduced in eq(3.319), the T Piola Kirchhoff stressp can be

differentiated with respect tdeformation gradientOas given in eq(3.3-20) using

theproperty— 0O .

., 1 w0 ; T w0

(3.320)

Multiplying eon. (3.3-20) by"O from left hand side, the resultin§*Piola Kirchhoff

stress tensorYcan bae-statedas,

(3.321)

Multiplying eon. (3.3-20) by "O from right hand side, the resulting Caudtress 0

can bere-written as,

T w0, ] @O
O 100

3.322
0 0 ( )

The equations given i{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 functiomay be expessed

in terms of strain invariant®) Noting thatQ' Q0 6Q Q6 60 p, only'OandOwill

bethe independent deformation variables.

© 06 RO6 HOH ® ‘06 HO6 HO 6 (3.323
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& & 06 f06 ?r‘]"o o (3.324)

Where,- serves folLagrange multiplier. Dering eon. (3.3-24) with respect taight
Cauchy Green deformatidgansor,0 and substituihg the chain rule elements given in
eq. (3.3-10), thesameequationwith eq. (3.3-12) where’'O— is replaced by nf¢

is obtained

T O Tw O p
1 6 . 1.0,

VY Tw ] w,,o T w, (3.3:25)
o 65 %5 O 5P

Where, Cauchgtress0is as given in eqr(3.3-26).

—n

- W W W

—a

Using the propertyy '@ OO '@ and eliminating in favor of6 , one
can rewrite en. (3.3-26) as,

O 0L 0O C —0 —O I’] O (3.3—27)

In terms of principal stretches, and principal component basithe governing
Cauchystress0equation can be written as given below using the hydrostatic pressure

constraintp.

@ o _hLRh no op (3.3-29)
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Where,— 0_ , so analogously.

O _— 1 (3.329)

=T=
0 TT—(” Br‘] (3.3-30)
v PLO P, (3.331)

The engineeringstress A (force per unit area of the undeformed configuration) is

calculated as for a totally incompressible material as givennn@-32),

. O

, 0 (3.332)

The Cauchystress 0 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 S8cZ@Using

the eqps. (3.2-16) and(3.2-17) which are calculated based on shear deformafin,

Cauchystress o given in eq. (3.3-26) can be evaluated as,
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T o 1T o P ~Q Q1
0 ¢ T_O o QTT Q p
oo np (3.333)
ro P Q Q ¢Q Q m
0 cQ 0 pQ m np
Tt Tt 0

The sheastress componer, of stress tensoQ can begivenaspresented in egn.
(3.3-39).

€
l
8-
l
e
1

l

(0] 'QT'Q TC!Q Q
w

O

o
N

(3.3-34)

(@]

N
_.:O_._.
ole.0

G
G

The strain energy functiod) in general defined in terms of strain invariants as
¢ "CHOHO . This equationvill leadto &o "CHO in case of incompressibility is valid.
Substituting the strain invariant® and “O which can be written in terms of shear
deformationQas calculated in e3.2-17), it is possible to rewrite the strain energy

function in terms of shear deformation as given in €8, 3-35).

W O o 0 w o Q ho 1 » Q (3.3-35)
To evaluate the shear stress equation, one needs to find the derivates of strain energy

function) (bT - This expression can be remodified in terms of shear strain by taking

the derivative using chain rule given inmne(.3-36).
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TQT O QT 0 Q
o T - T ® - ~QT T oo (3.3-36)
w —,,OC T—.,OC C _"O _'O

Where,& Q 0 which is a special case solution for simple shear deformation
mode.In shear caseahe principal direction$ b ho are translated and rotated thus
principle stretches, shall be recalculated. Note that the modified principal stretches,
_ are the square roots of the eigenvalues.dfhen,the eigenvalue problem can be

defined as given in eq(3.3-37),

6 _0 1 (3.337)

Principle stretches, can be evaluated based on shear deformafdby,solving the

eqn. (3.3-37) [83] assuminghat_  p, as given in eq. (3.3-38),

Q WM 1t Q71
C C T P

(3.3-39)

Q MQ 1 Q
S C T P

If one can substitute the equations given in. €8} 3-38) to strain energy function then
the corresponding "Q can be calculated and taking the derivate will result in final

shear stress component.
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3.4. Strain Energy Representation

Elastomersthat are used as DEA materiadxhibit rubbery behaviorFor isotropic

materials, Ronald Rivlin found the base representation for the strain energy,

® 6 w THOHO (3.41)

Hyperelastic materials can be defined through various strain energy density potentials,
w which are a scalar valued function ai@are the first, second and third strain
invariants of the left Cauch@reen deformation tensar, respectively. The third

invariant’Ois assumed to be equal to unity in case of material incompressibility.

A large number of constitutive equations reprdgsd by various forms of strain energy
functions have been proposed for rubbery materials. Mechanical and electrical
properties of unfilled and carbdnack filled rubber products are affected from the
percentage of carbenlack. These materials are moetlwith different constitutive
equations S u ¢ h-Hoakean, HRovlon k ModreyRrivliinN Bodynomial,
Reduced Polynomial, Yeoh, Ogden, Arruda and Boyce, Van Der Waals Models and
so on. Each of these models either use statistical approach, the staianin
approach or principal stretdkased 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 desedb below, 0 will denote the principal
deformation directionAll derivations are performed using the constant volume

assumption wheré®© p. Strain energy functiory "CHO and the strain

invariants are calculated according to the equations given (8.8¢1.0). Stretch ratio,

_ definition is used instead of strain.
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3.4.1.Mooneyi Rivlin Strain Energy Function

Generalized Rivlinstrain energy function which is also called thpolynomial
hyperelastic model is the most commonly used model in analysis of unfilled rubber
vulcanizate rubber like materials agien in ea. (3.4-2).

) 6 ® o ® o O p (3.42)

P
0

Where, @ is the strain energy density fuctiod, are material parameters that
describes the shear behavids are the measure of distortion in the material namely
the first and second invariants of the deviatoric str&ts are the material
incompressibilityparameterandv is the elastizolume ratio. Therderparameter

0 can be selected up to six however valued @reater than 2 are rarely usi@d].

0 s the first term of this power series and set equal to 0 to reflect zero strain energy

when the material is unstretchi@b].

MooneyRivlin model is an expanded version of NdookeanModel. Neo-Hookean
strain energy function model is given inne@3.4-3) and obtained from generalized
Rivlin model by taking the first term mtand second inde® T(6 is also set
to zero)[28], [78], [85].

w 6 ® o (3.43)

Neo-Hookean model gives a good experimental fit up to %40 strain in uniaxial tension

and up to %90 strains in simple shedmere,0 - is the material constant ahds

defined as the shear modul[65]. MooneyRivlin model is a phenomenological
model and involves some basic assumptidiiben the experimental data is fd

mathematical modelt is required to truncate the additional teridisorder is set to
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unity, then 2 term Moonefivlin strain energy function isbtained where it igiven
in eq. (3.44).

w 6 ® o 6 d o 0 p (3.4-4)

L3
(©)

The most commonly used model assuming the volumetric part gs[78], [86] is

given ineq. (3.4-5).

w 6 0o 6 0o (3.45)

The secondand third ordeMooneyRivlin strain energy functioamare given in eqs
(3.4-6) and(3.4-7).

w 0 O o 0 Ooc 0 O o0 ¢

50 o (3.4-6)

w 0 O o 0 0O o 0 0O o0 o

0 O ¢ 0 O ¢ (3.47)

Regardless of the value tifie order the initial shear modulus, and the bulk
modulus L of the material extracted from Moon&jvlin model depend only on the

polynomial coefficienh  p and are given in et (3.4-8) and(3.4-9).

C
o (3.49)
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Uniaxial deformatiorequations

The Cauchy stress,is calculated based on the stretch ratibservedn principle

directions using the @q(3.3-29). The term_ —is determined using the ®q3.4-5)

where'Oand Oare defined in ag (3.2-10),

T w .
_ T_ - ¢ _ ¢co __ __
_— G0 _ ¢ _ _ _
T_
Analogously, similar derivative equation can be obtained for
T .
_— ¢ _ c¢cOo _ _ _ (3.411

—a

Cauchystress, 0 can be evaluated using the boundary conditons 6  Ttwhere
the material is free to deform én and6 directions. Where, hydrostatic pressuye,

can be evaluatefdom eq. (3.4-12).

o :
0 — N T M N s (3.412

-1 -1

—a, —a

—a

W o 1

C) - - —_—
AL T (3.413)
0 ¢ © 6 _ _ G_ © 6 _ _
Substituting. _ and_ _  —=usingthe incompressibilitp _ __ p

property, final Cauchy stress equationcan be stated as given inne¢B.4-14).

0 ¢O L co P (3.414)
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The equation given ir§3.4-14) can also be evaluated using the equation given in
(3.3-26). Using the en. (3.45), the derivative of strain energy functi@n, with

respect to stress invariari@andOare calculated in eq(3.4-15).

8-
8-

o o) h o o (3.4-15)

Substituting egs. (3.2-11), (3.213) and (3.415 in eq. (3.326) results in

multidimensional Cauchstresstensor,0as given in eq. (3.4-16).

~ ~ T T
11 5
I : 2o
O Qo - — O . _ -
1 ) o 22
W T (3.4-16)
— Tt T[Iill
O LI
0 1 = .’::' nmop m
St T 71
IIT[ Tt BIJI’l P
TR

Evaluating eq. (3.4-16), the Cauchy stress component, 0 is calculated as given
in em. (3.4-17).

o 6 T1_6 N (3.417)

Where, the boundary conditions to calculate the hydrostatic pressuran be

computed as given in eqgf8.4-18).

o
al
o
|
Oz
|
=

(3.419)

|~
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Substituing eqn. (3.4-18) into eq. (3.4-17) will result in same stress valwéhich is
providedin eqgn. (3.4-14). The engineering stress equationalso given in eq.
(3.4-19).

5
. — b P ow o £ (3.419)

Simple shear deformation equations

Using the strain energy function given ime(3.4-5) and(3.4-15), the eq. (3.3-34)

can be evaluated as given ime(B.4-20).

ol @16
" 770 0 (3420
. CQ6 6

The hyperelastic material coefficienis p ando p. The infinitesimalshear

modulus is calculated as given ime(p.4-21).

cd 6 (3.421)

Volumetric Compression Equations

The quasiolumetric compression test may be performed instégire volumetric
compression test. The volumetric part of the strain energy function is obtained from
eq. (3.4-2) and used as described in Sect®d.3 The0 is equal to unity as the
parameter variable i€ p. In MooneyRivlin strain energy function the resultant

volumetric compression equation is given im.g8.4-22).

c"{% 0 p % 0 p (3.4-22

Ca
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3.4.2.0gden Strain Energy Function

MooneyRivlin polynomial and Ogden models theoretically provide the similar
results. However, there is a difference between the methods in terms of their formula.
MooneyRivlin model present the strain energy density based on the principal strain
invarians, 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 mogeb], [84], [87]. The general form of Ogden strain energy
potential is given in eqr{3.4-23).

p
L 3.423
— = 2 - oV P ( )

Where,_l 0 7 _,_ is aprincipal stretch rati@, is the model ordet ,| andO

are material parameters which may be functions of temperatyrgandO have the

same definitions as in the polynomial forBimple hyperelastic models, which are

not successful at high strain levels, 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. rettbe material is slightly compressilpis].

By settingld T, | T and| ¢ in the Ogdenmodel, the Mooneyrivlin

model can be constructégi].

MooneyRivlin model may capture the stresisain response up to a strain of
approximately 300% while the Ogden model typically captures the -strass
response up to 700988]. The shear modulus obtained in Ogaeodel is given in
eq. (3.4-24).

‘ ™ Q pt8 g
(3.4-24)

“ q
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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 evei® 0 o [78].

Uniaxial Deformation equations

The Cauchy stresécan be calculated using stretch ratio in principle directions as the
equation given iregn.(3.3-29). To calculate the Cauchy stress equatior— shall

be determined agiven in eaq. (3.4-25).

Lo ‘ | ‘ |
T ! | (3.425)
-7 - -
Analogously, similar derivative equation can be obtained for
W
_ Lo, ‘ (3.4-26)

—a
I
I

Cauchy stress equation for uniaxial stretch can be evaluated @rsing the boundary
conditionsO 0  Twhere the material is free to movednando6 directions.

‘ W ‘ o

0 — N T — (3.4-27)

-1 -1

—a, —a

Thus, hydrostatic pressunggiven in eaq. (3.4-27) can be evaluated from boundary
conditions and can be used ime(B.3-29) to evaluate Cauchy stress, The final
equation is given in ex).

T w W T w

R e

—a

(3.428)
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Substituting. _ and_ _  —dueto d&®rmationmechanism in aq), final

Cauchy stress expression in stretch direction can be obtained as ggar(814-29),

(3.4-29)

The equation given i(8.4-29) can not be written using the equation give(Bi3-26)
due thaDgdenmodel uses principal stretches instead of strain invarigBntgineering
stress definition can be given@®vided ineqn. (3.4-30).
o j : j
(3.4-30

Simple shear deformation equations

Substituting the derivationgrovided in eq. (3.3-38) to a two term Ogden model
strain energy function given iqn.(3.4-23), thew "Q strain energy function can be

calculated as given in ag(3.4-31).

- ¢ T Q
C Tp TP S

0 (3.431)

According to the equation given {8.3-36), to calculate the shear stress component
of Ogden model, the derivative ofreq3.4-31) shall be taken with respect ™ The

resulting shear stress equation is provideeqn.(3.4-32).
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- p Q
o] 0w Q —— - — p
| 0 C T
T P
T
C T P
- (3.432
‘ 0 T 0
Q C v P
T P
T
C T P
Where * Ttis the infinitesimal shear modulus andare a stiffening parameters.
By setting,0 T, | mand ¢ in the Ogdemmodel, MooneyRivlin model
is obtained wheré —ando —[84].

Volumetriccompression deformation equations

The quasiolumetriccompression test may be performed instead of pure volumetric
compression test. The volumetric part of the strain energy function is obtained from
eq. (3.4-2) and used as described in Sec8c¢h3 The0 is equal to 2 as the parameter
variable is 'Q ¢. In Ogden strain energy function the resultant volumetric

compression equation is given imed

P . C T .
c%u P 6U p 6U p (3.433

Ca
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3.4.3.Yeoh Strain Energy Function

The Yeoh strain energy function is a reduced polynomial model dvithc and
generated from Rivlin mod¢45], [84], [85]. Yeoh studied the effect of the second
order invariance on the geral 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
‘® dependence was #ifult to measure and hence it was preferable to neglect it
completely instead of using erroneous valléss model is an output of a sensitivity
analysis of Rivlin model which is performed following Tschogel model results. The
model provides more accueatresults for unfilled rubber vulcanizates. As the
elastomer materials are made of carbon free acrylic and silicone, Yeoh model in theory
provides the best for thert.is applicable for a much wider range of deformations. It

is demonstrated that the Ye@drm based on left CauckHgreen deformation tensor
shows excellent agreement with the response of experimental actiz&tpr$he
general form of YeoBtrain energy function given in ed.4-34) which is a function

of strain invariant,Oonly.

w O 6 d o 0 p (3.434)

P
0

Also, in eq. (3.4-35), the reduced form of the equation simering incompressibility

assumption)  p, [86] is presented

w0 06 0o 6 0o 0 O o (3.4-35)
Where,' ¢O is the initial shear modulus and —is the initial bulk modulus

[45], [84]. Thematerialconstantsd given in eq. (3.4-35) canalsobe approximated

from the initial shear modulus as given img8.4-36) [9].
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) — (3.4-36)

Yeoh model is applicable for a much wider range of deformation and it is able to
predict the stresstrain behavior in different deformation modes from data gained in

one simple deformation mode like uniaxial tengibdy, [84].

Uniaxial deformationequations

For " order Yeohmodel [89], the tension / compression equatioan also be

expressed as given eq. (3.4-37).

" o— GO _ _ ¢ © (3.4-37)

For a hyperelastic material, Cauchy stréssan be calculated using stretch ratios,

in principle directions according to ®q(3.3-29). To calculate the Cauchy stress

equation_ — term shall be determined as given img@.4-39),

T w . .
- - ¢_0 1__ _ _ 0690
B o O
P " (3.438)
— T_ ¢_oO _ _ _ _ o0
- o _ _ _ OO

Analogously, similar derivative equation can be written_for— term as given in

eq. (3.4-39).
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— 6 1__ _ _ o0ob (3.4-39)

Using the boundary conditioms 0  mtwhere the material is free to deforman
ando directions, hydrostatic pressurgcan be obtained throughred3.4-40).

‘ W ‘ I w

0 — N T A4 N — (3.4-40)

-1 -1

—a, —a

The eq. (3.4-40) can besubstitutedn eq. (3.3-29) to evaluate Cauchy stress, The
resultingequation is given in ex(3.4-41).

o 1O, 1o 1o
=1_ =T_ TT1_
0O ¢_O 1__ _ _ 060
- - - 00 . (3.441)
-0 i__ _ _ 0o
o _  _ o 0
O ¢_ _ © ¢6 _ _ _ O
G _ _ _ O
For uniaxial tension case, _ and_ _ — using incompressibility

assumption. Substituting the stretch transformations imo(8g+41), final Cauchy

stress in stretch directioa, can be obtained as given inne(B.4-42).

p " p
o ¢6 _ — 106 _ — _ — o
w P S
= = (3.4-42)
oc=ﬂo q6=i0
. C
ab — O
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The eq. (3.4-42) can also be written using the equation give(Bi3-26). Using the
eq. (3.435), the derivative of strain energy functian, with respect to stress
invariantsOand"Oare calculated in eq(3.4-43).

0 o] ¢co O o oo O oo
TT o (3.443)
™o "

Substitute eos. (3.211), (3.213) and (3.443) in em. (3.326) results in

multidimensional Cauchy tensor notatid¥given in ea. (3.4-44). Note that— 1

~ U T
L 1 p o
"Y c::é 6 O o o O o ::n _ n:,
"1
L) e o Py (3.4-44)
¥ u -
p M T
nNmoep ™
T T D

Evaluating the eg (3.444) and using the ey (3.211), the Cauchy stress
component;Y 0 can be calculated as given ime(B.4-45).

6 <. 6 & . — o o _ o (3.445)
A
Where,
) C ) C

6O ¢—6 ¢ _ — o o _ — o

- Ao B (3.4-46)

C . C . C

n —6 ¢ _ — o a _ o
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Substitute eq. (3.4-46) into eq. (3.4-45) will result in same stress expression given
in eq. (3.442). Finally, theengineeringstressequation will be as defined in aq
(3.4-47).

= = = (3.447)

Simple shear deformation Equations

N orderYeoh simple shear deformation md88] can also be written as given in
eqn.(3.4-48).

tr ¢ 80 (3.448)

Using the strain energy functiomy given in eqn.(3.4-35) and the derivations
provided in eqn(3.4-43), the egn(3.3-34) can be rewritten as given, and the initial

shearmodulus of Yeohmodel can be approximated according to €3r#-36).

TQT w1 w
” c TuO T"O
y Qo6 c6 O o o8 O o 3449
y cQob ¢c6 o Q o o8 o QO o (3.4-49)

y Qo6 c6 Q 06 Q
., ¢CQ6 1Q6 906

Volumetriccompressioreguations

The quasiolumetric 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 Sec8c¢h3 Thel is equal to 3 as the parameter
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variable is'Q o. In Yeoh Energy function the resultant volumetric compression

equation is given in eqi3.4-50).

Ca

c"% L p
(3.450)
T,

S0 p =0 20
sopP goeP FUP

3.5.Viscoelastic Materials

The time dependent material behavior is often referred ¥saselasticity 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 giMeigure 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 finallyrapture. 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 severadtors, such as type of material, magnitude of load, temperature
and time[90, p. 1]

.

h

Primary Secondary . Tetriary
Region | Region ! Region

Strain, &

Figure3-7 Response of elastomer w.r.t. constant uniaxial log@égp. 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 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 temgéjture

[
L

Stress, o
Strain, &

S

Deformation

(@) (b)
Figure3-8 (a) Applied constant uniaxial load frof to O (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 showigme 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 applicé@iopn
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Strain,
.
L
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£

3
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=

Creep Rapture
Boundary

" Increasing
' Applied Stress

[
L

Time, t

Figure3-9 Creep rapture envelope and expected materigblife

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 envelopeimgiven
Figure3-9 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 expectedifetime tL of the part is also determined, and the maximum stress
permissible is found on the creep curve at the intersection of these tw@0hdsme
dependence of the mechanical response in a so calledliigeasiviscoelastic model

is described by using time plendent coefficients in the strain energy poteiyia)

3.5.2.Linear Viscoelasticity

Let constanstress,, are to be applied to a viscoelastic material and time dependent

strains,- are to be recorded as givenFigure3-10. Before each constant ldad is
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applied assume that the load is fully removed and material is let to recover its original

position[90].

Stress, o
-
L
Strain, &

Jy

to ty tz Time, t

(a) (b)

Figure3-10 Viscoelastic creep respon&® Applied constant stres§, (b) Observed
strain,R

If the stresgime and straifiime curves given irfrigure3-10 are replotted to form a
strainstress curve as given igure3-11, for each applied loading,, there will be

a strain deformation, for each timep which will be a strait line.

Strain, £

Figure3-11 Applied constant loadingd, versus the strain deformaticm,
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At a particular timed ando , following constantoading,the observed strains and
- are linear with the magnitude of corresponding stregsesnd, [90]. Then the
stress strain relationship candefinedas given in eqn3.5-1) where thehe slopds
the constant time) values Thus, for any arbitrary timeé, the strainencounterect

two differentstresdevelscan beexpressea@s presented.

(3.51)

For a creep testreep compliancefunction O 0 can be defined as given in egn.
(3.5-2) andexpresseas the ratio of strain to stress at a certain {Po¢

-0
006 — (3.52)

This property is often characterizedlasear viscoelasticity In the linear range, the
compliance is independent of stress, which means thaiotinealizedcompliance is
identicalwhatever stresses aappliedin the creep test,( ,, or other levels). The
strain rangavherea specimen isonsideredinear viscoelastic can be determined by
creep tesf90]. The material is defined as nonlinear viscoelastic when these equalities
defined in egqng3.5-1) and(3.5-2) are no longer valid. This phenomenon is sketched
in Figure3-12.

However, polymers generally exhibit linear viscoelastic property at low stresses such
that the corr espond¥f Athighsristressilevels,ithe mdiegidl o w
will assume nornihear viscoelastic behaviors which will not obey the linear relation

between stress and str§@0].

Linear viscoelasticity refers to a theory which follows the linear superposition

principle, where the relaxation rate is proportional to the instantaneoug[8frss

77



Non linear region

Strain,

&(t3)

linear region ™ 4

Stress, o

Figure3-12 Linearnonlinear transition of stress strain relationship with respect to

different time level$90]

The basis of small viscoelasticityB®ltzmanrsuperpositiorprinciple [92], [93]. The
principle assumes that f@Aeach Iltomtdtheng st ep m;

f i nal A\dstoalastcanaterial is said to be lin¢a8] if,

1. The stress is proportional to the strain at a givae aglefinedin egn.(3.5-3).

Where,is a proportional constant.
- 0,0 -, O (3.5-3)

The equationmeans that for a linear viscoelastic material, the creep
compliance (or the relaxation function) is independent ofahy@iedstress
levels (or the strain levels). Thus, the compliatice curves at different stress
levels should coincide if the materiallinear viscoelastic.

2. According to the definition of Boltzmann superposition princigdeh loading
step makes an independent contribution to the final deformation wéiche
obtained by the addition of thesad indicates that the linear superposition
principle holds and validThen,the linear viscoelastic response to a multiple

step loading can be generalized in the integral fasgiven in eqn(3.5-4).
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(o)
-0 O, oo ft 5’;QT (3.54)

Where, O, is defined as the instantaneous creep compliand®, 0 Tt is the
transient creep compliancg,is the applied stres$,is a variable introduced into the
integral in order to account for the history of the material. This integral equation is
known as theHeredity or Volterra integral It basically implies thathe strain is

depended on the stress history of the material under considd@g]on

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 shbwgniia3-13. The
simplest forms are thiglaxwell Modeland theKelvin-Voigt Modelwhich consists of

a Hookean spring and Newtonian dashpot connected in series and parallel is shown in
Figure3-13(a) and (b)Standard Linear Solid Modebnsists of a combination of two
springs and a dashp&l]. Generalized Maxwell Mod& a combination of Maxwell,
Kelvin-Voigt and Standard Linear Solid Model and givefrigure3-13(c) [9], [91].

It is used as a base model Rmonyseriesrepresentation of stress relaxation function.

In these models, spring is used to model the elastic response whiéskipotlis used

to model the viscous response of the material.

£ 1 2 oo
i A
f;’ 71 Tz
Maxwell Model Kelvin i Voigt Model Generalized Maxwell Model
(@) (b) (€)

Figure3-13 Constitutive elements to model viscoelasticity
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The Maxwell model consist of a linear spring ( O and a linear dashpot

. A— inserieswher®i s t h e matlolus angt-ds $he viscosity92, p. 338] The

rate of change in strain of the system is given by the equilibrium equation provided in
egn.(3.55).
Q
Qo

3 i (3.55)

This is the differential equation representation of the Maxwell model. If an applied
step strain 0 - O 0 is introduced to eqn(3.5-5) where'O 0 is the Heaviside
step functionthe closed form solution of this first order differential equation in terms

of applied stresi given in eqn(3.5-6).
, 0 ,Qi (3.56)

Analogously for a step strain input, the relaxation modutas be givenasin eqn.
(3.57).

00 0pQT (3.57)

The equation ialsodefined as a single Prosgries term. Generalized Maxweibdel

is a rheological model. There is a free spring on one end and an arbitrary Buafber
Maxwell elements arranged in parall@6, p. 298][92, p. 340][94, p. 98] Then the
effective stress relaxation modulus can be calculated to be as given {8.56@).

006 O 0;Q (3.58)

A linear viscoelastic model with a given Prony series is identical to a-neiitiork

Maxwell model.

80



3.5.4.Modeling Linear Relaxation Behavior

Stress relaxation is defined as a gradual decrease in stress considering an applied
def ormation. I n a r el ax ashelbcanstanefer dperiod h e s p
of time while the stress is monitored. In a relaxation test, the time dependent stress
response of material can be written as given in &15.9).

, 0 0O o0- (3.59)

Where,O 0 is defined as thetressrelaxationmodulus To develop a model capable
of predicting the stress response due to an arbagifed strain history, it is relevant

to decompose the strain history into sum of infinitesimal strain §@pg. 311]

-0 y-'00 t (3.5-10)

Where,Y- is the strain increment at time. The total stress response from applying
this strain history can be obtained from superposition prinf@ep. 311]Jand given
in eq. (3.511).

, 0 y-0 0o ¥ (3.511)

This stress response can be written in integral form as the number of strain increments

goes to infinity.

‘ s Q-1
s, O Oo ft TTQT (3.5—12)

Once théO 0 is determined, eqrf3.5-12) can be used to predict the stress response

due to any imposed strain history where- is the strain ratf92, p. 312][93], [95].
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The stress relaxation functio@ O can be defined as in the form of Generalized

Maxwell model aggivenin egn.(3.5-13).

006 Of 05Q | (3.513)

More commonly, the stress relaxation functi@n,0 can be written as the normalized

series expansio®2, p. 315]as presented in eqf8.514).

P Qp Q| (3.514)

Where,"Q 0 is thedimensionless relaxation modulaad it is defined by a set of
Prony series coefficient€d and corresponding relaxation times, Using egn.
(3.513), the governing stress equation giveregmn.(3.5-12) can also be writtem

the form of Generalized Maxwell model is givieneqgn.) [45], [95], [96].

” b ” ” 'Q j (3-5-15)

Where,, 0 is the time varying shear stregs, is the longterm nominal stress,
andt are the parameters which depend on the relaxation behavidriatide number
of Maxwell elements. Note that, the e{is a stress solution defined based on tong
term nominal stress, .

The value of, 6 atdo 1 which is called the initial shear stregs, can be found

using eqgn) asgiven in eqn(3.5-16).

” b T[ ” ” ” (3'5-16)

By substituting eqn(3.5-16) into eqn.), the time varying shear stress equatjorg

can be redefined based on initial shear stresas given in eqn3.5-17).
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.0, , p Q! , Qo (3.517)

Where,"Q 0 is as defined in eqr(3.5-14). Using theequation,the corresponding
streses, O can bedeterminedor different applied constant strains, According

to the assumption of qualsnear viscoelasticity, the stress relaxation function is
independent of the magnitude of the deformaji#ti. The first way to find the stress
relaxation function is to normalize edB.5-17) with respect to initial shear stregs,
[96], [97] as given in eqn(3.5-18).

(3.5-18)

The Prony series coefficient§) can be obtained by dividing the stiffness of the

individual springs stiffnesseg,with the initial stiffness, as'Q —. The rest of the

unknown parameters can be found by parameter compajébop. 27] The second
way to find the stress relaxation function is to normalize ggrith respect to long
term nominal stress, [45, p. 39]as given in eqn(3.5-19).

. j
vo =% » B » L (3.519)

Normalization with respect to loAgrm 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. E¢55-19) can also be written in terms of

Prony series coefficients as defined4s, p. 39]

w . » B 0 p B Q B QQ !
Y o -
" p B Q
v 5 0 " B QQ ! (3-520
” ” p B “Q
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The value ofd can be obtained through experimental evaluation. Other parameters,
.5 » andt can be deduced from a curve fitting algorithm. Plottiigo for all
performed tests and using the averagé/ofd plots and determin@& andt where
"Q andt can be obtained by coefficient comparison from parametens andt .
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 eqr{3.5-21) at any instant of time is represented as the sum of the

instantaneous elastic strain and the creep 488in

-0 - - (3.521)

Creep compliancéunction ‘O 0 can be defined as follow85] as given in eq.
(3.522).

-0 0069 (3.522)

The creep complianc€® 0 at any instant of time is the sum instantaneous and creep

states as provided in e(3.5-23).

00 — — 05 OO0 (3.523)
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Where,O, is defined as the instantaneous creep compliance a@do is the
transient component of the compliai@8]. The resulting straif92, p. 335jequation
from applied stress is calculated by the €§rb-24).

\ v \ ’Q”T P
-0 Oo ft TTQT (3.529)

The transient creep compliance functioriQ® 0 is often given in the form of a Power
series or a Prongeries expansion in viscoelastic modeling. The power law form of

this function is defined as given in e@8.5-25).

006 006 (3.525)

Which is mathematically simple and has been found to provide an adequate prediction
of short term creep behavi@3] and the Prony s&s form is defined as given in eqgn.
(3.5-26).

00 Op Q (3.526)

Using the Prony series expansion, the resulting creep strain function will be as given
in eq. (3.5-27).

-0 O, Ofy p Q (3.527)

The use of Prony series is dominant over Power series. If a specimen is load free prior
to the timed T, at which a stress , 0 is applied, the strain @ 71 can be

represented as followW95],

5  Of ¢ 0 ¢ T'Q"T'QT (3.5-28)
-0 i O, (0] TT .
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Where——is defined aghe 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 responf®5]. For linear elastic behavior, the relaxation modulus and creep

compliances are interrelated and can be inverted to with each other by using

convolution integral$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 temdé&jture

Non-linear viscoelastic behavior encountered when the observed stigsilarge. A
finite strain viscoelastic model may be derived by generalizing linear viscoelasticity
in the sense that thé*PiolaKirchhoff stress is substituted for engineeringssand

GreenlLagrange strain is used instead of engineering q9ain

The BergstrorBoyce approach is based on the generally accepted idea that
elastomers act as if they were made from two superposed solids as givan in eq
(3.529) and sketched iRigure3-14: 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 net{&#k The resulting true stress on the

material is the sum of the stresses acting on each network

o e (3.5-29)
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Figure3-14B e r g sBoycé Rheological ModdB7]
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For a quaslinear viscoelastic material model,etltime 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 simulatese/e energy and inelastic

parts to simulate the loss enef@y].

On the other hand, iplane prestraining and oubf-plane electrostatic activation
induce a thre@xial stress and deformation state in dielectric elastomer actuators.
Under such circumstances hyperelastgcoelastic models derived from uniaxial

tests @ often inadequate for predicting the mechanical respptige The time
dependent mechanical response of dielectric elastomers can be described by using a
quastlinear viscoelastic model (QLV). In QLV model the material parameters in the
strain energy potential are dependent on time but independéetad¢formation. The

time dependency of the material parameters can be expressed by'usidgr@rony

series expansion of dimensionless relaxation moddies
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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 demonstrateigare 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 electreadifield

its mechanical properties.

Dielectric Elastomer

P Material
I’I
————————————————————————— _>, Electrode
Voltage Off : —> Dielectric Medium
e —— Electrode

l

©
MAALAAAZAAAARAZAZ
| m—
I ‘I“I“I“I“I“I;)‘I‘

Voltage On o |

Figure3-15 Schematic of the actuation response of dielectric elastomers

The electrostatic pressure or the Maxwglss)) , acting on the insulating elastomer
film can be calculated for a given applied voltage, using the initial film thickness,

a [7], [45], [46], [56], [59], [61], [70], [88]as given in eq, (3.6-1).

w
‘ .2 3.61
n 3 (3.61)
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Where the freespace permittivity; is equal toy@ v p T —, and- is the

relative dielectric constawf the elastomexpis the applied electrical potential to the
electrodes and is the initial thickness of the polymer film.

The minus signgiven in eqgn.(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

Maxwell Stress due to different Voltage vs Film Thicknesses
045 T T T

Masx. 5000%
0.4 — Min. 0.05 mm

0351 .

03F B

0.25F e

0.2 -

Mazxwell Stress [MPa]

0
0.05 0.1 0.15 02 0.25
Elastomer Film Thickness [mm]

Figure3-16 Change of Maxwelttress 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 vef@ddThe
equation provided is an approximation of the real film loading. AipdHilure occurs
when the film thickness falls below a certain threshold and the equivalent Maxwell

pressure becomes always greater than the compressive stress of the eldstomer f
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CHAPTER 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 testaipes

mainly as material characterization tests and electromechanical tests. Material
characterization tests are applied both
The electromechanical tests are performed on DEAs which are manufactured from
VHB 4910materials. 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 configuredactuatorsunless 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,
quadl ap shear and volumetric comprWwiBsi on t
4905 and VHB 4910 acrylitapemateriab at METU Central LaboratoryAll 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.

Thetests 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 stséssn properties of vulcanized and
thermoplastic rubbers which are algaplicableto DE material$22], [46], [65], [66],

[87], [99], [100]

Uniaxial tension tests were performed according to the test matrix providedien
4-1. The test campaign is applied both to 3M
separ at el y. mddulus,tyieldastressyfailure sgré&ssand strain history were

observed and recorded.

Talde 4-1 Uniaxial tensiontestmatrix

# Applied Strain Value to Total Number of Test Total Number of Repetition
each Specimen Specimen for each Specimen
1 | %20 3 3
2 | %50 3 3
3 | %100 3 3
%20+ 3
9650+ El
4 3 3
%100+
Rapture 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 givagure4-1 (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, spdsimdriner was

removed with a scalpel as showrFigure4-1 (c).
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The specimen top and bottom ends were connected to the grips of testing machine as
presented irFigure4-2 (a). Undeformed gauge length of 20 mrasmaintained for

each specimen. Unfortunately, due to sticky nature of the material and the mounting
of the specimen is made by hand, slight gaaggth divergeres 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 materistiarf 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 hisésrgaellected

via the displacement of the machine strikers with a predefined zero position. The time
hi story of the sp,e&anthstmis-00 wer measuved and t r e s S

recorded.

reszzsg 5%
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[/ ]
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o
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@ (b) ©
Figure4-1 Specimerpreparation founiaxial tensiletest (a) Puncimachine (b) VHB

4905 and VHB 4918pecimens (c) Dogoneshaped andedlinerremoved

specimen

93



(@ )
Figure4-2 Uniaxial tensiletesting (a) Mounting thepecimen (b) Zwickesting

machine (c) Elongation ahaterial duringesting

It has been shown in literature that normally a sample has to be strained at the same
strain levé minimum three times to overcome stress hardening effe@l].
Considering this factifferent testing scenarios were tried to simulate as tabulated in
Tabe 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 teschine and it is let to traverse its original
starting gauge length position. Material was let to relax itself for five minutes.
Following therelaxation the material was loaded again with %20 strain. st
procedure repeated and finally, thgecimen 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 spedmdendually. Thesame

routine was also applied to %50 and %%0@in 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 occuisstéih

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, tle stress and strain time history were recorded.

The results of these tests are given fieigure4-3to Figure4-5f o r

3 M6 s

VHB 4

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

condtion and the final history is taken into consideration. The presented raw stress

level does not start from zero due that a preloading was usemjure4-3 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 VHB4905 and VHB4910 material

responses have slight differences. For low strain levels, these materials have no

significant difference. As the strain level goes beyond %YMB 4905 material
achievel higher stress valueb demonstrative applicatiaf this studyaround %100
strain level and higher will be required. As seen fifeigure4-3 (a) and (b), frontier
straining of material results in higher stress level for same strainifggune4-5 (a)

and (b), VHB4910 material proves higher resistance to breakdown which is due to

higher material thickness. Hyperelastic material modelsxdocused on %2100

straining and breakdowstraining levels.

Uniaxial Test Results of Tapes at %20 Strain Level
T T T T

Uniaxial Test Results of Tapes at %50 Strain Level
T T T T
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Figure4-3 Uniaxial tensiontestresults (a) %20 Strairevel (b) %50 Straihevel




Uniaxial Test Results of Tapes at %100 Strain Level
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Uniaxial Test Results of Tapes at Cyclic %100 Strain Level
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Figure4-4 Uniaxial tensiontestresults (a) %10&trainlevel (b) %100 Straitevel

with cyclic loading

Uniaxial Test Results of Tapes at Direct Breakdown Strain Level
T T T T T T T T T

Uniaxial Test Results of Tapes at Cyclic Breakdown Strain Level
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Figure4-5 Uniaxial tensiontestresults (a) Directapture (b) Rapture afteyclic

loading
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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 aresthe m
accurate but require more eff¢&l]. There is a simpler but an approsta way of
conducting a volumetric compression test which involves applying stress to the
sample in one direction on[B1]. The main objective of the test is to calculate the
bulk modulus. The initial slope of the resulting stregain function will be
considered as the bulk modulus. This value is typicaBy2ders of magnitude greater

than the shear modul(86, p. 45] The similar test is performed in many researches
[10, p. 43][11],[101]. ASTM (2001) @49Sltéa,n dSatradn dnaor:d DIse7ss
for Rubber Properties in Compressjdd].

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 illustrateidune4-2

(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 4910asples were cut in circular shapes using a cutting
punch shown irFigure 4-6 (a) and (b). The cutter knife is a special heeated
apparatus manufactured to cut the samples. Kitie edges designed to cut the
specimens in a true cylindrical shapée oily paper is used to store and protect the

prepared specimen away from environment dust.
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(a) (b) (c)
Figure4-6 Volumetriccompressiorestspecimenpreparation (a) Cuttingunch (b)

Cutting laminatedape withspecialknife (c) Thecircular shapedspecimens

(a) (b) (©)
Figure4-7 Volumetriccompressioriestspecimenstacking (a) Cusamples are

stacked in théole offixture (b) Multiplesamples are used to form the required

thickness (c) Total number eimplesstacked infixture
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Tool apparatus is in cylindrical form as givenFigure4-7 (a). There is a deegnd
edgetapered cylindrical hole in the middle of the fixture. The prepared specimens
were stacked through the hole one by one using silicone oihe®ders. 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 specimeress®0 mm forming a long

tubular specimen bundle for each material type as illustrateidjime4-7 (c).

(a) (b) (c)
Figure4-8 Volumetriccompressioriestspecimenfixtures (a) Testixture (b) One

cylindrical specimen (c) Fixturenounted ortestmachine

The test apparatus filled with specimens were mounted on the testing machine as
presented ifrigure4-8 (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 specinmebundle 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 lhuiseal 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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Figure4-9 The Samples aremoved frontestfixture andthenmeasured

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 spedomatie and then removed.

In Figure4-10, for material VHB4910 and irFigure4-11, for material VHB4905,
the results are sian. 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 o#A96#and VHB

4910 materials ar@so given irFigure4-12 andFigure4-13. 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 aidémnticality of test specimen

bundles.
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Volumetric Compression Test Results of VHB4910 All Samples at 2mm Compression
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Figure4-10 Volumetriccompressionestresult of VHB4910specimerbundles (all

trials)

Volumetric Compression Test Results of VHB4905 All Samples at 2mm Compression
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Figure4-11 Volumetriccompressionestresult of VHB4905specimenbundles (all

trials)
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Volumetric Compression Test Results of VHB4905 Tapes at 2mm Compression
T T T T T T T T T T

5000
VHB4905-Sample 1
4500 - — VHB4905-Sample 2 4
VHB4905-Sample 3
4000 - d
3500 - 4

w

[=]

[=]

o
T

Compression Force [N]
n n
o [+
Q (=]
o o
T T

1500

1000

0 0.2 0.4 0.6 08 1 1.2 1.4 16 1.8 2
Deformation [mm]

Figure4-12 Volumetriccompressionestresult of VHB4905specimenbundles

Volumetric Compression Test Results of VHB4910 Tapes at 2mm Compression
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Figure4-13 Volumetriccompressionestresult of VHB4910specimerbundles
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In Figure4-14the third trials of each sample of VHB®05 and VHB4910 materials
are presented. In overall perspective, the samples exhibit similar compressive behavior

and it is not possible to say oneteraal shows superior response with respect to the
other.

Volumetric Compression Test Results of Tapes at 2mm Deflection
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Figure4-14 VVolumetriccompressionestresult of VHB4905 & VHB 4910

specimerbundles- third trials

4.2.3.Quad Lap Shear Tests

The quad lap simple shear test is mainly used in bearing ind@é{ryThe test was
performed using the Zwick Roell (Z250) testing machine as illustratEadyure4-2

(b). 20 metallic test apparatus bars as showigare4-15 (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 VHBriepe s

[43], at room temperature, approximately 50% of ultimate bond strength will be
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achieved after 20 minute®)% 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. 66AC) for 1 hour. Thus,
samples before testing. The quad lap sheamtas performed with a tensile speed of

0.25 mm/sec.

The metallic bars were 100 mm in | ength an

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 showrkigure4-15 (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.

Ve g

(a) (b)
Figure4-15 Textfixture preparation foquadlap sheartest (a) Metablocks (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 20nm x 19 mm x 0.5 mm (for VHB905) and 20 mm x 19 mm X

1.0 mm (for VHB4910) and bonded on thin metal bars first as shoviigare4-16

(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 4308 and VHB1910 tapes

as given irFigure4-16 (b).
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O (b)
Figure4-16 Bonding forquadlapsheartest (a) Bondingtep (b) Completetest

apparatus

Espec heat chamber was selected to heat the test fixtures giuganed-16 (b). The
heat chamber was heated to 66 AC and t he

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 giveRigure 4-18 (a). It was noticed that the
transparent VHB tapes are turned in black color after heating process as can be
observed fronfigure4-18 (b).

Figure4-17 Heatchamber used tgpeed upondingprocess
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() (b)
Figure4-18 Bondedguadlap sheartestfixtures (a) Bondedixtures (b) Closefook

to bondarea

The prepared and bonded samples of VHB 4905 and VHB 4910 were mounted on the
testing machine as presentedrigure4-19(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 intottwfind 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, thd-MB t apes 6 shear response was
as shown irrigure4-19 (b). The tests were let to continue until the rapture breakdown
occurs as illustrated iRigure4-19 (c). The test results are providedkigure4-20to

. In (a), (c) and (e) VHB 4905 and in (b), (d) and (f) VHB 4910 sample results are

presered. Each sample is subjected to tensile loading resulting in shear deformation.
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- ‘ _ b
(a) (b) (¢
Figure4-19 Quadlapsheartest (a) Testixtures aranounted on théestingmachine
(b) Peel off starts (c) Completapture

Theappliedforce [N] andobservedlisplacementQ[mm] were recorded. Themount

of shearQ 'Q "QwhereQis the displacement of the outer léth respect tdixture
baseand wis the thickness of the specimisncalculated For VHB 4905and VHB

4910 materias, thickness, Qis a known parametefQ T® & & W& ©Br1a & . For

each sample, when the shear deformation was reached to 2 mm, the test was
terminated and the test fixture moved to its oripstart position. The same loading
schemewas applied four timesicluding a five minutes of relaxation time between
each testingThe relaxation timemeans the time where mateniatoves its original
shapeAs 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 stigss val
than VHB 4910 for the same testing conditidnsthe 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 specinamesgiven inFigure4-21. 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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Quad Lap Shear Test Results of VHB4905 at Breakdown
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Figure4-20 Quadlapsheartest results of VHB 4905 at breakdown

Quad Lap Shear Test Results of VHB4910 at Breakdown
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Figure4-21 Quadlapsheartest results of VHB 4910 at breakdown
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Quad Lap Shear Test Results of VHB4905 Sample 1
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Quad Lap Shear Test Results of VHB4910 Sample 1
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Figure4-22 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 ajid@ss)

Creep tests are performed by holding a specimen at a constant tensile stress and
measuring t he agasfmationtoftime Similarly,adlaxation tests are
performed by holding a specimen at a constant tensile strain and measuring the

resulting internal stress, 0 as a function o

Creep and relaxation tests of VHB 4905 and VHB 4910 materials acerped using
Dynamic Mechanical Analysis (DMA) module given kigure 4-23 (a) at METU
Central Laboratory. Pyris Diamond Dynamic Mechanical Analyzer shovigiire

4-23 (b) performed the creep and relaxation test campaign.

(a)
Figure4-23 Creep andelaxationtesting (a) Tesenvironment (b) Pyrisliamond

dynamicmechanicabnalyzer
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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 VHB910. 18 samples are prepared, removed from its
red liner and kept in oily paper as showrkigure4-24. 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 clarifiedtat t he ori ginal sampleso6 | ength was
was 5 mm as presented kigure 4-25 (a). The extra portions of the sample length

were used for grip connections as illustrate#igure4-25 (b).

i——————
1

Figure4-24 Creep andelaxationtestsamples
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(a) (b)
Figure4-25 Creep andelaxationtestsamplemounting (a) Eaclsample 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 thmei 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 experigen

In Figure4-26 (a), (c) and (e), VHB 4905 creep results for 0.05 N, 0.10 N and 0.15 N
and inFigure4-26 (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 testuits as given ifigure4-26 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 givegune4-26.
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Creep Test Results of VHB4905 for 0.05 N Step Input
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Creep Test Results of VHB4910 for 0.1 N Step Input
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Figure4-26 Creeptestresults (a) VHB4905 at 0.05 Mtepinput (b) VHB4910 at
0.10 Nstepinput (c) VHB4905 at 0.10 Mtepinput (d) VHB4910 at 0.20 Mtep
input (e) VHB4905 at 0.15 Mtepinput (f) VHB 4910 at 0.30 MNtepinput
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In Figure 4-27 the overall results of applied constant uniaxial tension results are
provided.

Overall Creep Test Results of VHB4905 Overall Creep Test Results of VHB4910
T T T T r T T T

005N
35 01N

015N

Stretch Ratio [A]
Stretch Ratio [A]

I n L
0 500 1000 1500 2000 2500 3000 1500 2000 2500 3000
Time [sec] Time [sec]

(@) (b)
Figure4-27 Creeptestresults (a) Overall results for VHB05 material (b) Overall

results for VHB4910 material

In Figure4-28 (a), (c) and (e) VHB 4905 material response to 1250, 2500 and 5000
nstrain step input results are presented. Similarlizigare4-28 (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 relaxatids & more uniform
according tacreep tests. VHB 4905 material presents more residual stress according
to VHB 4910.
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Test Results of VHB4905 for 1250 . strain Step Input
T T T

Test Results of YHB4910 for 1250 p.strain Step Input
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Figure4-28 Relaxationtestresults (a) VHB4905 at 1250rStrainstepinput (b) VHB
4910 at 1250rBtrainstep input(c) VHB 4905 at 25006trainstep input(d) VHB
4910 at 250 Strainstep input(e) VHB 4905 at 500(Strainstep input(f) VHB

4910 at 5000rBtrainstep input
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CHAPTER 5

ELECTROMECHANICAL TE STS

5.1.Introduction

In Chapted, the VHB materials were subjected to various preliminary tests to define
their stanealone parameters. The tested materials were used as they are obtained from
the manufacturer. Unfortunatelusing those obtained parameters directly for an
actuator design is not appropriate. The stiffness effect edtpeeching, carbon black
application, reinforcement strips, and actuator construction materials strongly effect
the design prospect which all@lld be considered while designing a AEThe
preliminary tests will help to understand the change of material behavior in case of
actuator tailoring. On the other hand, adb&an be designed in multiple forms. The
design can be in different shapes of different configuration options including various
stacking models. In this studynear DEAs areconstructed. Single layer and double
layer actuators are studién electromechanical tests which all present different set of
actuator parameters. The manufacturing of theseéddte defined in detail in Chapter

5.2 This chapter will focus on the electromechanical test setup design and

manufacturing.

5.2. DEA Manufacturing

3Més VHB 4 94950 aaryiiafiimVyapeB 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 Trable 2-3. According to literature, it has been shown
that the standard thickness of VH&pematerials are very high to generate efficient
force/voltage values. The thickness of the malkénas 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 pstretching. By prestretching 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 prstretch in planar ditions 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 inmlinufacturing steps, it is observed that
VHB 4910 material is superior with respect to VHBO05 in terms of handling.

Demonstrative DEAaremanufacturedrom VHB 4910 material.

Various planar pretretches are considered. The-pretch in lengh direction and
width direction does not need to be equal namely-bigxial. As long as eqthiaxial
pre-stretched DEAs are tested, the unequibiaxiatgiretiches are also tried. The
length direction of DEA is always considered as the actuation dimedfiiee width

direction which is perpendicular to length direction is set with a fixedpetch.

Prestretching VHB tapes can be achieved in many ways. Stretching by hand or using
an apparatus are both applicable. Unfortunately, uniform and extendstigiches
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 apgargtuen in
Figure5-1. 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 del@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 Iéog¥HB
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 givéfignre5-2.
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Figure5-1 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 ofgbretches 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 moty experienced. In that case a hand-gtretch is required to adhere the
material first on scissor mechanism considering required dimensions, then stretching
the scissor mechanism to desired level can be accomplBhetketching the film 4

times in eak direction the thickness dropsto 1.0 mmM#4 6 3 Om, whi ch

for actuator purposes.
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(b)

Figure5-2( a) 3M6és VHB tapes raw roll form (b) C
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 oht@gdtames. The

tapes are strongly and easily stick on the Kestamid frames. Frames in different sizes
are manufactured to try diffent prestretched actuators. The ability to stretch the tape

to desired dimensions and constraining at that dimension uesagflexibility. The

sizes of prestretching Kestamid frames used are givehable5-1.

Table5-1 Prestreching frame dimensions

Code X (inne_r) Y (inne_r) _Width_ T_hickne_ss Type
Dimension Dimension Dimension | Dimension
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 givelrigure 5-3. The red liner

illustrateddemonstratethe initial dimension of the material.
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Initial Width Dimension, X,

SRR

Initial Length
Dimension, X,

Figure5-4 Stretched VHB tape on scissor mechanism
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() (b)
Figure5-5 (a) 100 x 100 mm VHB Band stretched on scissor stretching mechanism

(b) 400 x 400 mm Kestamid stohing frame and stretched VHB band on it using

scissor mechanism

When the stretching to the frame is completed the VHB tapsdhered 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 taipes
observed that oily paper and its original red liner are bessticking 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 natureuel 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 nexi#fter 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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materi al . The car bon bl ack usedolDias t he Ak z

illustrated inFigure5-6 which provides excellent carbon nano particle sizes.

|

Figure5-6 Ketjenblack aggregated dust particles

On the other hand, the particlees 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 fluttegrparticles 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 shagurén

5-7. Due to oily nature of Nyogel, a thin spatula is used to smear on VHBEBefoge
smearing the carbon black on VHB tape, the use of a masking stencil should be
introduced. If itis 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 eddd® electrode material should not be applied too

close to tle edges otherwise edge arcing will ruin the performance of the actuator.

Figure5-7 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. Oi | mdepiradp er or
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 tearssifg¢cbed

materi al . To avoid sticking, the acetate
tape which provides excellent frictionless contact surface. The stencil design using

oily paper is given irFigure5-8. 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 beseéted 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 andtledimension excluding

the electrode region. This is applied on a 4 x 4smetched VHB tape.

i ||

(@) (b)
Figure5-8 Oily paper masking stencil

Carbon black can be smeanglile the stencil is located on the getched material

with a smooth and soft paint brush. Biectrode apptiationregions should be clearly
visible which are illustrated oRigure5-9. Brushing in length direction rather than
width direction performed well. When the carbon black smeared on the both sides of
thetape, it is not ready to be removed from the stretchiagédrit can easilypetorn

due to highinternal stress. Before removal, reinforcements should be appled

upper and bottom edges of the actuator both on two sides should be stiffenednThis

be done using acetate strips (15 mm x 165 mm works fine). The acetate strips can be
glued and located on th@pe The glue material should be selected among fast drying

ones.
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Figure5-9 Applied carbon black on stretched VHB tape
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On the other hand, right and lfand 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
selecteda DEA) should be cut and stick on both edges at the both sides of the material
by prestretching as shown ifrigure5-9 (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 bengtdféVooden strips, Kestamid
strips or acrylic rigid strip bars can be used. Using a cutter knife, the actuator is ready
to be removed from the psgretching frame. The final actuator can be obtained as

given inFigure5-10.

Figure5-10 Final DEA
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5.3.Hardware and Software Design

Four tests are designed to evaluate the performance/d DEelectromechanical test
campaign. These are BEelaxation, blocking force, creep and voltage induced creep
tests.

In relaxation tests, the D¥Eperformance will be monitored according to applied
stretch and the generated residual stress will be obsekegetthe stretch ratio gets
higher, thegeneratd residual stress increasean DEA.

In blocking force experiment, it is aimed to relax theAtB 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, thbeeamiinternal

force generation. The force observed will depend on the configuration of the DE

In creep test, the DEwill be loaded by a constant force and the actuator is expected
to stretch to balance the applied force. The amofirstretch 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 votage on actuator will be monitored.

To perform these tests, a linear translation stage {BR®4-030-01-F100) and its
motion controller (DME30011) from H2W Technologies is selected. The linear stage
can travel 305 mm unidirectionally withnaaximum 0f133 N continuous force. It is
equipped with dmicron 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 sthm ar 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 XPB0-18.
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Figure5-11 Lineartranslationstage from H2W

Figure5-13 Linear translation stage and its controller unit
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For the testing purposes, a load cell (E$SPDON) s mounted on the linear stage.
The signal conditioning is performed by @M load cell conditioner. The complete

set of linear stage unit is presentedrigure5-11 to Figure5-13. Unfortunately, the

linear stage as it is delivered cannot be useglMmmned tests. Grippers to hold the
DEA and a stiffing structural unit is required to adopt the system. Acoaducting

(due to high voltage application) structural bracket apparatus which can be adjusted
in horizontal and vertical directionsdesigned and manufactured for the linear stage

is given inFigure5-14to Figure5-16.
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Figure5-14 Linearstagefixture andactuatorholderdesign
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Figure5-15 Linear stagefixture andactuatorholdermanufacturing anéhstallation

Figure5-16 Linearstagefixture designdetail view
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The manufactured D&s will be tested squeezing between Kestamid bars using top
and bottom screws as presenterigure5-16. The linear stage is capable to stretch
the actuator in one direction. During tests, the actual length of tieiD&ctuation
direction, the applied force and voltagerecordedas the controller controls the
driving motor of the linear stage and transmits the received force and position
information to computerThe high Voltage Amplifier TREK Model 10/10BS is

used to generate higgpeed high voltage ®ystem. 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 amge values using the controller unit of linear stage. For blocking force
and voltage induced creep testsytcoller applies the required amount of voltage on
DEA. The structural design of the electromechanical test setup is gikeguine5-17.

Kestamid Grippers
Vertical Position Slot

10 Kg Load Cell

Horizontal Position Slot

Linear Stage Driver

10KV High Voltage Source

Powat Adjustable Tournet Linear Stage

Converter

DE Material
Galil Base Plate /
Controller Aluminum Profile

Signal Conditioner
for Load Cell

Figure5-17 Schematidefinition of structuralelectromechanicalestcomponents
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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 directioand the width direction, is

kept constant as definedkigure5-18. 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.

~
~
c
o
=
(S
Q
—
(]
o
—
| S

Actuation Length Direction, A,

7T

Figure5-18 Installationdirection 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, r&atiéd

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. DR is quickly stretched to an user defined position and kept constant

for a certain amount of time. TheBE s i ni t i al and final posi
are recorded throughout the test. In blocking force experiment, the base relaxation
procedure isnaintained 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 Dkresponds in strain to applied force, the sigrand

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, érce and applied voltage histories are all recottszlighout the tests

The control design of the system developed in Galil tools software is illustrated in
Figure5-19. 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 giveRigure5-20.
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Relaxation Test Subroutine

HRELAX

Subroutine Main Run at Startup

#AUTO HCREEP
Pewer Up Subroutine Craap Test Subroutine
#MAIN

#HOME
Table Homing Subroutine

XOHREADFPV

g

JSHFORCED

KOHREADFPV

#DIST
Distance Sensor Measurement
Suboutine
#wRelax
#wCreep
HRELAX_S H#READFPV H#FORCEQD
Starting subroutine of relaxation Force, position and voltage #VPWM Subroutine to find the offsat
test reading value for force readings
#floop XQHREADFPV #lpRead #prdLoop

#lpPose

Figure5-19 Schematidefinition of logic ofgenerated Galitontrol codes

Magnetic
Motor Drive

Test
Materials

Monitar L/s Pasition

_ Material Force Value

L/S Position Value

Monitor Material Force

GALIL

Controller

Trek sends monitor voltage signal
as analog Input [0-10 V].

=

-

—

Galil sends triger voltage signal as
Analog Output [0-10V].

=
Power

Trek sends activation voltage on
material as Output [0-10000 V].

Figure5-20 Schematidefinition of logic of electromechanicalestcomponents
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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
parametersniput 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 inFigure5-21. 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 presentedigure5-22 to Figure5-24.

For the relaxation test GUI given Figure5-22, the initial DEA start position and
ending position are required inputs. The
begin and ending speeds and accelerations can be dafingdhe GUI. The test data

resolution can be adjusted.

e openingScreen

IP Address: 192.168.2.200

Disconnect from Galil

Relaxation Test
Creep Test
Voltage Application Demo
Position Contro
Draw Previously Taken Data

Status: Connected to the Galil @192.168.2.200

Figure5-21 Matlab GUIopeningscreen taconnect Galilcontroller
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Initial Width of Material [mm] - w
Initial Thickness of Material [mm] - t
Initial Length of Material [mm] - LO
Stretch Ratio Lambda

Duration of The Relaxation Test [sec]
Test Start Speed [mm/sec]

Test Start Acceleration [mm/sec2]
Test Start Deceleration [mm/sec2]

Period of Measurements in The Beginning
of Test [msec]

0.0

0.0

600

500

999.424

999.424

10

relaxationTest

Start Relaxation Test

Length of Material at The End of Test [mm]

Test Ending Speed [mm/sec]

Test Ending Acceleration [mm/sec2]

Test Ending Deceleration [mm/sec2]

Period of Measurements During Test

[msec]

I

Status: Ready for user inputs and relaxation test

Figure5-22 Matlab GUIrelaxationtestmodule

Figure5-23 Matlab GUIcreeptestmodule
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