ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

DIELECTRIC ELASTOMER ACTUATORS

M.Sc. THESIS

Azamet KARAOGLAN

Department of Mechanical Engineering

Solid Mechanics Programme

JULY 2020






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

DIELECTRIC ELASTOMER ACTUATORS

M.Sc. THESIS

Azamet KARAOGLAN
503171501

Department of Mechanical Engineering

Solid Mechanics Programme

Thesis Advisor: Assoc. Prof. Dr. Emin SUNBULOGLU

JULY 2020






ISTANBUL TEKNIK UNIiVERSITESI * FEN BiLIMLERI ENSTITUSU

DIELEKTRIK ELASTOMER AKTUATORLER

YUKSEK LiSANS TEZi

Azamet KARAOGLAN
503171501

Makina Miihendisligi Anabilim Dah

Kati Cisimlerin Mekanigi Programi

Tez Damismani: Dog. Dr. Emin SUNBULOGLU

TEMMUZ 2020






Azamet Karaoglan, a M.Sc student of ITU Graduate School of Science Engineering
and Technology student ID 503171501, successfully defended the thesis/dissertation
entitled “DIELECTRIC ELASTOMER ACTUATORS”, which he prepared after
fulfilling the requirements specified in the associated legislations, before the jury
whose signatures are below.

Thesis Advisor :  Assoc. Prof. Dr. Emin SUNBULOGLU ........c..cc.ccooevunnnnn.
Istanbul Technical University

Jury Members:  Assoc. Prof. Dr. Emin SUNBULOGLU  .......c.ccccccovevvinnan,
Istanbul Technical University

Dr. Ergiin BOZDAG e,
Istanbul Technical University

Prof. Dr. Melih PAPILA
Sabanci University

Date of Submission : 15 June 2020
Date of Defense : 16 July 2020






To my family and friends,

vii






FOREWORD

This thesis would not be possible without some very important people. First of all |
would like to thank my thesis advisor Assoc. Prof. Dr. Emin Sinbiiloglu for
introducing me to the world of finite elements and non-linear solid mechanics and been
always helpful in my academic life for over 6 years.

I would also like to thank my friends and colleagues Fatih Yamak and Yunus Emre
Erginsoy for being second pair of eyes when | asked them in despair to find my errors.

I would also like to thank my closest friends for their mental supports and baring with
me throughout this challenging period.

Finally, 1 would like to thank my parents who always showed their supports with the
best of their ability during my whole life.

July 2020 Azamet KARAOGLAN
MSc. in Mechanical Engineering






TABLE OF CONTENTS

Page
FOREWORD.....cuciiiiirinsnnnnsessansesssesanssisssssssssssasssssasssssasssssssesssssosasssssasssssasssssssssasses ix
TABLE OF CONTENTS. .. eerrtentstnnissssssnssssssssissssssssssssssssssssssssssssssasssssssnes xi
SYMBOLS ...oociiieirnsunsensnssnssessssssssasssssassssssssssssesssssssssssasssssasssssssssssssssasssssssssssssssases xiii
LIST OF TABLES ...coneeertesssissssensssenisssssssssssssssssssssssssssssssessssssssansasssssssss XV
LIST OF FIGURES .....cooisiiinnnsensensanssnssssssssssssssssasssssasssssasssssssssssssssasssssasssssassons xvii
SUMMARY eiticinissnsnentiincssssssnsssesissssssssssnssssessssssssssssssssssasssssssssasssssssssssssons xix
OZET cetcssiscsescsssssessensssssssstsssasssssasssssssssnssssssssssssssssssassssassssssssssoss xxi
1. INTRODUCGCTION . cciiiiiscnnrniniicsessssssssssssssssssssssssssssssssssssssassassssssssssssssssasssssssssssssase 1
2. AREVIEW OF PREVIOUS RESEARCH ON TOPIC ....ccccctvsunssissnssissessecssasens 5
3. THEORETICAL BACKGROUND....ciiiiiiiiinssnnnnnsstiosssssssssnnssssssssssssssssasssssasses 7

3.1 Finite Strain Theory of HyperelastiCity.........cccocovviiiiiiiniiniiieece e, 7
3.1.1 Geometrical definitions for finite strain theory...........cccccoviinicicnenn 7
3.1.1.1 DiSPlaCemENL.......ccveiiieii ettt e 7
3.1.1.2 Lagrangian description of material coordinates.............c.ccoeeververieneenenn. 8
3.1.1.3 Deformation gradient teNSOr .........cccueveevieiieie e 8
3. 1.2 HYPEIElaStiCILY .......ccueiuiriiiiiiiiiieieieee e 9
3.1.2.1 Ne0-H0OKEaN SONIT ......ccueiiiiiieieieiee e 11
3.1.2.2 M0ONeY-RIVIIN SOIIT .....ccoiiiiiiiiic e 13
3. L.2.3 YEON SOMIT ..ot 14
3.1.2.4 GENESONIT ...t 15

3.2 Reinforced Hyperelastic MaterialS...........ccccoovviirininiinenesece e 16
3.2.1 Transversely iSOtropiC Materials ...........ccoviiiriiniiiiieiese e 16
3.2.2 Hyperleastic materials with 2 families of reinforcements ........................ 17

3.3 Electromagnetism and Maxwell STress ... 19
3.3.1 ElectromagnetiC thEOIY .......c.covoieiece e 19
3.3.2 MAXWEI STrESS ...c.veiiveeieitie ettt sttt neenneas 21

3.4 Finite Element Method...........cooiiiiiii s 22
3.4.1 Shape fUNCLION CONCEPL ......oiviiiieiieieieie s 23
3.4.2 Weak form and strong fOrm ..........cccceeieiiieniie e 24
3.4.3 Derivation of element stiffness MatriX..........cccccevvverviveiieeneeie e 25
3.4.4 Derivation of stiffness matrix for a 1D incompressible Neo-Hookean bar
] 12T T o USRS 26

4. MATHEMATICAL MODEL FOR A CYLINDRICAL DEA UNDER INNER
PRESSURE, AXTAL FORCE AND ELECTRIC LOAD......rirricrcninannnenenns 29
5. CYLINDRICAL DEA MODEL ...cccvvveiisnsnssessnssesseesssssssasssssanssnssassassossassossassns 37

T 8 1Y/ oo [ S 38
5.1.1 Geometry and boundary conditions ..........ccccceviieiiiiiic v 38
5.1.2 Material PrOPErtieS ........ccoiiiiiieieieiese sttt 40

5.2 MOdel Validation.........ccoiiiiiiiiieiee e 41
5.2.L UMAT ValitatiON .....coveiiiiiiiiiiieieieee st 41
5.2.2 Cylindrical Model Validation ... 42

5.3 DeSiNg OF EXPEIIMENTS .....ocvviiiiiieiieieiesie sttt 43

Xi



Sl RBSUIES ..ttt nnnn 44

6. TUBULAR HELIX DEA MODEL . ....cuuoceiinvensensensensassensanssnssnsnsnssassessassassssases 51
6.1 FE MO ...ttt 51
6.1.1 Geometry and boundary coONditions ...........cccocveveiieieese e 51
6.1.2 Material ProPerties ..........cooovoiiieieiese s 53

0.2 RESUILS ..t 54
7. ACCORDION DEA MODEL . .....ccoiiiiiiiinninieniisssssnssssssrissssssssssssssssssssssssssasssses 59
7.1 ACCOTAION DEA ...ttt 60
0 N = 0o o =) TSRS 60
7.1.1.1 Geometry and boundary conditions ..........c.cceccvrveveeiesiiese e 60
7.1.1.2 Material Properties ..........cooeeiereieneiises e 62

T L2 RESUIES . 63

7.2 Conical ACCOrdion DEA . .......coo et 66
T2 L FE MOGEI ..ttt 66
7.2.1.1 Geometry and boundary conditions ............ccocevereneninencncseseeee 66

T. 2.2 RESUIES .. 67

B. CONCLUSITONS . eerttircissssnnesettssssssssssassssesssssssssssssssssesssssssssssssssssssssssssansasssns 71
REFERENCES ....uvovtirieniisennuisnnisssssssssssssasssssassssssesssssssssssasssssssssssssssasssssassssssssasnes 75
APPENDIGES . .covvveer i ceesesnornnnosOi o oo, NI s vrunrras i eressssassessess 79
APPENDIX A oottt bbbt nr bbb 80
CURRICULUM VITAE. ... tiieeriiniiissnnnnnnisssesssssssssssssssssesssssssssassssssssssssssnsanss 83

xii



SYMBOLS

Pel

€0

COO, Cpq

- Electrostatic pressure

. Electric permittivity of free space

. Relative electric permittivity

: Potential Difference

: Elastomer film thickness

: Displacement vector

: Orthogonal unit vectors

: Rigid Body Translation

: Deformation gradient

: Identity matrix

: Kronecker-Delta function

: Right Cauchy-Green deformation tensor

: First invariant of deformation tensors

: Second invariant of deformation tensors

: Third invariant of deformation tensors

. Left Cauchy-Green deformation tensor

: Loacl entropy production

: First Piola-Kirchoff stress tensor

- Internal energy rate

- Absolute temperature

. Strain-energy density function

: Cauchy stress

: Jacobien of deformation gradient

: Principal stretches

: Lagrangian multiplier for incompressibity assumption
: Material constant for Neo-Hooke material model
: Shear modulus

- Strain

: Shear angle

- Distortional material constants for Mooney-Rivlin material model

Xiii



: Volumetric material constants for Mooney-Rivlin material model
: Extension limit for Gent material model

 Initial orientation vector of 1° fibre family

 Initial orientation vector of 2" fibre family

: Deformed orientation vector of 1% fibre family

- Deformed orientation vector of 2" fibre family

- Invariant concerning the strecth of fibre family 1

: Invariant concerning the relation between fibre family 1 and matrix
. Invariant concerning the strecth of fibre family 2

- Invariant concerning the relation between fibre family 2 and matrix
: Invariant concerning the relation between two fibre families

- Invariant concerning the relative orientation of two fibre families
: Stress found on inextensible fibres

: Lorentz force

: Electrical charge

: Electric field vector

: Velocity vector

: Magnetic field vector

: Charge density

: Current density

: Magnetic constant

: Maxwell stress

: Deformed electric field vector

: Undeformed electric field vector

: Shape function vector

: Weight function

: Traction vector

: Global stiffness matrix

: Element strain matrix

: Element stiffness matrix

: Tangent modulus for hyperelasticity

: Second Piola-Kirchoff stress tensor

: Stiffness of end springs for FE models

Xiv



LIST OF TABLES

Table 4.1 :
Table 4.2 :
Table 5.1 :
Table 5.2 :
Table 5.3 :

Table 5.4 :
Table 5.5 :

Table 6.1 :
Table 6.2 :

Table A.1 :
Table A.2 :
Table A3 :

Page
Neo-Hookean material constants for analytical solution. ....................... 34
Fibre properties for analytical SOIUtiON. ......coccvvvriveirieeiiiiencee e, 34
Neo-Hooke material constants for cylindrical DEA. .................cooe 40
Fibre properties for cylindrical DEA. .......cccoviiiriiiie e, 41
Comparison of inner radius and axial stretch values for FE and analytical
SOTULIONS. 1ttt ettt et e e s e enseeeneees 42
Comparison of inner radius and axial stretch values for FE and analytical
SOTULIONS. 1ttt e et e e s e e e s e e eneeas 42
Inner radius and axial stretch for 20 and 80 degrees............cccoovvvveeeennnns 50
Neo-Hooke material constants for tubular helix DEA............................ 54
Fibre properties for tubular helix DEA. ..., 54
DOE results for Cylindrical DEA, 15 part. ..........ccccovveeeiieiceeeceennne. 80
DOE results for Cylindrical DEA, 2™ part. ..........cccooveevvveveviinensrennnes 81
DOE results for Cylindrical DEA, 3™ part.........ccccocooeveoeeeeeee. 82

XV






LIST OF FIGURES

Figure 1.1 :
Figure 3.1 :
Figure 3.2 :
Figure 3.3 :
Figure 4.1 :
Figure 4.2 :
Figure 4.3 :
Figure 4.4 :
Figure 4.5 :
Figure 4.6 :
Figure 4.7 :

Figure 4.8 :

Figure 4.9 :
Figure 5.1 :
Figure 5.2 :
Figure 5.3 :
Figure 5.4 :
Figure 5.5 :

Figure 5.6 :
Figure 5.7 :
Figure 5.8 :
Figure 5.9 :

Figure 5.10 :

Figure 5.11 :
Figure 5.12 :

Figure 5.13 :
Figure 5.14 :

Figure 5.15 :
Figure 5.16 :

Figure 5.17 :

Figure 5.18 :

Page
Dielectric Behaviour of a Thin Elastomer Film ..........cc.ccooeeiiiiiiinnnnenn. 1
Displacement of @ body [27]. ..ooiiiiiiiiiiieieeeeee e 7
The change in fibre orientation with deformation. ..........ccoccevvvvernnennnn 17
FE representation of a 1D bar element. ..........ccccooeiiiiiiiiiniiiiniiiini, 23
Deformation of tubular DEA. ..o 29
Stretch-Rotation-Roll up for kinematic analysis. .........cc.cooceiiiiiinninnn. 30
Orientation vector of fibre families and deformation...............ccceee.... 30
Fibre orientations. ........ceccieeciieee et e e vee e e e e e ena e e enreas 34
Effect of actuation voltage on inner radius of the cylinder. .................. 34
Effect of actuation voltage on axial stretch. .............ccoooiiiiiiiiiin. 35
Effect of actuation voltage on the first invariant of Left Cauchy-Green
Deformation teNSOT. .......cccvieeeiieecie et e e e eaae e 35
Effect of actuation voltage on the second invariant of Left Cauchy-
Green Deformation teNSOT. .......cccveeereveeieie e e e 36
Effect of actuation voltage on the fourt invariant (strecth of fibres)..... 36
One twelfth Model of Elastomer and HDPE Domes.............ccccuveenneennn. 38
One twelfth Model of Rebar Layer. ........cccccoeveiiiereiiiiceeecceeeee 38
Full Model of Elastomer and HDPE Domes. ........cccccoeeevieecieeicneennen. 39
Full Model of Rebar Layer and fibre orientations............ccccceevvvernnennns 39
Rebar Layer oriented with angle o with respect to 13! direction of shell
ClEIMENIL. ...iiiiiiiiiiiii ittt ettt e e et e e e eentae e e e e saneeeeennaeeeeesssreeesnns 39
Model structure for cylindrical DEA...........c.ooooiiiiiiiiiie 41
Undeformed and deformed state of cylindrical DEA..............cceeonnee. 41
Isight Design of Experiments Flowchart. ............cccccoiiiiiiiiiiinnn, 43
The effect of inner pressure on actuation force for different fibre angles.
................................................................................................................ 44

The effect of inner pressure on actuation displacement for different
FIDre anEles. ...oooiiiiiii e 45
Effect of electrical load on actuation force for different fibre angles. 45
Effect of electrical load on actuation displacement for different fibre

Effects of fibre angle on actuation force for different electrical loads.47
Effects of fibre angle on actuation displacement for different electrical
LOAAS. . e 47
Effects of fibre angle on maximum element axial stretch. .................. 48
The relation between actuation work and electrical load for different
FIDIE ANEIES. e e 48
The relation between actuation work and inner pressure for different
FIDIE ANEIES. e e 49
The relation between actuation work and fibre angle for different
electrical 10ads. ......oooviiiiii e 49



Figure 6.1 :
Figure 6.2 :
Figure 6.3 :
Figure 6.4 :
Figure 6.5 :
Figure 6.6 :
Figure 6.7 :
Figure 6.8 :
Figure 6.9 :
Figure 7.1 :
Figure 7.2 :
Figure 7.3 :
Figure 7.4 :
Figure 7.5 :
Figure 7.6 :
Figure 7.7 :
Figure 7.8 :
Figure 7.9 :
Figure 7.10
Figure 7.11

Figure 7.12 :
Figure 7.13 :
Figure 7.14 :
Figure 7.15 :
Figure 7.16 :
Figure 7.17 :
Figure 7.18 :

Tubular Helix DEA Solid and Shell Elements. ..........cccccooeeviiiiiiiineeen. 53
Element Orientations on shell elements. .........ccceeeeiieiciieicieeccieeee, 53
Min. principal LE at the end of inflation step.........cccccevvveriverieecieninnen, 54
Min. principal LE at the end of electric step........ccocceeeiiiiiiiiiiiiiiininens 55
Axial displacement of helix ends. ........cccoovvveiiiiiiiieceeee e 55
Maximum principal strains on the model. ...............cccoiiii 56
The effect of fibre angles on actuation displacements for soft springs. 57
The effect of fibre angles on actuation forces for stiff springs.............. 57
The effect of fibre angles on actuation Work. ..........ccceveeiveiericniiereeee. 58
Accordion model dimensSions. ........cccveeeiieeeiieeeieeeeieeeee e 60
30° portion of solid elements. ..........cccveveeiieeeeiiiiee e 61
Full representation of solid elements. ...........ccccceeiiiiiiiiiiiiiiiiniices 61
30° portion of shell elements. ..........cccvveeeeiiieeeeiieee e 61
Full representation of shell elements. ...........c.cocccooiiiiiiiiiiiiiiis 62
Material orientations calculated by ORIENT subroutine. ..........ccooue... 62
Maximum principal strains at the end of inflation step. ...........ccccceee. 63
Maximum principal strains at the end of tension step. ........cccccceeveeeeen. 63

Maximum principal strains at the end of Electric step. ........c.cccceeee. 64
: Axial displacement of ends. ........coooveviiiiiiiiiieie e 64
: Effects of fibre angle on actuation displacement................cccccoeeene. 65
Effects of fibre angle on actuation force..........ccccvveeeveeevveecierceecneenen. 65
Effects of fibre angle on actuation work...........ccccoccoiiiiiiiiinniiinninn, 66
Dimensions of conical accordion DEA. ..........cccoooiiiiiiiiiiiiii, 67
Axial displacement of ends.........coccoooiiiiiiiiiiii 67
Effects of fibre angle on actuation displacement............c.cccccveeeruvennne. 68
Effects of fibre angle on actuation force. ...........ccccovviiiiiiiiiiiiiiinnne. 68
Effects of fibre angle on actuation wWork. .........ccccceeveeiiriiecrieeereeenne, 69

xviii



DIELECTRIC ELASTOMER ACTUATORS

SUMMARY

Dielectric elastomer actuators (DEA) are specific class of actuators transforming
electrical energy to mechanical energy by deforming a dielectric rubber under
electrical load. When a dielectric material is placed in a electric field, electrons do not
flow through the material, however electric field polarizes the material creating an
internal electric field within the material, causing reorientation of symmetry axes of
molecules if the material is composed from weak bonded molecules like in elastomers.
Manipulation of this phenomenon is the basis of dielectric elastomer actuators and they
are the most promising candidate in the search for artificial muscles. Their lightweight
properties combined with dielectricity grant this candidacy.

After an intensive literature review of past studies on the working principles of DEA
and proposed designs summarized in the second chapter, necessary theoritical basis is
explained for finite strain theory, transverse isotropy, electromagnetism theory and
Maxwell stress and finite element method formulations for finitely elastic materials in
the third chapter.

In the fourth chapter a mathematical model is derived for a hydraulically pressurized,
reinforced with two symmetrical families of fibre, incompressible tubular Neo-
Hookean DEA under axial and electrical load. Stress components and expressions for
axial load and inner pressure as a function of stress components are given at the end
of this chapter.

In the fifth chapter, a design of experiments is constructed in Isight with a finite
element model of a hydraulically pressurized, reinforced with two symmetrical
families of fibre of cotton thread, incompressible tubular DEA of VHB4910 created in
ABAQUS, studying the effects of parameters such as fibre angle, inner pressure and
electrical load on the actuation outputs. The obtained results are interpreted and
presented in various graphs.

In the sixth chapter, an alternative design is proposed. A finite element model is created
on ABAQUS for a incompressible tubular helix DEA of VHB4910 reinforced with
two symmetrical families of fibre of cotton thread and pre-strecthed with a hydraulic
pressure. The effects of fibre angle on actuation outputs were then analysed and
presented.

In the seventh chapter, two alternative designs are proposed such as a hydraulically
pressurized, reinforced with two symmetrical fibre families of cotton thread, accordion
shaped cylindrical DEA of VHB4910 and its conical variant. Again, effects of fibre
angle on actuation outputs are studied numerically with finite element models.
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DIELEKTRIK ELASTOMER AKTUATORLER

OZET

Diclektrik elastomer aktiiatorler (DEA) elektrik enerjisini mekanik enerjiye ¢evirmeye
yarayan araclardir. Dielektrik malzemeler elektrik alana maruz birakildiklarinda,
elektronlar malzeme fiizerinden akmak yerine malzemeyi polarize eder ve eger
malzeme elastomer gibi zayif bagli molekiillerden olusuyorsa, molekiillerin simetri
eksenleri bu polarizasyon sonucunda elektrik alan yoniinde donerek malzemede elastik
bir deformasyona sebep olur. Dielektrik elastomer aktiiatorler de bahsedilen bu
deformasyonu kullanarak elektrik enerji ve mekanik eneji arasindaki dontigiimii saglar.

Elastomerlerin diisiik agirlik dzellikleri ve elektrik ile aktive edilebilmeleri DEA’lar1
yapay kas c¢alismalarindaki en Onemli adaylardan biri yapiyor. Ancak yiiksek
deformasyon altinda bile verdikleri diisiikk kuvvet ¢iktilar1 asilmasi gereken bir engel.
Bunun i¢in de ¢esitli tasarimlar, lifler ile gliclendirme ve 6n yiikleme gibi metodlar
denenmektedir. Ayrica elektrik alaninin malzeme i¢in fazla gelmesi ile olusabilecek
elektrik atlamalar1 ve malzemede olusacak elektrik dengesizlik de DEA’ler i¢in
¢oOziilmesi gereken bir sorun.

Bu calismada Oncelikli olarak DEA’lar ve yapay kas caligmasinda kullanilan diger
mekanizmalar hakkinda yapilan bilimsel bulgular 6zetlendi. Sekil hafizali alasimlar,
eletrik moturu kullanan sistemler, hidrolik ya da pnomatik aktiiasyon kullanilan
sistemler ve DEA’lerin bu sistemlere karsi sahip oldugu avantajlardan bahsedildi.
Bunun yani sira DEA’larin ¢alisma mantigini, yiiksek potansiyel fark sonucunda
olusan elektrik dengesizligi konu alan ¢alismalar ve kuvvet-deplasman ¢iktilarini daha
yiiksek seviyeye ¢ekmek amaciyla olusturulan diger tasarimlar hakkinda da bilgi
verildi.

Literatiirde yer alan ¢aligmalar anlatildiktan sonra, tezde yapilan ¢alismanin kullandig:
sonlu birim sekil degistirme, lifli yapilar ve deformasyona etkileri, elektromanyetizma
ve dielektrik malzemelerde goriilen Maxwell Gerilme tensorii, sonlu elemanlar
metodu ve hiperelastik malzemelerde uygulanmasi hakkinda teorik bilgiler 6zetlendi.

Oncelikle sonlu birim sekil degistirme teorisi i¢in sekil degisiminin tanimi, gerilme ve
birim sekil degistirme ifadeleri i¢in temel denklemler, farkli hiperelastik malzeme
modelleri ve basit sekil degistirme durumlari igin olusacak gerilme ifadeleri verildi.
Daha sonra lifler ile giiclendirilmis bir modelde gerilme ifadelerinin nasil degistigi
aciklandi. Akabinde elektromanyetizma teorisi ve dielektrik malzemelerde elektrik
alana maruz birakilma sonucunda olusan gerilme (Maxwell gerilmesi) Lorentz kuvveti
ve Maxwell yasalart kullanirak ¢ikarildi. En son bdliimde de sonlu elemanlar
metodunun temel isleyisi anlatildi ve basit bir ¢gekme ¢ubugu modeli i¢in giiglii form,
zay1f form, direngenlik matrisi ve ¢gekme ¢ubugunun hiperelastik olmas1 durumunda
Neo-Hooke malzeme modeli kullanildiginda direngenlik matrisinin nasil degistigi
gosterildi.

Teorik bilgileri takip eden boliimde, i¢ yiizeyinde hidrolik basing olan ve iki simetrik
lif ailesi ile gii¢clendirilmis silindir bir silindir DEA i¢in eksenel yiik ve kalinlik
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dogrultusunda verilen elektrik alan altinda olusacak sekil degisimini agiklayan bir
matematik model iiretildi. Sekil degisimi agiklayan deformasyon gradyani silindrik
koordinat sisteminde malzemenin ilk ve son hallerini veren koordinatlara bagl ifadeler
cinsinden ¢ikarildi. Daha sonra deformasyon gradyani kullanilarak Sol Cauchy-Green
deformasyon tensorii hesaplandi. Lifler ile giiclendirilmis malzemeler igin
diizenlenmis Neo-Hooke hiperelastik malzeme modeli, Cauchy gerilme tensrorii
tanim1 ve Maxwell gerilme tensorii kullanilarak tiim yiiklemeler sonucunda olusan
toplam gerilme bulundu. B6liim sonunda eksenel yiikii ve i¢ basinci gosteren ifadeler
gerilme tensoriiniin bilesenleri cinsinden elde edildi.

[1k tasarim onerisi olarak, matematik modeli de cikarilan hidrolik i¢ basincli, simetrik
pamuk ipliginden yapilmis iki lif ailesi ile giiglendirilmis, VHB4910 isimli
malzemeden yapilmis, silindirik bir DEA modeli ¢alisildi. Model, 6ncelikle ABAQUS
isimli program kullanilarak sonlu elemanlar yonetimi ile niimerik olarak olusturuldu.
Bu islem sirasinda dielektrik davranisi dogru bir sekilde aktarmak i¢in hem Neo-
Hooke hiperelastik malzeme modelini kullanan hem de elektrik alan vektorlerini
kullanarak Maxwell gerilmesini hesaplayan bir UMAT (user material: kullanici
malzemesi) altyordami yazildi. Daha sonra Isight isimli programda deney tasarimi
yapilarak, liflerin eksenel dogrultu ile yaptig1 aci, i¢ basing ve elektrik alan biiytikliigii
gibi parametrelerin eksenel dogrultuda olusturdugu kuvvet, deplasman ve is ¢iktilarina
etkileri hakkinda veri toplandi. Bu asamada sadece parametlerinin ¢iktilar1 nasil
etkiledigi degil ayrica parametrelerin diger parametlerin ¢iktilar tizerindeki etkisini
nasil degistirdigi de incelendi (Ornek: Lif acisinin, i¢ basing ile aktiiasyon arasindaki
iligkiye etkisi). Ayrica toplam eksenel uzama orani ve eleman uzama orani arasindaki
iliski yani eleman uzama oranlarinin ne kadar verimli kullanildigin1 gérmek igin
bununla ilgili grafikler de bu boliimde sunuldu.

Ikinci tasarim ©Onerisi olarak hidrolik i¢ basingli, pamuk ipliginden olusuturlmus
simetrik iki lif ailesi ile gli¢lendirilmis, VHB4910 malzemesinden tretilmis, silindirik
DEA, helisel bir profil gizer halde sonlu elemanlar yontemi ile modellendi. Onceki
boliimde kullanilan UMAT altyordam ile liflerin helis tanjant vektorii ile ag1
yapmasini saglayacak ve eleman yon vektorlerini helix normal ve tanjant vektorleri
dogrultusunda ¢eviren bir ORIENT (ydnelim) altyordami yazildi. Bu ikinci altyordam
ayrica elektrik alaninin, helisin kesit alaninda kalinlik boyunca radyal yonde
verilmesini saglamak i¢in de kullanildi. Olusturulan sonlu elemanlar modeli
kullanilarak lif agisinin, helisin eksenel yonii dogrultusunda, elektrik alan sonucunda
olusan kuvvet, deplasman ve isteki degisimi iizerindeki etkileri arastirildi ve grafikler
araciligiyla sunuldu.

Uciincii ve son tasarim Onerisi olarak, verilen ilk tasarim ©nerisi akordiyona
benzeyecek sekilde yani tlip ¢eperleri eksenel dogrultuda zikzak profilinde olacak
sekilde degistirildi. Burada yine hidrolik i¢ basing kullanildi ve elastomer, pamuk
ipliginden yapilmis, simetrik iki lif ailesi ile gii¢clendirildi. Elastomer malzemesi olarak
yine VHB4910 kullanildi. Dielectrik ve hiperelastik davranisi vermek i¢in Onceki
sonlu elemanlar modellerinde kullanilan UMAT ve lif agilarin1 eksenel dogrultu ile a1
yapmasint saglayacak ORIENT altyordamlar1 kullanildi. Bunun yani sira ayni
modelin, ayn1 uzunlukta ve bir uctaki ¢ap1 digerinin iki kat1 olacak sekilde kesik konik
versiyonu da firetildi. Bu iki tasarim ig¢in olusturulan sonlu elemanlar modeli
kullanilarak lif agilarinin, elektrik alan sonunda eksenel dogrultuda olusacak kuvvet,
deplasman ve is ¢iktilarindaki degisime etkisi incelendi.
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Olusturulan ti¢ tasarim ve bunlarin sonlu elemanlar modeli iizerinde yapilan ¢alismalar
sonucunda c¢esitli tasarim degiskenlerinin elektrik alan tlizerindeki etkileri sonug
boliimiinde karsilastirilarak, yapay kas i¢in aday arayisindaki en biiyiik engel olan
disiik kuvvet c¢iktilar1 konusunda, c¢alisilan tasarimlarin  ulastigi  sonuglar
degerlendirildi. Ayrica ¢ikan sonuglari iyilestirme amaciyla Onerilen tasarilarda
yapilacabilecek muhtemel degisikler i¢in 6neriler sunuldu.
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1. INTRODUCTION

Dielectric Elastomer Actuators (DEA) are the leading designs for artificial muscles.
Their ability of converting electrical energy to mechanical work via relatively large
strains (at on order of 10% to 30%) is the best candidate for biomimetic equivalent of

real muscle fibres.

Dielectric elastomers (DE) are simply a capacitor composed of a thin layer film
between two electrodes, however they are rather deformable. According to Pelrine et
al. [1] the electrostatic pressure pel can be calculated from applied voltage V and film

thickness h as

p = coer (2) 1)
where g is the permittivity of free space (8.85 E-12 F/m) and & is the relative
permittivity of elastomer. The attraction between the electrodes squeeze the elastomer
film which results a contraction in the thickness and expansion in the planar direction
due to conservation of volume (due to almost incompressible behaviour). This
behaviour of planar expansion can be used to create force or displacement. Often these
structures are pre-strained in order to increase the performance and decrease the

electrical instability.

Electrodes
Elastomer Film

2

Figure 1.1 : Dielectric Behaviour of a Thin Elastomer Film

The most challenging aspect of DE materials is the small load bearing capacity (in the
order of mN’s). Overcoming the small force output problem has been a research topic
over for 30 years. Different designs such as cylindrical DEAs, stacked DEAs and
folded DEAs are studied and analysed for an optimum outcome. To find a feasible

solution and design a DEA, various studies should be conducted:



Mathematical Model: A mathematical model of DEA design via constitutive
equations and their coupling with electromechanical response should be
generated. Elastomers are non-linear materials, thus finite strain theory for the
hyperelasticity (visco-elasticity as well to capture the transients, however
visco-elasticity has not been inspected in this study) should be taken into
consideration.

Numerical Model: A numerical model is crucial to observe actual working
mechanism of real-life DEA designs. In this study Finite Element Method is
preferred for numerical models.

Experimental Validation: To verify that the material constants,
electromechanical response comply with reality, and to discover possible
problems, which has been overlooked or not expected during mathematical

and/or numerical modelling, experiments should be conducted.

This study mainly aims at evaluating various designs of DEA candidates, and

evaluate them against different criteria such as feasible work output (i.e. force vs

displacement curve), design options, pre-stretch conditions, etc. To achieve this

aim, several different DEA designs of VHB4910 material are examined for an

optimum force outcome. These can be summarised as:

1. Hydraulically coupled fibre reinforced cylindrical DEA: Mathematical model

of hyperelastic-dielectric behaviour for a hydraulically coupled fibre
reinforced cylindrical DEA is generated and a finite element study (FE Model
and Design of Experiments from FE Model) has been conducted to determine
the effects of pressure, fibre orientation, denseness of fibre web and pre-strain
on the uniaxial force output of electrical load. Numerical model verification
with theoretical calculations has also been conducted at this level.
Hydraulically coupled fibre reinforced tubular DEA helix: Finite element study
of a hydraulically coupled fibre reinforced tubular DEA helix is conducted and
possible improvements (in contrast to cylindrical design) that can be obtained
from the unidirectional attitude of helical shapes has been investigated.
Hydraulically coupled fibre reinforced accordion shaped DEA: Finite element
study of a hydraulically coupled fibre reinforced accordion shaped DEA is

conducted and possible improvements (in contrast to cylindrical design) that



can be obtained from the stacked structure of accordion like shapes has been
investigated. This study also includes a conical variant of proposed design.






2. AREVIEW OF PREVIOUS RESEARCH ON TOPIC

Mimicking the motion of natural muscles fibres has been a long search for several
years considering helping people with disabilities and making humanoid robots.
Several candidates for artificial muscles have been studied, such as electro-magnetic

motors, pneumatic systems, smart materials and dielectric elastomer actuators (DEAS)
[1].
While electro-magnetic motors can easily match the energy density of muscles [2]

which is the order of 150 J.kg-1 [3], their need to use heavy battery pack and gearing

systems, excess heat, etc. limit their efficiency and usability.

Some pneumatics systems like McKibben actuators has also been considered for
artificial muscles [4] which benefit from high actuation forces using pressure, however
their need of heavy air pump systems and slow reaction time also limits their usability.
Shape Memory Alloys (SMAs), Magneto Strictive Alloys (MSAS) and piezoelectrics
also candidates for artificial muscles [5, 6]. However, while SMAs are capable of
necessary displacements, they suffer from slow unloading process which makes them
not suitable. MSAs and piezoelectrics also not suitable for artificial muscles due to

their small strain capabilities.

Researching the possibility of this behaviour of Dielectric Elastomer Actuators
(DEAS) as artificial muscles is a topic of mechanical engineering community over for
30 years. Large strain capabilities of up to 300% and fast response time make them a
better candidate than all the other possibilities [7-12]. Dielectric elastomer powered
arm prosthetics, ankle-foot orthosis and ventricular assist device are some of the

application concepts which have promising results, yet they need development [13].

The concept of Dielectric Behaviour was first documented by Roentgen in 1880 [14],
detecting physical change of a natural rubber film under large electric fields. Since this
paper, a wide variability of DEAs and designs have been studied. Focus of these

studies was mostly increasing the actuation force.

Cylindrical DEAs are most common since the actuation can be directed to one
direction and grant a higher planar stiffness [15]. Various research on mathematical



modelling and experimental tests of cylindrical DEAs has been previously done by
Son and Goulbourne [16]. Rahn and Liu, and Goulbourne introduced fibre
reinforcements to the cylindrical McKibben actuators using pressure to expand in
radial direction and because of fibres causing axial deformation [17, 18] which in

return causing higher actuation forces with same electric fields.

Other design such as Zhao and Suo studied, forming a gripping structure from a layer
of dielectric elastomer by actuation by electric field [19]. Also, bending elastomer

layer rolls were analysed for biomimicking knee and leg joints by Pei et al. [20]

Kovacs et al. considered stacking cylindrical dielectric elastomers by placing
electrodes between each layer which overcomes the low force output by actuating

more thickness stacked on a smaller volume [21].

Wang et al. inquired the effects of coupling two membranes of dielectric elastomer
clamped on the outer radius with a non-compressible fluid in which they find that
required electric field for actuation decrease significantly for the same deformation

and actuation force orders [22].

Instability under electrical load is a major limit for the practical use of dielectric
elastomers, Plante and Duboswsky found that DEAs should operate with high strain
and on brief cycles [23]. Suo observed that the performance of DEAs improves greatly

with prestretch [24] which cleared the path to more reliable designs.

Computational and mathematical modelling of dielectric behaviour in aspect of
hyperelasticity and viscoelasticity is also considered heavily, since to find the right
design and material, and optimize them a working model is necessary. Various
researchers have found techniques to model dielectric behaviour and their coupled

behaviours using commercial FEA programs [15, 24-25].

A combination of several positive findings of these studies such as a fibre reinforced
hydrostatically coupled cylindrical DEA seems to be an area in which nearly no
research has been done, yet alone finding an analytical solution and an optimized
model. Moreover, behaviour of tubular helix and accordion shaped DEAs are also not
studied and understanding behaviour of this shapes under electrical activation could

bring some advance to this area.



3. THEORETICAL BACKGROUND

3.1 Finite Strain Theory of Hyperelasticity

Classical theory of elasticity (infinitesimal strain theory) deals with the mechanics of
materials (industrial steel, aluminium, concrete, etc.)  which exhibit small
deformations under loading conditions. However, materials like rubber and soft
biological tissues (muscles, arterial tissues and so on) shows exceptionally large
deformations which causes substantial difference between initial and final geometrical
configurations so that the assumption of infinitesimal strain theory becomes invalid.
This situation requires a different theoretical approach for handling the kinematics of

such deformations.
3.1.1 Geometrical definitions for finite strain theory

3.1.1.1 Displacement

Total displacement of a point on a solid body is a coupled result of rigid-body motions
and relative motions among its neighbourhood. Rigid-body motion is the physical
translation of the body in space and relative motions among neighbouring points is
called deformation. Deformation, thus, is the reason for change in form/shape from

reference configuration to final configuration under physical load (Fig. 1).

Deformed

X = X(Xsf) Configuration, t =t
Undeformed o (B)
Configuration, t =0 V
®o(B) Pathline  --."

_f X

SuXAU

Figure 3.1 : Displacement of a body [27].



The transformation of the configuration of a body is described as the displacement
field which is a vector field consisting of displacement vectors of all particles of the
body. The change in the distance between any two particles implies a change in shape

i.e. deformation.

3.1.1.2 Lagrangian description of material coordinates

The reference coordinates of a particle in the body is noted as X and the deformed
coordinates is noted as x. The displacement vector is defined as the vector joining x
and X coordinates. The Lagrangian description of displacement vector is given as;
u(X,t) = u;e; (3.1)

where e are the orthonormal unit vectors which defines global coordinates system and
i is the index defining 1%, 2" and 3" orthonormal directions. This field when expressed
in terms of material coordinates becomes;

u(X,t) + b(t) = x(X,t) — X oruy; + ajb; = x; — a;X; (3.2
where b(t) is the rigid-body translation.

3.1.1.3 Deformation gradient tensor

Taking the partial derivatives of displacement with respect to material coordinates
gives displacement gradient tensor;

du;  0x; 3.3
qu:VXX—I:F—lora—Xll(:a—Xll(—Gik:Fik—Sik ( )

where F is the deformation gradient tensor, | is the 3x3 identity matrix and &;j is the

Kronecker-Delta function.

Deformation gradient tensor is a two-point tensor (also known as double vectors,
tensor like quantities used in continuum mechanics which defines transformation
between reference and current configuration), and is the partial derivative of current

coordinates with respect to reference coordinates.

(0x; 0xX, 0X3]
0X, 0X; 090X,
Fo 0x; 0x, 0X3 (3.4)
0X, 0dX, 0JX,
0x, 0x, O0x3
[0X; 0X5 0X3l




The most used deformation tensor is the right Cauchy-Green deformation tensor which
was defined in 1839 by George Green as;
C=FTF (3.5)

The right Cauchy-Green deformation tensor represents local change in distance due to
deformation squared and used when the current configuration is inspected with respect
to reference configuration. The invariants of this tensor are the variables of strain
energy density function.

[, =tr(C) = Cy = A2 + A3 + A3 (3.6)

1 2 1 :
L = 5 [(tr(©)° — tr(€?)] = 5 [Cf ~ CuCia] G0

= A203 + AZA% + A302
I; = det(C) = Cy; = AfA%A5 (3.8)
where A, A, and A5 are the principal stretch ratios of deformation.
Another approach, the left Cauchy-Green deformations tensor is defined as;
B = FFT (3.9)

and has the same invariants as right Cauchy-Green deformation tensors.

3.1.2 Hyperelasticity

Hyperelasticity is a term that defines time independent large deformation behaviour of
rubber-like materials and is a subset of finite strain theory. The stress strain relations
of hyperelastic materials are derived from strain energy density function [28] which
depends on different material models, and material itself and derived from the second

law of thermodynamics.

The second law of thermodynamics states that entropy, that is energy dissipated and
lost as heat during any process, of a system always increases which means, in
mechanical engineering terms, mechanical energy may be converted to heat by internal
or external conditions such as friction and can never be reverted back to mechanical
energy [28]. There are mathematical definitions for this law. However, Clausius-
Planck Inequality form is the most suitable in terms of this thesis’ scope and defined

as;
Djy=P:F—eé+01=>0 (3.10)
where Dint is the local production of entropy, P is the 1** Piola-Kirchoff Stress, ¢ is the

internal energy rate and © is the absolute temperature and 1 is the entropy rate. This



inequality physically means that entropy production, that is the internal mechanical
work rate (P:F) minus internal energy rate plus entropy rate, cannot be negative.
Introducing the strain density energy function { (also referred as Helmholtz free-
energy function in thermodynamics) as [28];
Y =e—0n (3.11)
And by taking time derivative and substituting into equation (3.10);
Dint =P:F—{y—m0 =0 (3.12)
Rewriting s and assuming perfectly elastic material (no local entropy production [27])
with constant temperature;
Diye = (P — alg—(:)> :F=0 (3.13)
As said above, the stress strain relations of hyperelastic materials are defined from a
strain energy density function, which is the stored energy per unit volume[28] and in
a general way can be defined as;

Y = f(ly, I, I5) (3.14)
and the 1% Piola-Kirchoff stress, stress stating the relation between forces in current
configuration and geometry in reference configuration, from equation (3.13) is defined
as;

_ oy (3.15)
p= oF

and 1% Piola-Kirchoff stress can be transformed to Cauchy Stress tensor, true stress
that is the relation between the forces on current configuration and geometry in current

configuration, and for an incompressible isotropic material can be defined as;

1 2 0y (3.16)
— _PpET = Zg L gT
c = ] PF ] F 3C F
oy oy (3.17)
][(611 161 )B OIZBB+I30131]
where J is Jacobian of F and basically the volume ratio and can be defined as;
] = det (F) (3.18)

If a material is assumed to be incompressible the volume must remain the same which
means;

J=1->302=1 (3.19)
Multiplication of three principal stretches equals one means that only two of them are

independent variables. For this situation, strain energy density function takes the form;

10



1
b= UL (O, 1,©)] - b0 = 1) 520

where p is a pressure like Lagrangian Multiplier and p(J-1) term does not contribute to

Y since it cancels out.

This change in the form of the strain energy density function yields the following forms

as definitions of stress tensors for isotropic incompressible hyperelastic materials;

P=—pF T+ g_ij (3.21)
c=-pl+F (g—if) T (3.22)
6=—pl+22—i3—2%32 (3.23)
They can also be written in terms of principal stretches;
1 0 .
Ryt (3:24)
o, A0+ }“Z_X (3.25)

As can be seen clearly from the definition of Cauchy stress tensor, the strain energy
density function plays the main part for the calculation of stresses. However, there is
no one universal strain energy density function to simplify this equation. This function
is different for every hyperelastic material model that describes the behaviour with
different assumptions and works better in different conditions (smaller stretch ratios,

loading condition, etc).

3.1.2.1 Neo-Hookean solid

This material model is a non-linear version of Hooke’s law to consider largely
deformed materials’ stress-strain relations [29] and was proposed by Ronald Rivlin in
1948. For this material model, the strain energy density function for an isotropic
incompressible hyperelastic material is defined as;

b =C (I, -3) (3.26)
where |1 is the first invariant of Left Cauchy Green deformation tensor, C; is the
material constant. These material constants can be defined with respect to linear
elasticity terms as;

C, = ; (3.27)

11



where p is the shear modulus.
Substituting equation (3.26) into equation (3.23), Cauchy stress tensor for an
incompressible material (J=1) becomes;

6 = —pl + 2C,B (3.28)
Cauchy stress differences are given with respect to principal stretches, and can be
calculated as;

o o 3.29
0-11_0-33:}\1.6_}\1_}\3.6_}\3, ( )

oY oy

022 — 033 = 7\22-@ - 33-W33

and strain energy density function can be rewritten in terms of principal stretches as;

Y=CA2+2A3+23—3)and] = det(F) = M 03 =1 (3.30)
therefore;
oy oy oy (3.31)
— =2 — =2 — =2
and substituting equation (3.31) into (3.29), stress differences becomes;
011 — 033 = 2C; (A —23) 022 — 033 = 2C; (A3 — 2A3) (3.32)
For uniaxial extension, the principal stretches are;
1 (3.33)
)\1 = )\, )\2 = )\3 = X
substituting equation (3.33) to (3.29), stress differences becomes;
1
011 — 033 = 2(4 (7\2 - X)' 02 — 033 =0 (3.34)
for small deformations € << I;
E (3.35)

011 = 6C e = 3ue = 3m8

where v is the Poisson’s ratio and it is 0.5 for hyperelastic materials (this value is
mathematically impossible for linear elastic materials). From this equation it is clear
that, for small strains Neo-Hookean model gives Hooke’s Law and this proves that it

is a broadened version of Hooke’s Law for large deformations.
For equibiaxial extension;

1 (3.36)
e
and for stress differences, when the same substitutions are made, they become

}\1=}\2 =)\, }\3

12



1 3.37
017 — 022 =0, 017 — 033 = 204 (7\2 - }\_4) ( )
and under plane stress conditions;
1 (3.38)
011 = 2C1 (AZ - )\_4)
For simple shear;
1 v O (3.39)
F=10 1 0
0 0 1
1+y> vy O (3.40)
B=FF'=| y 1 0
0 0 1
where vy is the shear angle on the xy plane, thus Cauchy stress becomes;
—p+2C,(1+vy?)  2Cy 0 (3.41)
0 0 —p + 2C,

3.1.2.2 Mooney-Rivlin solid

Mooney-Rivlin Model is a hyperelastic model in which strain energy density function
is a polynomial of two invariants of left Cauchy-Green deformation tensor B [30]. It
is a special case of generalized Rivlin model (also known as polynomial hyperelastic
model [31]) and has the form;

N M (3.42)
W= Cpq =3P =T+ ) D= D
p.q=0 m=1
L=)7L,  L=J50 (349)

Coo and Cpq are the distortional material constants, D are the volumetric material
constants. N=M=1 gives the special form of isotropic incompressible Mooney-Rivlin

material model;

Y = Cor(I; —=3) + Cypo(I; — 3) (3.44)
For consistency with linear elasticity;
1
Co1 +Cio = 5 (345)

For an incompressible Mooney-Rivlin solid, Cauchy stress becomes;

For uniaxial extension, the principal stretches are;

13



(3.47)

1
A=A, A =A3= |-
1 2 3 A
1 1 (3.48)
011 — 033 = 2C¢1 (7\2 - ﬁ) — 2Cq (7\2 - )\_2)
In case of simple extension;
0y, =033 =0 (3.49)
1 1 3.50
011 == 2C01 ()\2 - }\_2) - cho ()LZ - ﬁ) ( )
For equibiaxial extension;
1 1 3.51
011 — 033 = Oz — 033 = 2Co; (7\2 - F) RAST (7\2 - )\_4> (3:31)

For simple shear using equation (3.40) and equation (3.46);
011 = —p + 2{[Co1 + (1 +¥?) C1][1 +Y?] = C4o[(1 +¥?)? (3.52)

+v°1}
022 = —p + 2{[Co1 + (1 +¥?) C1o] — C1o(1 +V¥?)} (3.53)
033 = —p + 2{Cy1 + ¥ Cyo} (3.54)

012 = 021 = 2{[Co1 + (1 +¥?) Cy0]y — Cyo[y(1 +v?) + ]} (3.55)

3.1.2.3 Yeoh solid

Yeoh material model is another special case of generalized Mooney-Rivlin model with
M=3, N=0, and a phenomenological model works best for nearly incompressible

materials (that is why N=0).

W=C( —3)+C(I; —3)2+ C3(1;, — 3)3 (3.56)
For an incompressible Yeoh solid, Cauchy stress becomes;
6 = —pl + 2[(C;]; + 2C,1,(1; — 3) + 3C;31;(1; — 3)2)]B (3.57)
o = —pl+2[(C; — 6C, + 18C3)]; + (2C, — 9C)12 (3.58)
+ 3C;I3]B
For consistency with linear elasticity;
w=2C, +4C,(I; —3) + 6C5(I; — 3)2 (3.59)
For uniaxial extension;
I =22 +% (3.60)

In case of simple extension;

14



2 0P (3.61)

O, =0 +-=—=0
22 33 p Aal;
therefore;
_20% (3.62)
P =30,
oy 1\ oy (3.63)
_ 2% _ 2 _ )~
011 =P+ 2N 5 =2 (A A) a1,
For equibiaxial extension;
1 3.64
Il = 2)\2 + )\_2 ( )
2 0y (3.65)
033 p+ 2oL, =0
which gives;
_2ov (3.66)
P =551,
therefore;
o 1\ oy (3.67)
_ r _ 2% _ 2 _ I *
011 =0y = —p + 2A oL, 2 (A 7\4> oL,
For simple shear, using equation (3.40) and (3.58);
011 = —p + 2{[C; — 6C, + 18C3](1 + y?)? + [2C, (3.68)
—9C5](1 +v*)® +3C5(1 +vy*)*}
032 = 033 = —Pp (3.69)

+ 2{[C; — 6C, + 18C3](1 + y?) + [2C,
—9C3](1 +v?)? + 3C3(1 +v*)*}
012 = 0y = 2{[C; — 6C, + 18C3](1 + v?) + [2C, (3.70)
—9C3](1 +v*)? +3C;(1 + v}y

3.1.2.4 Gent solid

Gent hyperelastic material model assumes limited extension of elastomer chains. In
Gent model when the limiting value I reaches to first invariant of left Cauchy-Green
deformation tensor, strain energy density function becomes indefinite (since In(0) is

mathematically indefinite). This can be seen on;

Y= _H]Tmln(l_ll_3> (3.71)

Jm

where

15



Joo = Iy — 3 (3.72)

for incompressible Gent solid, Cauchy stress becomes;

Wm (3.73)
=—pl+——B
M P
For uniaxial extension;
04 = — +)\2¢ Goo = Gan = —D + Wm (3.74)
S P R X )
In case of simple extension;
Gyy = 033 =0 (3.75)
which gives;
D= Wm (3.76)
AJm =11 +3)
therefore;
1 Wm (3.77)
= 2 —_———
C (}‘ A)]m—ll +3
For equibiaxial extension;
1
[, =2)2% — w (3.78)
Wm (3.79)
= — = O
053 = P -+ 3)
_ Wm (3.80)
PN -L+3)
1 uJ 3.81
011:022:()‘2_?>] L3 oo
For simple shear, using equation (3.40) and (3.73);
_ Wm 2 (3.82)
O11 = p+—]m—2—y2(1+y )
Wm 3.83
022=033=_p+m ( )
m
61y = 0y = —HmY__ (3.84)
12 21 Jom— 2 — 2

3.2 Reinforced Hyperelastic Materials

3.2.1 Transversely isotropic materials

Transversely isotropic materials consist of a matrix of main material and a family (or

families) of fibres oriented in a specific direction. The term transversely isotropic

16



means that the strength of material under load is not the same in every direction and it
is related directly to the orientations of fibre families. The strength of fibres
(orientation, material properties, etc.) affects the overall strength differently in every
direction, and evidently, the resulting deformation. This change can be seen in Fig. 2
where a, is initial fibre orientation, a is the deformed fibre orientation, A is the stretch

of fibre and F is the deformation gradient tensor.

s

Figure 3.2 : The change in fibre orientation with deformation.

For this deformation;

lag| = a] =1 (3.85)
Aa(x,t) = F(X, Dag(X) (3.86)
A2 = ayFTFa, (3.87)

A% = ayCaq (3.88)

The stretch of fibres also contributes to the stored energy, therefore, strain energy
density function. s should be defined as an objective and frame indifferent function
fibre structures [32].

¥ =f(Cap ® ay) (3.89)

3.2.2 Hyperleastic materials with 2 families of reinforcements

Adding fibre families results the definition of new pseudo invariants[32] over basic

three invariants;

I, = A% = a,yCa, (3.90)
Is = agC%a, (3.91)
Is = 80Cgo (3.92)
I, = goCgo (3.93)
Ig = aoCgo (3.94)
Iy = (a080)” (3.95)

where go is the initial direction of fibre family 2 and

17



l4 is stretch of fibre family 1,

Is is fibre family 1 — matrix interaction,

I is the stretch of fibre family 2,

I7 is fibre family 2 — matrix interaction,

Ig is cross interaction between fibre families,

lo is not related to deformation, it is just a measure of invariants [32].

For an isotropic incompressible fibre reinforced hyperelastic material (with one fibre

family), the strain energy density function and Cauchy stress becomes;

3.96
W= 053 L5 1s) — 5 pCls — 1) (3.96)

0 .
=—pl+2[£B—ZaiB2+l4a—i(a®a) (3.97)

+152—i(aB®a+a®Ba)

As it can be seen, strain energy density function and Cauchy stress are the broadened
versions of isotropic equation. If we add inextensibility of fibre, meaning A=1, (3.96)
and (3.97) becomes;

Y=y 11s) - —p(l3 -1) - —q(]4 —1) (3.98)
= e W, 9 (3.99)
0'——pl+26—IlB 2612B2+§(a®a)

+15615(aB®a+a®Ba)]

where ¢ is the stress found for constrained fibre extensions.
With two different fibre families, for incompressible hyperelastic materials, the

relations become;

1 3.100

Y=Yy 1155165 175 1g) — Ep(13 - 1) ( )

B P o, oy (3.101)
o= pl+2611B 2612B +I4614(a a)

oy
+15615(aB®a+a®Ba)+I6al6(g®g)

oy 1
+I7al7(gB®g+g®Bg)+zls (a g)(a

®g+g®a]

And for inextensible two families of fibre (I, = I = 1);
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1 1 102
Y= lIJ(IlJ I; Is; 17) - Ep(l3 -1 - EQ1(I4 -1) (3.102)

1
_qu(lﬁ -1)

B oy ey, 1 1
6 =—-pl+2 a—llB—Za—IzB —E%(a@a)—z%(g@g)

(3.103)

+152—;t(aB®a+a®Ba)

G,
+I7a—;l:(gB®g+g®Bg)

In case of two family of fibres, if the fibres are orthogonal to each other, then 19=0.
However, different materials may result in orthogonal material behaviour even tough
fibres are not orthogonal. Also, the symmetry of fibres families results in same stress
for inextensible fibres (q:=02).

3.3 Electromagnetism and Maxwell Stress

3.3.1 Electromagnetic theory

Electromagnetism studies the physics of electromagnetic particles and their interaction
between them. The force between charged particles, known as electromagnetic force,
Is a vector field, which is a combination of electricity and magnetism. It is one of the
four fundamental forces that explains the nature of the universe together with the weak
force, strong force and gravitation. At first, electricity and magnetism thought to be
separate concepts, however in 1873 A Treatise on Electricity and Magnetism by James
Clerk Maxwell postulated that they are combined and works in tandem.

In electricity, particles with opposite charges attract and particles with same charges
repel each other. The influence of a charged particle to its surrounding charged

particles can be quantified and described as;

F=¢gE (3.104)

where ¥ is force, g is the charge of the particle and E is the electric field.

Magnetism differs from electricity on some working principles. Charged particles are
monopoles but magnetic particles are dipoles (north and south) meaning the interaction

happens between two poles of a particles and/or opposite poles of different particles.

19



The magnetic field is a field from the north pole to the south pole. Similar to electricity,
opposite poles attract, and same poles repel.

A change in electric field can create magnetic field and vice versa. An electric charge
moving in a electro-magnetic field has a force exerted on it and it is defined as Lorentz

force;
F=q(E+vxB) (3.105)

where v is the velocity vector of particle and B is the magnetic field. Electric and

magnetic field are orthogonal vectors.
Maxwell’s theory of electromagnetism consists of 4 fundamental laws,

1. Gauss’s Law states that a charged particle creates an electric field around it.

o= [ oo
Y

VE=LX (3.207)
€

where dA is the infinitesimal area, €, is the electric permittivity, p is charge density
and dV is the infinitesimal volume.
2. Gauss’s Law for magnetism states that divergence of magnetic field is zero, meaning

magnetic field is a solenoidal vector i.e. magnetic monopoles does not exist.

# BdA = 0 (3.108)
VB=0 (3.109)
3. Faraday’s Law states that a change in electric field creates magnetic field.
0B :
%Edl = j—dA (3.110)
ot
0B
vxE = - 28 (3.111)
ot
4. Ampere-Maxwell Law states that electric currents and electric field change create
magnetic field.
d 112

0E 3.113
VxB = o (Je + 0 5- (3.113)

where Jc is current density and pg is magnetic constant.
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3.3.2 Maxwell Stress

Maxwell stress is the stress on a dielectric material created by an electromagnetic field

exerted on it. The tensor is derived from the fundamental laws of electromagnetism.

If equation (3.84) is rewritten as a per volume version;
f =pE +].xB
Substituting p using equation (3.107) and J using equation (3.113);

1 0E
f=¢,(V.EE+—(VXB)xB—¢,— xB
Ho ot
rewriting time derivative of E;
1 0
f=¢y(V.E)E+—(VXB)xB—¢y=—(ExB)
Ho ot

—g Ex(VXE)

rearranging;

f=¢,[(V.E)E-Ex(VxE)] +ul[(VXB)XB]
0

d
—soa([ExB)

to reassure symmetry for E and B, adding Gauss’s Law for magnetism;

f=¢)[(V.E)E-Ex(VXE)] +5[(V.B)B—BX(VXB)]
0

9]
—g—(ExB
Oat( xB)
using vector identities from tensor calculus;

Ex (VxE) = %V(IEZ) — (E.V)E

Bx(VXE) = %V(BZ) - (B.V)B
substituting equation (3.119) and (3.120) into (3.118);
f=¢,[(V.E)E + (E.V)E] +ui[(v. B)B + (B.V)B]
0

1

1
Ly (egp - L)
2 Ho

0

_Soa(]EXB)

introducing the Maxwell stress tensor [33];

1.1 1 1.
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omitting magnetism related part of equation (3.122) and rewriting to avoid confusion
with standard continuum mechanics notation;

1
Omax = &o [d Rd-— Eldz (3123)

where d is the electric field vector at the current configuration and D is the electric
field vector at the initial configuration and have the relation d=FD.
Adding Maxwell stress tensor to Cauchy stress tensor for an incompressible isotropic

hyperelastic material under an electric field gives the true stress as;

B oy o, 1 ., (3.124)
¢ = pl+2[allB ZBIZB ]+s[d®d >1d
In case of incompressible hyperelastic material reinforced with two fibre families;
B oy o, oy (3.125)
o= pl+2[allB 2612B ]+I4al4(a®a)
0 9]
+I4—¢(aB ®a+a® Ba) +16—¢(g®g)
0[5 al6
9]
+Is%(gB®g+g®Bg)
7

1
+¢€ d(X)d—zld2

3.4 Finite Element Method

The Finite Element Method (FEM) is a numerical method developed to solve -mostly-
engineering problems. FEM is used in a variety of engineering areas such as structural
analysis, heat transfer, fluid dynamics and electromagnetic potential. The partial
differential equations that explains these phenomena are analytically solvable for
simple problems, however for complicated geometries and coupled problems, using a

numerical method such as FEM is more optimal.

The main principle of FEM formulation is to divide the problem into smaller and
simpler subs (elements) and combine the response of these subs as a system of
algebraic equations using variational calculus to approximate the solution. It can be
thought as an analogy of taking the integral to find the area under a curve with sum of
infinitesimally narrow rectangular areas yet with finitely small elements. The
approximation error approaches to zero when element number goes to infinity.

However, since in engineering, the time consumed to solve a problem is also a
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limitation, to find a finite number fitting to the specific problem is wise hence the name
Finite Element Method.

3.4.1 Shape function concept

Elements in FEM have basic and simple geometric shapes as line, triangle,
quadrilateral, tetrahedron, hexahedron, etc. The combination of one or more type of
these shapes approximate the problem geometry. The formulation of these shapes is

defined as shape functions.

o »
X
— —’
U; Xy U; X,

Figure 3.3 : FE representation of a 1D bar element.

Figure 3.3 shows a bar element that can only carry load in x direction, has a length of
L, coordinates of left and right points (nodes 1 and 2 in FEM) are x; and x. and the
displacements are u: and up, respectively. Let us assume the relation between the
coordinate and displacement of any given point on the element is linear and can be

described as;

u= a1 + azx (3126)
where a; and a, are coefficients to be found. Writing the equation in matrix form;
_ a (3.127)
u=1[1 x| [az]
If the equations for node 1 and 2 are written as a system of linear equations;
] [1 X1] (3.128)
1 x,
[al] _ 1 [XZ —X1 [ul] (3.129)
al x,—x -1 1

Substituting equation (3.128) into (3.126);

=[1 x]

1 [XZ —Xq [ul] (3.130)
XZ - X1 _1 1
Rearranging;

X % [ul] (3.131)

23



u= %[Xz —X X—Xq] [Ei] (3.132)
u= [Xz —X X— Xz] [3;] (3.133)

equation (3.132) defines the linear approximation of displacement of any given point

on element. Rewriting this equation in generic form;

i 13

X1 —X X—X
N=[N; N =[> — (3.135)

where N1 and N are the shape functions of linear bar element.

3.4.2 Weak form and strong form

The differential equation for displacement in a linear elastic bar under axial load is;

d (3.136)
dx

where A is cross sectional area of bar, E is Young Modulus and f is axial load. This

du
(AE )+f=00n0<x<l
dx

equation is called strong form of the problem. The integration of differential equation
multiplied by the weight function, which is and arbitrary function, over the length and

evanishing;
I rd (3.137)
f [ (AE )+f]dx-0andw(l)—0
dx
where w(x) is the weight function. If equation (3.136) is rearranged;
Ird du ! (3.138)
j w[— (AE —)] dx + j wfdx = 0andw(l) =0
o Ldx dx 0
du dw _du ! (3.139)
(wAE ) —f —AE—dx + J wfdx = 0 and w(l) = 0
dx dx dx
To simplify equation (3.138);
du (3.140)
FeiallCY)
o(x) = Ee(x) (3.141)
o(0) = —t (3.142)

where t is traction (force per unit area).
Substituting equation (3.140) and (3.141) into (3.138);
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ldw du ! (3.143)
(WA0) =1 — (WAt) 4o — f —AE—dx + f wfdx
o dx dx 0
=0andw(l) =0
It was assumed already that w(l)=0, therefore equation (3.142) becomes;
ldw (3.144)

du
| AEd—dx + (WAb) - f wfdx = 0andw(l) =0

Equation (3.121) is called the weak form of the problem. The first term of this equation

IS can be rewritten as energy operator and defined in matrix form as;

1 3.145
f UTAEUdx ( )
0

3.4.3 Derivation of element stiffness matrix

Stiffness matrices are, as the name suggests, the mathematical formulation of
mechanical properties for FEM. For a static problem, system of linear equations to be
solved is given by [34];

Ku =F (3.146)
where K is global stiffness matrix, u is displacement vector and F is applied force
vector. Global stiffness matrix is the assembly of individual element stiffness matrices
and combined with respect to element location and relations with neighbouring
elements. Element stiffness matrix found by using energy operator as described below,

for the previous example of bar element;

d dN dN 1 (3.147)
B=—N=[ 1 _92]=__1 1
¢ dx dx dx Le[ ]
where Be is element strain matrix and Ke element stiffness matrix is;
"4 (3.148)
K, = fo zls ]AE[—1 1]dx
Rearranging equation (3.147);
1 3.149
-z 1 [ s 5149
_ 1 -1 (3.150)
Ke_L—%[_l 1]AELe
E[ 1 —1] (3.151)
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3.4.4 Derivation of stiffness matrix for a 1D incompressible Neo-Hookean bar

element

Wriggers states the weak form for a hyperelastic bar element as [35];
3.152
.f SEszAdX - f bexAdX - z WXkPk =0 ( )
X X K
where 8Ey is the variation of Green Strain Tensor, S is 2" Piola-Kirchoff Stress
Tensor, A is cross sectional area, wy is the x component of weight function, by is body

forces and Py is nodal forces. Writing this equation with the symbols used before and

for 1D;
L u\ ow L (3.153)
f (1 + —)—SXAdX — f wfAdX — z wiPy =0
0 ox/ 0x 0 -

Wriggers also gives the definition for the element stiffness matrix for 3D hyperelastic
bar element as [35];

KT = A+ A, —(A; +Ay) (3.154)
¢ l-(A1+A) A +A,

and Az and A; are defined as;

2
HA (1 + ue,x) (1 FT- ue,x)ve,x (1 + ue,x)we,x (3'155)
A, = L_e (1 _ ue,x)Ve,X Véy Ue xWe x
(1 + ey )Wex Ug xWe x Way
s.All 00 (3.156)
A, = 3 01 0
el 0 1

where H is tangent modulus and has the form H=C\ for the Neo-Hookean material
[35]. Again, for 1D;

HA 2 3.157
A1 = L_(l + ue‘X) ( )
e

Sy A
A, = X (3.158)

Le

Taking the derivative of equation (3.132);

_WTW (3.159)

ue,x - L

Since the problem is in 1D, deformation gradient tensor becomes a zero-degree tensor
(scalar) and

F=2A (3.160)
and from equation (3.25) and (3.30);
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011 = 2C1)\2 (3161)
and the transformation from Cauchy Stress to 2" Piola-Kirchoff Stress;
S=]JF 1oF T (3.162)

3.163
Si1 = ?\_2611 =2, ( )

The stiffness matrix of 1D hyperelastic incompressible bar element becomes;

_ Cl}\A U, — Uuq 2 2C1A 1 -1 (3164)
Ke_[Le (H Le )+ Le [—1 1]
Finally, simplifying equation (3.164);
CiAr1 -1 (3.165)
— 3
Ke= 2+ [_1 1]

For a linear elastic element, stiffness matrix is only dependent on material properties
and element dimensions (see equation (3.151)). However, in case of finite strain,
element stiffness matrix is a function of A, which means element stiffness matrix

depends on and changes with deformation for hyperelastic materials.
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4, MATHEMATICAL MODEL FOR A CYLINDRICAL DEA UNDER
INNER PRESSURE, AXIAL FORCE AND ELECTRIC LOAD

In this chapter, a mathematical model for an incompressible, reinforced with two
inextensible fibre family cylindrical hollow DEA under inner pressure, axial tension
and electrical load is generated. The DEA has the length L, thickness H and the mid
surface radius of R, and is under axial load created by inner pressure and electric field

exerted from the electrodes on the inner and outer surfaces (Fig. 4.1).

. N

Figure 4.1 : Deformation of tubular DEA.

The geometry can be described in the initial configuration as;

A<R<B, 0<0<2m, 0<Z<L 4.2)
where A is inner radius, B is outer radius, L is the length and R, ®,Z are the initial
coordinates. The deformation kinematics can be described as;

as<r<b, 0<6<2m, 0<z<lI 4.2)

r = f(R), 0 =0, z=AZ (4.3)
where small letter notations are deformed counterparts of initial configuration and A,
is the axial stretch.

From incompressibility condition f(R), can be found as;
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oAb (4.4)
r= ( T+ a2>

To find the solution, the polar decomposition of deformation gradient is considered

since it will give a more general form for deformation gradient. For the right stretch
tensor and rigid rotation tensor, instead of tube, a rectangular film of DEA is stretched,
rotated to align with initial configuration coaxially and rolled up to a cylinder as seen
in Fig. 4.2.

Figure 4.2 : Stretch-Rotation-Roll up for kinematic analysis.

Let us say the black family of fibres in Fig. 4.3 has the orientation vector of N1 and
has the angle with horizontal axis o1, and orange family of fibres has the orientation
vector N2 and has the angle with horizontal axis a2. As principal axis of deformation,
vector Nt (has the equal angle between black and orange family) and vector Mg

(orthogonal to Ny) are defined.

Figure 4.3 : Orientation vector of fibre families and deformation.

ay = cosa, eq + sina; ey, 8o = cosa,eq + sina,e; (4.5)

N¢ = cosaeq + sinae,, M = —sinae; + cosae, (4.6)
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where a = (a; + ) /2.
The right stretch tensor is stated by He and Lau [38] as;
4.7)

U:}\le®Mf+}\2Nf®Nf+ L®L

MA;
where A, and A, are the principal stretches and L is the unit vector es.
The principal stretches can be calculated with respect to y (the angle between fibre

families after deformation) and y, = a, — o; from geometry as;

T E) @
T e

The rotation angle [ to rotate the stretched form to orient with undeformed form can

be found from;

Ue; = (A;sin?(a) + Aycos?(a))eq + (A, — A;)cosa sinae, (4.9)
g = arctan( (A, — A)cosa sina ) (4.10)
A;sin?(a) + A,cos?(a)
and R rotation tensor is;
R=m;@QM;+n;@N;+1XL (4.11)
where;
n¢ = cos (a+ f3)ey + sin (a + B)ey, (4.12)

m; = —sin (a + $)eq + cos (a + B)e,
The deformation gradient tensor F is;

1 (4.13)
F:RU:)lef®Mf+)L2nf®Nf+ 1®L
Mg
And it can be written in cylindrical coordinates as;
~ — < . 4.14
F=RU=)\1an®Mf+7\2in®Nf+)\ll®L (4.14)
112

where tilde forms of vectors are same as originals with unit vectors of
€p, €p, €7, €., egand e,
Therefore, the deformation gradient tensor F becomes;

— 1 —
. . (4.15)
A,

F=10

Assinasin(a + B)  —A;cosasin(a + B)
+A,cosa cos (e + )  Aysina cos (a + B)
—A;sinacos(a+ )  Aycosacos(a + )

Aycosasin(a+ )  +A sinasin(a+ )

0

and it can be deduced that;

31



A, = Aycosacos(a + B) + Aysina sin(a + B) (4.16)
Ag = % = A;sinasin(a + B) + A cosa cos (a + B) (4.17)

From deformation gradient, Left Cauchy-Green deformation tensor can be calculated,;

B = FFT (4.18)
= 0 0
AT
B A% sin?(a + B) sin(a + B)cos (a + B)
B +23 cos?(a + B) (A3 — 2%
sin(a + B)cos (a + B) A% cos?(a+ B)
(A3 — 2% +2% sin?(a + B)
For this study, fibres are symmetrical in axial direction, therefore;
o = E, B=0 (4.19)
2
1
[ 0 0] (4.20)
_ M2,
F=
l o 2 O]
Lo o 2l
1
Lo o0 (4.22)
AA
B=FF'=|"1"
0 22 0
0 0 A2
Ao = % =My, A, =2, (4.22)

_ Fao _ Fao _ 1 . ﬁ ﬁ (423)
a= norm(Fa,) JI B VI [Al > ( 2 ) + Azc08 (2 )]

For the Neo-Hookean material, the strain energy density function with two fibre
families is given as [37];

— 2 _ 2
=00 -3)+ El(l44 D7, E2(164 D (4.24)

where E; is material modulus describing degree of anisotropy for fibres [37] and
— 1 —12ain2 (YO 2 2 (Yo) _ (4.25)
I, =1 = A7 sin (2)+)\2cos (2) =g
combining equation (4.1), (4.16), (4.18) and (4.20), and substituting into (3.125);

1
+E1(I,—1)(g®g) + s[d ®d —Eldz]

where d is the electrical field vector after deformation, and is calculated as shown in
the equation (4.27).
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d=F1ID=|o

0

dr] (4.27)

where d; is the electrical field in the radial direction (through the thickness of the

cylinder) and is defined as;

O, (4.28)
" H

where ¢ is potential difference. In equation (4.25), there is only one term for fibres
and the reason why is that the fibres families are made from same material, and thus
invariants and metric tensors of orientation vectors at current configuration are equal

due to symmetry.

From equation (4.21) and (4.24), and substituting current orientation vector of fibres

as a function of N, M and y, the components of Cauchy Stress tensor become;

1 eg/d\° (4.29)
O = —p+2C; 5= Y + 2( ) A3

2
£ (4.30)
Geo = —p + 2C;A2 + E¢(I; — 1)A% sin (YZ") E(g) A2)2
2
£ (4.31)
= —p + 2C;22 + E¢(If — 122 cos (YZO) - E(g) AZAZ
Goy = Oyp = 0 (4.32)

where Ef= E1 = E2. The inner pressure and axial force can be calculated without the

lagrangian multiplier for incompressibility p as [39];

4.33
P = f (0-99 - Urr)_ ( )

(4.34)
N = T[J (20,, — 099 — Oy )Tdr
a

These equations have two independent unknown variables A, and a. However, the
results of above integrals are non-linear equations, therefore, a straightforward
solution is not possible. This is why a numerical solution is generated by using
equation (4.33) and (4.34) for two variables with the material parameters shown in
Table 4.1 and 4.2. Figure 4.4 shows the fibre angle and some calculated values can be
seen in Figure 4.5 through 4.9 for 0.025 MPa of inner pressure and 24 N of axial force
for different fibre angles.
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Inner Radius a [mm]

Table 4.1 : Neo-Hookean material constants for analytical solution.

10.0
9.8
9.6
94
9.2
9.0
8.8
8.6
84

C1[MPa] D1
0.2587 0.001583

Table 4.2 : Fibre properties for analytical solution.

Diameter [mm] | Fibre Number | Young Modulus [Mpa]

0.158 72 200

Figure 4.4 : Fibre orientations.

Inner Radius vs Actuation Voltage,
P=0.02 MPa, N=24 N
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Figure 4.5 : Effect of actuation voltage on inner radius of the cylinder.



Axial Stretch vs Actuation Voltage,
P=0.02 MPa, N=24 N

1.45
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& 1.25
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1.05 —8—80 deg
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Figure 4.6 : Effect of actuation voltage on axial stretch.
First Invariant vs Actuation Voltage,
P=0.02 MPa, N=24 N
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Figure 4.7 : Effect of actuation voltage on the first invariant of Left Cauchy-Green
Deformation tensor.

Except inner radius, all the graphs shows similar behaviour, which an increase (or
decrease for the stretch of fibres) as the fibres angles approaches 90 degrees i.e. parallel
with axial direction. Only for the inner radius the model with 40 degrees fibre angle
disprupts the pattern. The reason for this difference is that 40 degrees is very close to
to 54°44° which is the fibre angle for axial expansion without radial expansion for

cylindrical reinforced elastomers [16].
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Second Invariant vs Actuation Voltage,
P=0.02 MPa, N=24 N
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Figure 4.8 : Effect of actuation voltage on the second invariant of Left Cauchy-
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Green Deformation tensor.

Fourth Invariant vs Actuation Voltage,
P=0.02 MPa, N=24 N
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Figure 4.9 : Effect of actuation voltage on the fourt invariant (strecth of fibres).
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5. CYLINDRICAL DEA MODEL

As stated in the Chapter 2, cylindrical DEAs are the most common designs for artificial
muscle studies. The design studied in this chapter is a variation of the design suggested
by Goulbourne and Rahn and Liu [15-16] with pre-stretching applied hydraulically

instead of pneumatically.

The cylinder is reinforced with a web of fibres consisting two sets that makes positive
and negative angle with axial direction, which in the end generates a double helix
shape having the same axial direction as cylinder. Two sets are symmetric with respect

to axial direction to cancel out shear effects.

The additional incompressibility of the fluid is expected to be beneficial for increasing
the load bearing proportion of fibres without drastically constraining high strain
property of elastomer, since the pressure will help to restrain the decrease in the radial
direction and causing more strain in the axial direction. Moreover, the fibres will
change their orientation without deforming massively (nearly inextensible), which will
conceivably result in higher force and work output. The related study that found
hydrostatic pressure decreases the necessary potential difference levels was explained
in Chapter 2 [22].

Studies shows that electrostriction, that is the pre-stretch of elastomer before electrical
load, improves the stability and the performance [23]. For this design, a FE Model is
generated in ABAQUS and the model is pre-stretched first with an inflation step in
which the tube is inflated with a hydraulic pressure, and tensioned axially in tension
step. Finally, the electrical load is applied in the radial direction through the thickness
of the tube causing a decrease in the thickness and increase in length. The work output

considered is the deformational work by electrical load.

A design of experiment (DOE) is constructed with different initial rebar orientations,
different rebar numbers, that is the fibre string number along the tangential direction,
and different magnitude of inner pressure. The results are extracted in order to see the

effects these parameters have on work output and as well as final fibre orientations,
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the fibres force ratio to axial force, the effect of total pre-stretch, etc. in search of a

better understanding of the mechanism.

5.1 FE Model

5.1.1 Geometry and boundary conditions

The model consists of VHB 4910 [29] elastomer tube with an outer diameter of 10.5
mm, an inner diameter of 9.5 mm and a length of 50 mm. The tube is closed on two
ends with hollow domes of HDPE (High Density PolyEthylene) to enclose the inner
volume for fluid. However, deformation of these domes is neglected since they are not

the major concerns. The tube and end domes are modelled with 3D elements.

Fibres are modelled as a rebar layer inside a shell cylinder with a dummy material
(only accommaodate rebar layers and not to affect overall strength) and arranged as two
fibres families (one positive and one negative) at every 5 degrees along the tangential

direction. Shell cylinder has a diameter of 10 mm and a length of 50 mm.

Since the model has radial symmetry, to reduce the computational cost, only 30°
portion is modelled and meshed. One twelfth part is then multiplied by the cyclic
symmetry function of ABAQUS. Since a great number of jobs will be run, cyclic

symmetry will grant a tremendous shortening on run times.

Figure 5.1 : One twelfth Model of Elastomer and HDPE Domes.

Figure 5.2 : One twelfth Model of Rebar Layer.
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Figure 5.3 : Full Model of Elastomer and HDPE Domes.

Figure 5.4 : Full Model of Rebar Layer and fibre orientations.

The fibres are modelled, as mentioned before, as a rebar layer on a dummy shell
matrix. When this function is used, ABAQUS creates a layer on the section that it is
created on with equivalent thickness, using its cross-sectional area and the distance

between fibres with the anisotropy caused by the orientation [36].

n

s
y
F

Figure 5.5 : Rebar Layer oriented with angle o with respect to 1 direction of shell
element.
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The relation between fibres and elastomer matrix are set by embedded geometry
constraint in ABAQUS by eliminating translational nodal displacement of rebar layer
elements, and setting up a geometric relation with solid elements nodal displacements
[36].

Elastomer cylinder is constrained with springs on both ends and other ends of springs
are fixed in all directions. Springs are used for displacement and force reading by using
a high stiffness spring (1000 N/mm) for reading reaction forces and low stiffness
spring (1 N/mm) for reading displacements. Work created by activation is calculated

by the change of the elastic energy of the springs.

The hydraulic pressure is applied with the fluid cavity property of ABAQUS.
ABAQUS automatically creates hydrostatic elements to fill the defined enclosed
volume (cavity) and from a defined reference point a mass flux flows into or from this

cavity to ensure constant pressure throughout whole procedure.

5.1.2 Material properties

Although ABAQUS has dielectricity properties, it does not have the electromechanical
coupling embedded in its code. However, ABAQUS allows to analyse different
material behaviours using User Material (UMAT) subroutines. For this model, an
UMAT is written combining Neo-Hookean hyperelastic material strain-stress relations
with Maxwell stress produced by applied electrical field. Subroutine takes material
constants, electric permittivity constants and the potential difference of electric field
as inputs. Then, for the elements with a node on which a temperature field is defined
(almost tricking ABAQUS to use temperature as electric field), UMAT calculates
Cauchy stress tensor from the strain energy density function with given constants,
Maxwell stress using deformation gradient exported from ABAQUS and temperature
value for electric field, sums up and returns total stress for each element. ABAQUS

then uses stress from UMAT and updates the model for each increment.
For Neo-Hookean hyperelastic material constants, values given in Table 5.1 are used.
Table 5.1 : Neo-Hooke material constants for cylindrical DEA.

C:1[MPa] D:
0.2587 0.001583
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Table 5.2 shows the material properties for fibres. Since continum theory approach is
used, for a more homogenized reinforcements, small diameter and high fibre number
(fibre number on circumference of the cylinder) was choosen. Also, when choosing
fibre material, one of the main considerations should be the stiffness superiority to its
matrix. For this case, Young’s Modulus of fibre should be much higher than shear
modulus of hyperelastic material [37]. It can be clearly seen that 200 MPa >> 0.5174
MPa (see equation (3.23)).

Table 5.2 : Fibre properties for cylindrical DEA.

Diameter [mm] | Fibre Number | Young Modulus [MPa]
0.158 72 200

YV S

k=1-1000 N/mm & DOF Kinematic Coupling Elastomer Cylinder 6 DOF Kinematic Coupling k=1-1000 N/mm

Figure 5.6 : Model structure for cylindrical DEA.

Figure 5.7 : Undeformed and deformed state of cylindrical DEA.
5.2 Model Validation

5.2.1 UMAT Validation

To make sure that UMAT subroutine is working properly a simple uniaxial extension
of a beam with 100 mm length and 100 mm? cross-section under electrical load is both
solved analytically (with the help of expressions derived on Chapter 3) and
numerically on ABAQUS using same UMAT subroutine and same Neo-Hookean
material constants. Table 5.3 shows the loading conditions and error for stretch
calculations. The difference between analytical and numerical solutions are at very

acceptable levels reaching a maximum of 1.68 %. Since this small study is a
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demonstration to show that UMAT results correlates with analytical solution, a coarse
mesh was used which caused some level of error. The end effects, that is the different
behaviour on the ends where the boundary conditions and loads are applied, being

inevitable on FE studies, are also a contributor to obtained errors.

Table 5.3 : Comparison of inner radius and axial stretch values for FE and analytical

solutions.
A
Force Elec. Load
[N] [kKV/mm] Abaqus | Analytical | Error
10 10 1.1084 1.1100 0.14%
20 10 1.1767 1.1690 | -0.65%
30 10 1.2444 1.2277 -1.34%
10 15 1.1673 1.1584 | -0.76%
20 15 1.2242 1.2129 | -0.92%
30 15 1.2861 1.2676 | -1.44%
10 20 1.2284 1.2152 | -1.07%
20 20 1.2843 1.2655 | -1.46%
30 20 1.3387 1.3162 | -1.68%

5.2.2 Cylindrical Model Validation

For validation of FE Model with the mathematical model, various loading
configurations are calculated with both models. End springs are omitted to grant the
same boundary conditions as the model described and solved in Chapter 4. Table 5.4
shows the calculated deformed inner radius a and axial stretch A values, and differences

between FE and analytical solution.

Table 5.4 : Comparison of inner radius and axial stretch values for FE and analytical

solutions.
Loading Configuration Analytical Solution FE Solution Difference [%]
Pressure [Mpa] | Axial Force [N]| vo[°] | Voltage | a [mm] A a [mm] A a [mm] A
0.025 24 80 0 9.3618 1.0985 9.4281 | 1.1116 | -0.704% | -1.181%
0.025 24 100 0 8.8346 1.1926 8.9230 | 1.2010 | -0.990% | -0.697%
0.025 24 120 0 8.8386 1.2944 8.8998 | 1.2968 | -0.688% | -0.186%
0.025 24 140 0 9.2580 1.3490 9.2868 | 1.3497 | -0.310% | -0.052%
0.025 24 160 0 9.6083 1.3640 9.6262 | 1.3652 | -0.186% | -0.086%

Some level of errors are always expected when comparing analytical and numerical
solutions. In mathematical model, DEA is assumed to maintain its cylindrical shape,
however, in FE model, end effects occur because of end caps. Also, in mathematical
model, DEA is assumed to be incompressible yet in ABAQUS, the model is nearly

incompressible. Nonetheless, despite these differences, errors are in acceptable levels.
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5.3 Desing of Experiments

To understand the effects of fibre orientation, pre-stretch, fibre denseness, etc. to the
mechanism of model, a design of experiments is constructed on Isight software. Isight
takes ABAQUS input file (.inp) and result file (.odb), changes defined parameters, and
writes and runs a series of ABAQUS input files. After every job is run, Isight
catalogues indicated result parameters for data analysis.

Design of Experiments

. . = Definition
)
"DOE1
o> >
// Abaqus Calculator
Deﬂnitiot; of Design

Abaqus Job Definiton

Parameters with Abaqus Inputs

Figure 5.8 : Isight Design of Experiments Flowchart.

Before Isight job, some modifications on the Abaqus job must be made. Input file is
parametrised with *PARAMETER keyword on ABAQUS for fibre orientation,

electrical load, tension force and inner pressure.

In Calculator components, new parameters are defined to have a more meaningful data

set. They are defined as,

Work = Workgping = AL x F (5.1)

springy=1 springk=1000
which is defined with the assumption of the energy stored in springs are a result of
deformation from electrical load. In Design of Experiments, the lower and upper
bounds for fibre angle, inner pressure and potential difference were set. With this
information, Isight created a series of ABAQUS jobs with 8 different fibre angles, 6
different inner pressures and 4 different potential differences. With the addition of high
and low stiffnesses for end springs this means a total of 384 ABAQUS jobs. DOE

results used in graphs documented in this chapter can be found in Appendix chapter.
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5.4 Results

For the extraction of data, models with springs having 1 N/mm stiffness were used for
displacement assessment and models with springs having 1000 N/mm stiffness were

used for force assessment.

Figure 5.9 shows the effects of inner pressure (i.e. pre-stretch) on the actuation force,
that is the change in force at the fixed nodes of end springs due the activation from
electric field, for different fibre orientation angles under constant electrical load. It can
be seen that an increase in inner pressure also increases the actuation force for the same
fibre angle, which is expected since higher pressure creates higher degree of axial
loads, and the effect of electrical load would be higher under more pressure. Figure
5.9 also shows that as the fibre angle with the axial axis of the cylinder increases,
actuation force also increases since inner pressure is counterbalanced more by the
fibres and a as result, the forces generated by much stiffer fibres are greater and as
stated above, higher forces means higher actuation forces. Moreover, as the fibre
angles increases the growth rates of exponential curves decreases, meaning that fibre
angle and inner pressure contribution is in inverse proportion. Furthermore, for 60

degrees of fibre angle, the relation between actuation force and inner pressure is almost

linear.
Actuation Force vs Inner Pressure,
045 /
E=100 kV/mm, N=24 N, k=1000 N/mm

04

035 30 d
j— 30 deg
£
o 03 —e—40 deg
Q
) 02 50 deg
L: 60 deg
_§ 02
o
2 0is
Q
<

0 001 0.02 0.03 0.04 0.05 0.06

Inner Pressure [MPa]

Figure 5.9 : The effect of inner pressure on actuation force for different fibre angles.

Figure 5.10 shows the effect of inner pressure on actuation displacement for different

fibre angles. Figure 5.9 and 5.10 have nearly the same behaviour, increase in fibre
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angle increases the actuation displacement and have the same effect on contribution of
inner pressure on actuation displacement.

) Actuation Displacement vs Inner Pressure,
o E=100 kV/mm, N=24 N, k=1 N/mm

03

~ 30 deg
025 E
—+—40 deg
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Actuation Displacement [mm]

0 0.01 0.02 0.03 0.04 005 0.06 007

Inner Pressure [MPa]

Figure 5.10 : The effect of inner pressure on actuation displacement for different
fibre angles.

Actuation Force vs Electrical Load,
! P=0.01 MPa, N=24 N, k=1000 N/mm

1.4 30 deg
12 —e—40 deg
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Actuation Force [N]
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Figure 5.11 : Effect of electrical load on actuation force for different fibre angles.

The effect of electric field magnitude on actuation force with constant inner pressure
for different fibre angles can be seen in Figure 5.11. Since the electric field vector for
Maxwell stress is defined as potential difference/thickness ratio in the preferred
direction, and as the actuation voltage increases, thickness of elastomer will decrease
more, which means higher electric field magnitude and so on, thus, actuation force
increases exponentially with increasing voltage. This phenomenon can be seen clearly

for 50 and 60 degree curves. One could also deduce that as the angle of fibres increases,
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the growth rate also increases. This is why 30 degrees curves seems linear since the

growth rates are much lower from the other curves.

On Figure 5.12, again, actuation displacement shows similar behaviour as actuation
force graphs. Displacements increase exponentially as electrical load increases and
higher fibre angle results in greater growth rate, which is expected since all the energy
used to generate force on springs now generates displacement because of low stiffness.

Actuation Displacement vs Electrical Load,
P=0.01 MPa, N=24 N, k=1 N/mm
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Figure 5.12 : Effect of electrical load on actuation displacement for different fibre
angles.

Figure 5.13 and 5.14 can shed more light on the effect of fibre angle on actuation force
and displacement. From these figures, the effect of fibre angle is clearly sinusoidal like
having the minimum around 20 degrees and maximum around 80 degrees. The
derivation of exponential like behaviour from Figure 5.11 and 5.12 is understandable
since sinusoidal functions are exponential functions (Euler’s Identity). Liu and Rahn
found that for fibre reinforced McKibben Actuators the angle for axial elongation
without radial expansion with pressure is 54°44” [16], and the behaviour of curves
seems to change around this value. Since this value is a known design parameter for
cylindrical composite structures, it is prefectly normal to observe such effect for this
design. However, the exponential behaviour consideration is still valid since for the
same angle (i.e. same horizontal coordinate), distances between curves increases with
higher electrical load which implies exponential growth. Moreover, it can be also seen
in Figure 5.13 and 5.14, higher electrical load results in higher magnitude of sinusoidal
wave. Overall, it can be said that increasing fibre angle behaves like an amplifier on

the effects of electrical load on cylindrical DEAs.
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Actuation Force vs Fibre Angle,
P=0.01 MPa, N=24 N, k=1000 N/mm
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Figure 5.13 : Effects of fibre angle on actuation force for different electrical loads.

Actuation Displacement vs Fibre Angle,
P=0.01 MPa, N=24 N, k=1 N/mm
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Figure 5.14 : Effects of fibre angle on actuation displacement for different electrical
loads.

Figure 5.15 shows the relation between maximum element axial stretch and fibre angle
for different electrical loads. As the fibre angle increases, tube elongates and inflates
rather than just elongating, which means cylinder expands on every direction, as a
result axial stretch decreases for higher fibre angle. Considering the fact that as the
fibre angle approaches 90 degrees (parallel to axial direction of the cylinder), force
and displacement outputs increases, the relation between maximum element axial
stretch and fibre angle becomes highly crucial and it seems to be an exponential decay
function. Again, the distance between curves at same horizontal coordinate increases

exponentially with electrical load.
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Axial Stretch

Max Element Axial Stretch vs Fibre Angle,
P=0.01 MPa, N=24 N, k=1 N/mm
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Figure 5.15 : Effects of fibre angle on maximum element axial stretch.

Figure 5.16, 5.17 and 5.18 display the variation of actuation work with the change in

values of parameters, such as electrical load, inner pressure and fibre angle,

respectively. For every figure, constant parameters are also stated for that particular

set of analyses. For these figures, actuation work is calculated as the integral of the

force displacement curve, created by outputs for different spring stiffness values, and

both end springs are considered for this calculation. Therefore, it is logical to see same

behaviour on the curves for same parameters. Again, as in the previously discussed

displacement and force plots, the most effective parameter on work output is by far the

fibre angle influencing not only total work yet also the effect of other parameters have

on the work outputs.
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Actuation Work vs Electrical Load,
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Figure 5.16 : The relation between actuation work and electrical load for different

fibre angles.
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Actuation Work vs Inner Pressure,
E=100 kV/mm, N=24 N
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Figure 5.17 : The relation between actuation work and inner pressure for different
fibre angles.
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Figure 5.18 : The relation between actuation work and fibre angle for different
electrical loads.

Table 5.5 shows the inner radius and axial stretch values for the cylindrical DEA at
the end of every step for 20 degrees and 80 degrees. It can be clearly seen that for 20
degrees, cylinder inflates rather than elongate and most of the energy granted by
activation is used for radial expansion. However, for 80 degrees, even though some
inflation occurs, axial stretch is greater than radial stretch (i.e. change in radius), which
means 3D expansion (radial, tangential and axial). Thus, including the results
presented in previous figures, most axial (unidirectional) actuation occurs when the
cylinder is expanded in every direction. Fibre angle is the most effective parameter for

the actuation outputs since it is the main parameter affecting deformation shape of the
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tube in case of inner pressure and axial tension. Moreover, the foundings displayed in
previous figures show that fibre angle changes the relation between outputs and other

parameters backing the most effective parameter argument.

Table 5.5 : Inner radius and axial stretch for 20 and 80 degrees.

P=0.01 MPa 20° 80°
N=24 N
k=1 N/mm
Initial 9.5 1 9.5 1
Inflation 10.70 0.99 9.7 1.01
Tension 10.63 1.01 9.69 1.04
Electric 11.39 1.01 9.79 1.05
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6. TUBULAR HELIX DEA MODEL

Helixes are a common design shape to achieve uniaxial force and displacement output,
and the most familiar example is steel springs. To use same advantages of this shape,

a tubular helix DEA is proposed in this chapter.

The helix is reinforced with two family of fibres making a positive and negative angle
with helix tangent vector. Again, the reason for symmetrical fibre families as in

cylindrical DEAs, is to cancel out shear effects.

As it was explained in Chapter 5, benefits of hydraulic pressure are also used on this
design. The incompressibility of fluid will help -expectedly- further actuation in axial
direction. Moreover, fibres will again change orientation improving force and

displacement output in the axial direction of helix.

A FE Model of tubular helix DEA is created in ABAQUS. The structure is first pre-
stretched by a hydraulic pressure resulting in a movement in the axial direction of helix
and radial expansion, next a tension load is applied in the axial direction of helix and
then an electrical load for activation of DEA is applied through the thickness in the
radial direction of cross section which is changing orientations with the helix tangent

vector.

This design is proposed only to examine possible developments over cylindrical model
and compare them hence DOE model is not generated for this design. Only the effects

of fibre angles on the output is studied for this design.

6.1 FE Model

6.1.1 Geometry and boundary conditions

A VHB4910 tubular helix with inner diameter of 19.5 mm, outer diameter of 20.5 mm,
helix radius of 50 mm and a helix step of 50/x solid model is generated with the help
of a basic MATLAB code. Helix makes only one tour for the sake of not spending
redundant computational power. The inner volume is closed with semi domes on the

ends to meet fluid cavity requirements of ABAQUS.
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A shell cylindrical helix with a diameter of 20 mm and same helical properties as the
solid model is created again with the same MATLAB code to use as a dummy matrix
for fibres. The shell elements are embedded in solid elements using same procedure

explained in Chapter 5.

Fibres are then created as rebar layers on this dummy shell elements on ABAQUS,
applying the same procedure mentioned in Chapter 5 (equivalent homogeneous layer),
and arranged as two fibres families (one with positive angle and one with negative
angle) at every 5 degrees along the tangential direction of the cross-section (72 fibres
on cross-section, 36 positive and 36 negative). However, even though ABAQUS
automatically calculates element normal for shell elements, the correct orientation of
directions 1 and 2 represented in Figure 6.2 should be stated in a manner to coincide
with helix tangent and normal vectors, respectively to have the intended fibre

orientations.

ABAQUS does not have a direct way to accomplish the definition of helical
coordinates, therefore an ORIENT subroutine calculating helical directions for every
point on the tubular helix shape had to be generated and implemented on the model.
The subroutine code is generated using node coordinates and the relation between local
nodes to orient directions 1 and 2 with normal and tangent helix directions,
respectively for every single element. Although this code is generated for shell
elements, it is also working for solid elements which is necessary to correctly apply

electrical load in radial direction through the thickness.

As in cylindrical DEA, a fluid cavity is defined using enclosed volume inside the solid
elements and ends of tubular helix is closed with HDPE caps. A reference point is also
defined inside this volume for fluid cavity and a constant hydraulic pressure is applied
on inner surface. A flux of fluid into or out from this volume is regulated by ABAQUS

to guarantee constant pressure throughout loading.

The helix is connected to uni-directional springs (oriented at axial direction of helix)
on both ends again for force and displacement extractions. For force value extraction
spring stiffness is set to 1000 N/mm and for displacement extraction is set to 1 N/mm.
The work done by electrical actuation is calculated as the total elastic energy change

on springs, as calculated in the cylindrical DEA design.
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Figure 6.1 : Tubular Helix DEA Solid and Shell Elements.

Reference surface
1-axis
2-axis
3-axis/shell normal

Figure 6.2 : Element Orientations on shell elements.
6.1.2 Material properties

The elastomer part (i.e. helical part) of the material is again defined using UMAT
subroutine. Only difference is that UMAT works in conjunction with an ORIENT
subroutine. ORIENT subroutine defines the directions of elements by the procedure
explained before and UMAT calculates Cauchy stress and Maxwell stress according

to this orientation definitions.

For Neo-Hookean hyperelastic material constants and fibre material properties, again
same constants as cylindrical DEA model are used. For a more comfortable read,
Tables 5.1 and 5.2 are restated here as Table 6.1 and Table 6.2.
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Table 6.1 : Neo-Hooke material constants for tubular helix DEA.
C1[MPa] D1
0.2587 0.001583

Table 6.2 : Fibre properties for tubular helix DEA.

Diameter [mm] | Fibre Number | Young Modulus [Mpa]
0.158 72 200

6.2 Results

The deformation is, as expected, is different from cylindrical design, which can bring
new possibilities of force outputs. For example, cylindrical DEA is deformed
symmetrically in axial direction and minimum principal strains are zero. However, as
seen in Figure 6.3, minimum principal strains are negative and in the orders that cannot
be neglected, and the distribution is somehow resembles to principal strains on a
bending beam. The reason for that is the helix is actually bending. The normal force

on any cross-section created by pressure creates a bending moment on fixed end.

LE, Min. Principal
Reference surface
(Avg: 75%)
+0.000e+00
-1.900e-02
-3.800e-02
-5.700e-02
-7.59%9e-02
-9.499e-02
-1.140e-01
-1.330e-01
-1.520e-01
-1.710e-01
-1.900e-01
-2.090e-01
-2.280e-01

Figure 6.3 : Min. principal LE at the end of inflation step.
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The bending like minimum principal strain distribution continues in the electric step
since as seen on the cylindrical DEA, the deformation is same for inflation, axial
stretch and electrical actuation. Therefore, it is logical to see same pattern in these
steps (on Figure 6.3 and 6.4) too.

LE, Min. Principal
Reference surface
(Avg: 75%)
+0.000e+00
-1.701e-02
-3.401e-02
-5.102e-02
-6.803e-02

+ -8.503e-02

+ -1.020e-01
-1.190e-01
-1.361e-01
-1.531e-01
-1.701e-01
-1.871e-01
-2.041e-01

Figure 6.4 : Min. principal LE at the end of electric step.

Figure 6.5 shows the axial displacement of one of the ends for a model with fibres
having a 20 degrees angle with the tangent vector of helix. Ends moves 23.53 mm after
inflation and activation of DEA causes 2.47 mm retracements, which means an

actuation stretch of 0.0247 on 1.235 total stretch.
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Figure 6.5 : Axial displacement of helix ends.

55



These preliminary results prove that, this design shows promise for an optimum use of
design parameters for overcoming low force and displacement limitations. The helical
stretch output is more or less the same as element stretches, which was not the case for

cylindrical DEAs, as can be seen in Figure 6.6.

LE, Max. Principal
Reference surface
(Avg: 75%)

+2.75%-01
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- 74
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Figure 6.6 : Maximum principal strains on the model.

Figure 6.7 shows the actuation displacement as a function of fibre angles for 0.01
N/mm end spring stiffness. For fibres parallel to tangent vector of helix, actuation
displacement is around -2 mm and increases from that point. Maximum actuation
occurs around 15 degrees and has a value of 3.5 mm. 55 degrees model has the
minimum actuation reaching nearly 0 mm, which does not mean that actuation does
not happen. All the energy created by electrical load causes radial expansion on the
cross section of tubular helix. However, since outputs on the axial direction of helix is
the desired uniaxial output, it can be said that there is no “useful” outputs at 50 degrees.
The actuation of the elastomer thus changes direction, it contracts the DEA instead of

stretching.

Figure 6.8 represents the variation on actuation force with respect to fibre angles.
Figure 6.8 and 6.9 shows similar behaviours except between 25 and 50 degrees.
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Nonetheless, from 50 degrees to 80 degrees, there is practically no usefull force and

the maximum actuation occurs with the model with 20 degrees fibres.

For the calculation of activation work, a curve is created between force and
displacement values for every fibre with 0.01 N/mm and 1000 N/mm springs. The area
under this curve is accepted as the actuation work. Figure 6.10 shows the work outputs

for every fibre angle.

Actuation Displacement vs Fibre Angle,
P=0.02 MPa, k=1 N/mm

Displacement [mm]

Fibre Angle [deg]
Figure 6.7 : The effect of fibre angles on actuation displacements for soft springs.

Actuation Force vs Fibre Angle,
P=0.02 MPa, k=1000 N/mm
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Figure 6.8 : The effect of fibre angles on actuation forces for stiff springs.
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Activation Work vs Fibre Angle,
P=0.02 MPa
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Figure 6.9 : The effect of fibre angles on actuation work.

Maximum useful work as can be deduced from force and displacement curves, occurs
between 15 and 20 degrees and for the fibre angles higher than 50 degrees the energy

created by actuation is used on radial expansion of helix (i.e. increase in helix radius).

Nearly 3.5 mm of actuation for an axial length of 100 mm is a good result for pre-
stretched fibre reinforced elastomers. Even though DEAs are capable of more than this
level of actuations on itself (i.e. without reinforcement), reinforcements limit the
length change while increasing force outputs. However, this design slightly overcomes
the actuation limitations without losing much force achievements granted by fibres
and can be multiplied by using multiple tours of helix. This could be explained by a
better use of element stretches. For same output levels, element stretches are much
lower than results obtained for cylindrical DEA design. Since helix shape, as
mentioned before, is a go to geometry for unidirectional output, this is expectable. It
is suspected that outputs are highly related to helix dimensions (helix radius and helix
step height) as well as thickness of tube and mid surface radius. By a geometrical
parameter optimization, use of lower element stretches could be manipulated to

enhance the results obtained on this chapter.
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7. ACCORDION DEA MODEL

This proposition of DEA design consists of a tube with varying radius forming zigzags
along the axial direction. The inner volume will increase with pressure more than
cylindrical DEA as the walls will straighten and grant axial elongation without causing

a great deal of additional strain.

A variation of accordion DEA is also studied in this chapter. A geometry is created
with the same lentgh as accordion, however, the diameter of one end is half of the other

end (i.e. conical accordion).

The accordions are reinforced with a web of fibres formed by two sets of fibre families
with one having positive angle and one having negative angle with respect to axial
direction. Again, two sets are symmetrical to cancel out shear effects and also, they
follow the zigzag lines forming the axial cross section of accordion causing a helix

shape with oscillating helix radius.

As said above, a hydraulic pressure is applied to inner surface of DEA causing inflation
and axial elongation, straightening the wall and forming a near perfect tube (a
truncated conic tube in case of conical accordion). Incompressibility of fluid will help
to maintain pre-strecthed shape during electrical load. The fibres will change
orientation less since most of the energy created by the pressure will be spent to

straighten the zigzags.

Only 30° portion of these models are generated as in the cylindrical DEA using cyclic
symmetry property of ABAQUS, in order to decrease the computational cost and also

availability since these designs also have radial symmetry.

As the other design propositions, this design is also pre-stretched with inner pressure
and tension in axial direction and afterwards is actuated by electrical load. This is a
conceptual design to study the possibility of bringing stacking effects to cylindrical
DEA designs that is why only the effects of fibre angle on actuation outputs and output

levels are examined in this chapter.
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7.1 Accordion DEA
7.1.1 FE model

7.1.1.1 Geometry and boundary conditions

A VHB4910 accordion like structure is modelled with dimensions specified in Figure
7.1. The wall thickness, where the electric load is applied, is 1 mm throughout the
whole structure. Elastomer part and -again to enclose the inner volume- semi dome

caps are modelled as solid elements.

20 mm

50 mm

A

Figure 7.1 : Accordion model dimensions.

A shell dummy matrix to be fitted on the mid-surface of solid geometry is also created
to accommodate fibres. This matrix have almost no strength on its own and
specificially set this way in order to neglect its effects. Fibres are created as rebar layers
and arranged as to place two fibres (one positive and one negative) at every 5 degrees

along the tangential direction.

Fluid cavity is defined over enclosed volume inside the accordion and a reference point
located in this volume. For inflation step, a hydraulic pressure is applied from cavity
reference point to inner surface. An axial force is applied for further shape stabilisation

(formation of cylindrical shape) and an electrical load is applied.

DEA is connected at both ends with uni-directional (oriented in axial direction)
springs. For force extraction, springs with 1000 N/mm stiffness and for displacement
extraction springs with 1 N/mm stiffness are used. Actuation work is calculated by the

total elastic energy change on the springs.
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Figure 7.2 : 30° portion of solid elements.

Figure 7.3 : Full representation of solid elements.

Figure 7.4 : 30° portion of shell elements.
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Figure 7.5 :  Full representation of shell elements.

Reference surface

1-axis
2-axis
3-axis/shell normal

Figure 7.6 : Material orientations calculated by ORIENT subroutine.
7.1.1.2 Material properties

Same UMAT subroutine that calculates combined electromechanical response is used
here. A shell dummy matrix for fibre layers are also created to fit the mid-surface of

solid part.

Fibres are created as rebar layers on dummy shell matrix on ABAQUS. ORIENT
subroutine is also used here to state proper element and consequently fibre directions
(see Figure 6.6). 1st direction of elements is following the curvature of tube’s wall and

other directions are calculated from this direction.
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For this design also, same Neo-Hookean material constants for elastomer part and
generic cotton thread material for fibres as in the previous cylindrical and tubular helix

are used.

7.1.2 Results

Figure 7.5, 7.6 and 7.7 shows inflation, tension and electric step, respectively for the
specimen with 80 degree fibre angles and 1 N/mm stiffness for end springs. After the
inflation, as previously discussed strain values are in the order of 1% on the lower
bounds of “zigzag” line. As the structure inflates, the middle part enlarges with next
to no change in length. However, with the axial tension, shape starts to ressemble a
regular cylinder. Electical load establish the original shape with an increase in length

and pre-stretch.

LE, Max. Principal

(Avg: 75%)
+1.169e-02
+1.072e-02
+9.743e-03 P=0.15 MPa, N=24 N, k=1 N/mm
+8.768e-03 ’
+7.794e-03
+6.820e-03
+5.846e-03
+4.871e-03
+3.897e-03

+1.3442-09

Figure 7.7 : Maximum principal strains at the end of inflation step.

LE, Max. Principal
(Avg: 75%)

Hote o P=0.15 MPa, N=24 N, k=1 N/mm
+8.480e-02
+7.632e-02
+6.784e-02
+5.936e-02
+5.088e-02
+4.240e-02
+3.392e-02
+2.544e-02
+1.6968-02
+8.480e-03
+1.381e-07

Figure 7.8 : Maximum principal strains at the end of tension step.
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LE, Max. Principal

(Avg: 75%)
+9.137e-02
+8.376e-02
+7.614e-02 P=0.15 MPa, N=24 N, k=1 N/mm
+6.853e-02
+6.092e-02
+5.330e-02
+4.569e-02
+3.807e-02
+3.046e-02
+2.284e-02
+1.523e-02
+7.614e-03
+8.081e-0

Figure 7.9 : Maximum principal strains at the end of Electric step.

Figure 7.9 shows the displacement of one of the ends throughout the whole procedure
for a fibre angle of 20 degrees. As mentioned before, the length change is quite small
for inflation step (0.0 mm). With the axial tension the shape returns to cylindrical shape
and the force displacement relation is linear reaching 4.77 mm. Actuation by electrical
loads results in a further 0.06 mm extention. This value, considering 50 mm length, is
quite small and can change with fibre angle therefore it is beneficial to find a relation
with fibre angle and actuation outputs.

Displacement of ends

Displacement [mm]
- & .w &
— Ln =] Ln L Ln -+ Ln

(=]
Ln

=]

0 05 1 15 2 25 3
Time

Figure 7.10 : Axial displacement of ends.

Figure 7.10 shows the relation between fibre angles and actuation displacements with
10kPa of inner pressure, 36 N of axial force and 100 kV/mm electric field. As it can
be clearly seen again, actuation displacement is a kind of sinusoidal function of fibre
angles, which has became a pattern for all the proposed designs in this study, and have

a minimum around 25 and 45 degrees and maximum 75 degrees. Curve has also a local
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maximum around 5 degrees. However, it is suspected that behaviour of curve (i.e.

frequency of the wave, amplitude, etc.) is highly related to dimensions, especially the

angle

between “zigzag” lines of elastomer with its axial direction. Further studies

should be conducted to observe the effects of dimensions on the curve represented in

the figure.

lacement [mm]

Disp

Force [N]

Actuation Displacement vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm, k=1 N/mm

0.14
0.12

0.1
0.08
0.06
0.04
0.02

0 10 20 30 40 50 60 70 80 90
Fibre Angle [deg]

Figure 7.11 : Effects of fibre angle on actuation displacement.

Actuation Force vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm, k=1000 N/mm
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Figure 7.12 : Effects of fibre angle on actuation force.
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Activation Work vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm
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Figure 7.13 : Effects of fibre angle on actuation work.

Displacement outputs obtained in this design are in the same levels as cylindrical DEA
design. However, force outputs are quite small because during activation, energy
created by electric field is spent on changing the form of the wall (i.e. angles on the
zigzag line) when there is a contraint, stiff springs for this case. These values might
change dramatically by changing some design parameters such as thickness of
elastomer, mid surface radius, accordion profile, etc. Moreover, the unintuitive relation
between fibre angles and actuation outputs could be manipulated to enhance force and

displacement values.

7.2 Conical Accordion DEA
7.2.1 FE model

7.2.1.1 Geometry and boundary conditions

As said above, conical accordion design is a variation of accordion design having a
length of 50 mm, a bottom diameter of 40 mm and 20 mm of top diameter. The radial

profile is given in Figure 7.14.

Beside the dimensions given in Figure 7.14, all the modelling parameters and
properties are the same as accordion DEA, therefore they will not be repeated in this

section.
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50 mm

Figure 7.14 : Dimensions of conical accordion DEA.
7.2.2 Results

Figure 6.15 shows the displacements of one end of a generic model with 30 degrees
fibre angle. Inflation causes 0.24 mm of decrease in length and with the axial tension

1.26 mm elongation occurs. Electical load causes 0.02 mm actuation.
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Figure 7.15 : Axial displacement of ends.

Figure 7.15, 7.16 and 7.17 displays the variation of actuation outputs with respect to
fibre angle for displacement, force and work respectively for 10 kPa of inner pressure,
36 N of axial tension and 100 kVV/mm of electrical load. As can be seen, displacement
changes in a different manner from other designs. It is again a sinusodail curve
however, it not a simple relation as others. Maximum displacement occurs around 70
degress and minimum is at around 40 degrees. The shape, conical angle and form of
the zigzag line might have caused this behaviour.
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Actuation Displacement vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm, k=1 N/mm
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Figure 7.16 : Effects of fibre angle on actuation displacement.

Actuation force (see Figure 7.17) shows a similar behaviour as displacement with
respect to fibre angles. DEA creates a maximum force around 65 degrees and a

maximum force around 45 degrees.

Actuation Force vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm, k=1000 N/mm
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Figure 7.17 : Effects of fibre angle on actuation force.

Figure 7.18 shows the relation between actuation work and fibre angle. Work output

is calculated as same as other numerical models. Maximum work occurs around 70
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degrees and minimum occurs around 45 degrees. However, around 15 degrees, work-

fibre angle curve has a local maximum.

Activation Work vs Fibre Angle,
P=0.01 MPa, N=24 N, E=100 kV/mm

Work [mJ]

0 10 20 30 40 50 60 70 80 90
Fibre Angle [deg]

Figure 7.18 : Effects of fibre angle on actuation work.

Force output of conical accordion design is much greater than cylindrical one. Force
and displacement values are more or less on the same level thus considerably better
work output is obtained.

Unidirectional work created by electric field for accordion DEA design is much
smaller than cylindrical DEA design however, additional geometrical parameters
grants a possibility to improve outputs, which may surpass the traditional designs by
geometric topology optimization.
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8. CONCLUSIONS

In this study, to understand the behaviour of fibre reinforced actuators, three different
DEA design propositions were investigated using Finite Element Method with

different parameters.

Initially, present state of the art available in literature on the subject of DEAs, fibre-
matrix relations under electrical load, stability and failure mechanisms reviewed
intensively and a summary of current scientific state has been made. Consequently, a
brief theoretical background is provided for finite strain theory, dielectric behaviour,

transversely isotropic materials and finite element method.

Followed by a mathematical model for an incompressible fibre reinforced tubular DEA
under inner pressure, axial tension and electrical load is generated. Expressions for
stress components, axial load and inner pressure are obtained using constitutive
equations for Neo-Hookean solid with two symmetrical fibre families. Pressure and
axial force equations are solved numerically and simultaneously for deformed inner
radius a and axial stretch A. The effect of electrical load on deformed inner radius, axial
stretch, 1%tand 2" invariants of Cauchy-Green deformation tensor and stretch of fibres

are presented with graphs for different fibre angles.

For cylindrical DEA design proposition, a comprehensive study examining the relation
between actuation displacements and forces and pre-stretch parameters as well as fibre
orientations is conducted with a design of experiments. For tubular helix and accordion
DEA, possible achievements on actuation outputs over cylindrical DEAs are
investigated again using Finite Element Method of generic designs for only one

parameter that is the fibre orientation.

Dielectric behaviour of DEA is implemented by ABAQUS UMAT subroutine which
calculates hyperelastic response as well as dielectric response (i.e. Maxwell Stress),
returns a sum of total stress tensor back in ABAQUS for every element at every
increment. An ABAQUS ORIENT subroutine is also implemented for tubular helix
and accordion DEA design, which calculates correct element orientation following

curvature of geometrical shape.
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Conclusions of this study can be summarized as follows.
For cylindrical DEAs,

e The most crucial design parameter concerning actuation outputs is fibre
orientation. This is caused by the effect of fibre angle on the deformation of

the cylinder.

e Fibre orientation also affects the relation between actuation outputs and pre
stretch. Actuation outputs are a linear function of inner hydraulic pressure

however, fibre angle changes the slope of this linear relation.

e The relation between actuation outputs and electric field applied through the
thickness seem to be exponential, which is expected since Maxwell stress is a
function of potential difference over thickness squared and thickness decreases
exponentially under constant potential difference. Fibre angle affects the
actuation response as well. It is found that outputs are higher as the angle

approaches 90° degrees for the same electrical load.
e Increase in inner pressure causes an increase in actuation outputs.

e Outputs are higher when expansion occurs in all directions (radial, tangential

and axial). Possibility of this situation are a direct result of fibre angle.

For tubular helix DEA design, fibre angle is also a particularly important parameter
for design. As in the cylindrical DEA design, actuation outputs are a sinusoidal
function of fibre angle. However, it is found that, in contrast to cylindrical DEA,
maximum displacement/deformation by activation occurs around 20 degrees of fibre
angle and becomes exceedingly small around 50 degrees and changes direction. It is
suspected that helix shape is also highly effective on results. Obtained output values
are in a comparable level as cylindrical DEA design. Yet, on helix model, element
stretch levels are much smaller than cylindrical ones, which means helix design gives

unidirectional output more effective than cylindrical shape.

For accordion DEA design, again it is found that fibre angle is a crucial parameter to
optimize outputs. Actuation is again a sinusoidal function of fibre angle however with
a changing amplitude. For the generic design studied, maximum actuation occurs
around 75 degrees and the curve has a minimum around 40 degrees. Displacement

levels are changing between 0.12 and 0.24%. However, force outputs are quite small
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because when constrained, with a stiff spring for this case, activation energy changes
the form of zigzag rather than creating elongation or contraction. It is suspected that
shape of zigzags forming the wall of the tube is greatly effective on actuation levels.
Conical variant of accordion DEA design shows better outputs thanks to better force

outputs granting a much greater unidirectional work than cylindrical accordion.

In conclusion, it is found that fibre orientation is the most important design parameter
and it is effective on other parameters as well. Cylindrical DEA design shows the most
promising results, however, a geometrical parameter optimization of the helix design

could bring higher levels of useful work.

For further studies, more comprehensive parameter studies on tubular helix and
accordion DEA is suggested to understand working mechanisms, since the possibilities
are practically infinite. Obtaining analytical solution for these designs and their
deformation would also help immensely to interpret dielectic behaviour and fibre
matrix relations, and their effects on actuation outputs for these geometries.
Furthermore, trial of alternative designs and comparison with existing design are also

suggested to find the optimum candidate in search of substitute for real muscle fibres.
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APPENDIX A

Table A.1 : DOE results for Cylindrical DEA, 1% part.

k [N/mm] | Fiber Angle [°]| Pressure [MPa] | Elec. Load [kV/mm] | Disp. [mm] | Force [N]
1 30 0.01 100 2.04E-02 |2.04E-02
1 30 0.02 100 2.53E-02 |2.53E-02
1 30 0.03 100 3.91E-02 |3.91E-02
1 30 0.04 100 6.43E-02 |6.43E-02
1 30 0.05 100 1.05E-01 |1.05E-01
1 30 0.06 100 1.70E-01 |1.70E-01
1 40 0.01 100 6.57E-02 |6.57E-02
1 40 0.02 100 8.46E-02 |8.46E-02
1 40 0.03 100 1.08E-01 |1.08E-01
1 40 0.04 100 1.35E-01 |[1.35E-01
1 40 0.05 100 1.68E-01 |1.68E-01
1 40 0.06 100 2.10E-01 (2.10E-01
1 50 0.01 100 1.51E-01 |1.51E-01
1 50 0.02 100 1.68E-01 |1.68E-01
1 50 0.03 100 1.87E-01 |1.87E-01
1 50 0.04 100 2.08E-01 |2.08E-01
1 50 0.05 100 2.32E-01 |2.32E-01
1 50 0.06 100 2.61E-01 |2.61E-01
1 60 0.01 100 2.36E-01 (2.36E-01
1 60 0.02 100 2.49E-01 |2.49E-01
1 60 0.03 100 2.63E-01 |2.63E-01
1 60 0.04 100 2.80E-01 (2.80E-01
1 60 0.05 100 2.99E-01 |2.99E-01
1 60 0.06 100 3.22E-01 |3.22E-01

1000 30 0.01 100 1.73E-05 |1.73E-02
1000 30 0.02 100 3.45E-05 |3.45E-02
1000 30 0.03 100 6.46E-05 |6.46E-02
1000 30 0.04 100 1.12E-04 |1.12E-01
1000 30 0.05 100 1.85E-04 |1.85E-01
1000 30 0.06 100 2.97E-04 |2.97E-01
1000 40 0.01 100 1.02E-04 |1.02E-01
1000 40 0.02 100 1.32E-04 |1.32E-01
1000 40 0.03 100 1.68E-04 |1.68E-01
1000 40 0.04 100 2.11E-04 (2.11E-01
1000 40 0.05 100 2.63E-04 |2.63E-01
1000 40 0.06 100 3.28E-04 (3.28E-01
1000 50 0.01 100 2.17E-04 (2.17E-01
1000 50 0.02 100 2.41E-04 |2.41E-01
1000 50 0.03 100 2.69E-04 |2.69E-01
1000 50 0.04 100 2.99E-04 ([2.99E-01
1000 50 0.05 100 3.31E-04 |3.31E-01
1000 50 0.06 100 3.73E-04 (3.73E-01
1000 60 0.01 100 3.15E-04 (3.15E-01
1000 60 0.02 100 3.33E-04 |3.33E-01
1000 60 0.03 100 3.52E-04 |3.52E-01
1000 60 0.04 100 3.73E-04 |3.73E-01
1000 60 0.05 100 3.96E-04 |3.96E-01
1000 60 0.06 100 4.22E-04 (4.22E-01
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Table A.2 : DOE results for Cylindrical DEA, 2" part.

k [N/mm] | Fiber Angle [°]| Pressure [MPa]| Elec. Load [kV/mm] | Disp. [mm] | Force [N]
1 10 0.01 100 6.14E-02 |6.14E-02
1 20 0.01 100 2.92E-02 |2.92E-02
1 30 0.01 100 2.04E-02 |2.04E-02
1 40 0.01 100 6.57E-02 |6.57E-02
1 50 0.01 100 1.51E-01 |[1.51E-01
1 60 0.01 100 2.36E-01 |2.36E-01
1 70 0.01 100 2.94E-01 |2.94E-01
1 80 0.01 100 3.25E-01 |3.25E-01
1 10 0.01 150 1.17E-01 |(1.17E-01
1 20 0.01 150 5.24E-02 |5.24E-02
1 30 0.01 150 5.78E-02 |5.78E-02
1 40 0.01 150 1.75E-01 |1.75E-01
1 50 0.01 150 3.65E-01 |3.65E-01
1 60 0.01 150 5.55E-01 |5.55E-01
1 70 0.01 150 6.90E-01 |6.90E-01
1 80 0.01 150 7.65E-01 |7.65E-01
1 10 0.01 200 1.73E-01 |1.73E-01
1 20 0.01 200 7.71E-02 |7.71E-02
1 30 0.01 200 1.56E-01 |1.56E-01
1 40 0.01 200 3.88E-01 |3.88E-01
1 50 0.01 200 7.07E-01 |7.07E-01
1 60 0.01 200 9.87E-01 |9.87E-01
1 70 0.01 200 1.19E+00 |[1.19E+00
1 80 0.01 200 1.31E+00 |[1.31E+00
1 10 0.01 250 2.46E-01 |2.46E-01
1 20 0.01 250 1.30E-01 |1.30E-01
1 30 0.01 250 3.04E-01 |3.04E-01
1 40 0.01 250 7.36E-01 |7.36E-01
1 50 0.01 250 1.19E+00 |[1.19E+00
1 60 0.01 250 1.50E+00 |1.50E+00
1 70 0.01 250 1.73E+00 |[1.73E+00
1 80 0.01 250 1.86E+00 |[1.86E+00
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Table A.3 : DOE results for Cylindrical DEA, 3' part.

k [N/mm] | Fiber Angle [°]| Pressure [MPa] | Elec. Load [kV/mm]| Disp. [mm] |Force [N]
1000 10 0.01 100 1.03E-04 1.03E-01
1000 20 0.01 100 2.37E-05 2.37E-02
1000 30 0.01 100 1.73E-05 1.73E-02
1000 40 0.01 100 1.02E-04 1.02E-01
1000 50 0.01 100 2.17E-04 2.17E-01
1000 60 0.01 100 3.15E-04 3.15E-01
1000 70 0.01 100 3.84E-04 3.84E-01
1000 80 0.01 100 4.22E-04 4.22E-01
1000 10 0.01 150 1.16E-04 1.16E-01
1000 20 0.01 150 2.59E-05 2.59E-02
1000 30 0.01 150 5.30E-05 5.30E-02
1000 40 0.01 150 2.63E-04 2.63E-01
1000 50 0.01 150 5.11E-04 5.11E-01
1000 60 0.01 150 7.18E-04 7.18E-01
1000 70 0.01 150 8.53E-04 8.53E-01
1000 80 0.01 150 9.11E-04 9.11E-01
1000 10 0.01 200 1.30E-04 1.30E-01
1000 20 0.01 200 4.07E-05 4.07E-02
1000 30 0.01 200 1.27E-04 1.27E-01
1000 40 0.01 200 4.86E-04 4.86E-01
1000 50 0.01 200 8.54E-04 8.54E-01
1000 60 0.01 200 1.23E-03 1.23E+00
1000 70 0.01 200 1.51E-03 1.51E+00
1000 80 0.01 200 1.65E-03 1.65E+00
1000 10 0.01 250 1.96E-04 1.96E-01
1000 20 0.01 250 6.53E-05 6.53E-02
1000 30 0.01 250 3.06E-04 3.06E-01
1000 40 0.01 250 8.22E-04 8.22E-01
1000 50 0.01 250 1.36E-03 1.36E+00
1000 60 0.01 250 1.87E-03 1.87E+00
1000 70 0.01 250 2.25E-03 2.25E+00
1000 80 0.01 250 2.40E-03 2.40E+00
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