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Abstract

Polydimethylsiloxane@DMShas found many applications in bioengineerihgptechnology
and softrobotics As part of a PhD wider project which aiatsusingSYLGARD® li®4produce
soft robots, this thesis develops a method to characterize it under biaxial deformation states
onan availablet YA-ONR EA | £ (S aMithitye Ambition @ofavegldh & methoahich
can be used for other similar & 2rfateals, two setups andwio different geometriesare
designed to achieve an equibiaxial deformation state. The reshtiss how thefirst geometry
anda modification of the second can provide thesiredstate, the latter with good
equibiaxiality but lower reliabilitgdefined in this work as the statistic of samples giving the
needed state over the number of tested sampldsg to experimental limitén reaching
deformation higher or at least comparable to these obtained with the first one

In the second part of this projedhe data from uniaxialensile testsand pure shear testaere
used toidentify the parameters oflifferent hyperelastianodels wheh are then used to
simulate the biaxiaéxperiment The resultssuggest that théArrudaBoycemodelis suitable
to simulate the material as compressiliethe whole deformation rangeonsidered in this
work. Moreover,simpler modet such a¥eoh and Ne#lookean modekan be usedvith a
maximumstrain up to 0.4.

Riassunto

| polidimetilsilossanfPDMS}rovano svariate applicazioni negli ambiti della bioingegneria
biotecnologiasS RSf f I NP 6 2 i A ONell'&rbito di it pio§eMdidiiottaia® BiF A OS ¢
ampio, che ha lo scopo di utilizzail SYLGARD® 184 per prodwoé-robot, questa tesi

sviluppa un metodo per caratterizzarlo in stati di deformazione biassiale su una particolare
macchinadetta dmicro-biassialé. Con I'ambizione di svilgare un metodo che gssaessere
utilizzatoancheper altri materialicedevolj due configurazioni e due diverse geometrie sono
state progettate per ottenere uno stato di deformazione equidale. | risultati mostrano

come la prima geometria e una modédmonedella secondaiescano dornire lo statovoluto,
guest'ultima con una buona equilggalita ma una minore affidabilittdata dal rapporto tra i
campioni che forniscono lo stato corretto e il numero totale di campioni testatiyia di limiti
speimentali nel raggiungere deformazioni piu alte o almeno comparabili a quelle ottenute con
la prima.

Nella seconda parte del progettodati delle prove di trazione uniassiali e delle prove di taglio
puro sono stati usati per valutare i parametri di diver®dellicon cui simularée geometrie
biassialil risultatimostrano come ArrudaBoyce sia adatto a simulare il materiale come
comprimibile per l'inteo intervallodi deformazioneutilizzatoin questo lavoro Altri modelli

pit semplici come Yeoh e Néfmoke possono essere utilizzati fina aina deformazione

massima do.4.
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1. INTRODUCTION

1.1. Soft Robotics

CNRY (KS 62NR aNRBoOo2GFE¢ YSIYyAy3d aO0O2NBs§Se Ay [ 1.
indicating the one who will be born with the only purpose to accomplish those works

unpleasant for humans, robotgve gained the interest of the scientific communitg@sely

for the possibility to relieve people form such jofH.

The praess to invent a robottartsfrom observingvhich architecture is being exploited by

the human or animal to complete a certain task (i. e. which bones, muscles, tissues are used),

then mimic those functions and augment them in strength, speed and accuracy

The possibility to create more efficieahd precisevorkers which do not suffer for the task

and repetitivenesss the focal reason why robots have been developed during the years.

To paraphrase G.M. Withesidekese sophisticated machines still hetthny problematics

Ay @2t @AYy3AY GKSISRAHFIGH 2F (KS2S502y2YA0asx GKS A
forms, the incompatibilityelated to the gentlenesef hard and stiff architectures with the

human body and soft tissues, and finally the grttial hazard of Al and probable future

combination of humans with machines.

However limiting to an analysis of the applicabilitgsues can be condensed to: lowi k a |

density in the sense robots are usually héanvand more voluminousthe harder is tle task,

low efficiency in energy employment, and the already mentioned incompatibility with soft

tissuessuch as human skin, organs and blood vessels

Startingfrom the 1980s new field of robotics developed in attempt to explore all the possible

waysto create robots. This field is called Soft Robotics.

The idea is to rely on materials thenstitutionallymimic tissues and those architectures one

wants to reproducef2]

As the name saythe main constituent of these robots #&soft matter, which cansound

confusing as arecise definition oft has not been giverDespite thisa common concept has

developed during the last decades of the pasttoey and this term in now well used in

literature.a F G SNA I £ & GKIFG F NB Olhose@2WaAA BRNBR @a&@2FideéS
08 (GKS AYRAQGARdIZ t SELISNASYyOS 27 (481 REASENDKS
materials|3]

Examples of this category are: elastomers, flexible sheets, fabrics, grémoletining a wide

set of materials spreading from sand to coffee beafms, gels and liquid crystdfy.

By the beginning of the1? century researches in the field of soft robotics havereasedn

numbers due to the large and growing interest into developing robots which can work in

contact with delicate surfaces and materials such as biological tissues and memgicanes

create, for example, new chirurgical supports) robots capable of doingpmplex motiorike

insinuaingin crevicesand adapting themselves to external constraint and obstacles

Application fields are mostly biomedichiomechanical and bioengineering in gerdrat the

theoretical adaptability of these systems sow the sefedtsapplications in search and rescue,

disaster response and human assistance.

Soft robots contain different components, mainly a soft struct{aetimescontaining

specifially oriented rigid part}, actuators and sometimes sensor. This last part isllysua




characteristic of small soft robots of dimensions lower thamiand therefore not
highlighted in this introduction.

Among developed softobots is possible to make a classification according to the type of
motion andthe actuatormechanisnthat allowsit.[2][3]

Actuator mechanism Maximal Output Force (N) Maximal Stroke (mm) Mass (g)

Electromagnetic 1¢30 3¢10 10c1Qn n n
Pneumatic 10¢ 200 6¢25 1¢30Qn nn
Shape Memory Alloy 0.08¢ 100 3¢ 100 0.001¢ 100
(SMA)

Biological muscles  5e3¢ 15e3 150 ¢ 600 N/A

Electro Active 0.02¢ 200 0.01 ¢ 200 le5¢1
Polymers (EAP)

Piezoelectric 0.08¢ 500 0.01c1 0.1¢ 1000

Tablelg Actuator characteristics [3]

Pneumatic and Shapdemory Alloys are common actuatarechanismsised to achieve
peristaltic, reaching and caterpillar locomotion. The fisstard to manufacture due to the
needing of channelwhile the seconds controlled by the temperature of the medium

therefore of limited applicabilityMoreover, SMAsconsume most input energy to heat the
filament itself leading to very low efficieney 1%) Nonetheless, compressed air and
pressurized fluids provide relative high forces and displacements while SMAs guarantee similar
forces with lower mass and higher displacememdgctroActive Polymerare used both as
structural elements to create artifiai muscles or in form of gels as active mediém example

are DEAs (dielectric elastomeric actuators) which provide high strain to stress ratio and mass
specific power but require rigid frame to pstrain the elastomers and high voltagesten
undesiralte. These polymers are competing against piezoelectric actuators having similar
forces but smaller mass and (in some cases) much higher strain than theif4]vals.

Material selectiorfor soft roboticsis strictly related to the type of applicatiaand thereforeto
the actuation needed. It is possibiough, to give a general oversight on the materiaked.
Most diffused material is silicormeibber, in particular PBIS because it is easy to mould and
sealand has properties good for both prototyping and productj@hln generalamong other
soft materialsexcluding gels and granuleslicones presents the lowest modulus (rargfrom
few tens kPa to few MPahe highest breaking strain (from 60% to 1000%) and can betosed
produceanysort of actuators

Othermaterialsare: polyurethanes, polyamides, EVA TPA, PEEK mesh, polyektethylene,
polytetrafluoroethylene, polymer gels (non EAP).

For what concern thegid parts implemented sometimes in the soft structutieey are tuned
for the specific applicatioand it is not in the interest of this project to undergo into such
details. @nerally. fibres are made of carbon or aluminiumhile among SMAs MkelTitanium
alloysarethe most used

Wellknownachievemensin soft robotics arg5]:

- The soft matter wormgFig. 3 which are stimuli responsive compostteat can simulate
the peristaltica ¢ 2 /X lo&rhotion by creating travelling waves of contraction and
expansion




Figurel ¢ "Worm-like" soft robot

The caterpillarsoft robots capable to simulate the caterpillar locomotion which consists in
adjusting the internal pressuraf a singd tubular chambeto control stiffness and stress
distribution on the bodyThis type of soft robot is capablefabt ballistic locomotiorfFig.

2) and widely used tgrab of objectss forthe case oft K iy R1 S¢é¢ aABFIANRO 2 (&
simpleexample ofapplication is that cited if8] where it can be seen a combination of

hard robot (arm) and the soft gripp€Fig.3.

Figure2 ¢ Ballistic locomotion

Parallel
Linkage

Figure3 ¢ Combiration of hard and soft robots

Thedoctopust A | S¢  &whiEhare h@harde$tdo reproduce and the most
interesting thanks to theirability to grab things at different forcediencefor the possibility
of strong orgentleinteractions(Fig. 4. Real octopuses are also capabfeapid extension
of the armsor intricated motions thanks to the complex muscle structure and the
presence of peripheral neurons within the arms which allow an incredflitgycontrol. An
attempt to mimic this complex sticture was prototyped using silicorgold EAPY9][10]
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Figure4 ¢ Gentleinteraction of a "tentacldike" soft robot with a human wrist

Concluding, principal problematics related to soft robots are the limited weight that can be
AdAGI AYySR2RE I TyR2TWKS GSGKSNAYyID

The first is widely seen in nature where, in factcatatures living on terrain and lacking an
exoskeleton are small and larger creaturaisch as octopusesan only be found in water
where they can exploit the hydrostatic response to sustain their weight.

The latter is a huge limitatioto the creationof small, portable soft robots. To give a definition
one can say that whenever the actuators are connected to an external power source (of
O2YLINBaaSR ANE @2t Gl 3Ss SGOX0 AdG Aa OFfftSR &
production line. Nontheless there are plenty hard robots which are instead-tethered,
examples given drones and floor cleaning rob@teating such soft robots capable to sustain
not only their own weight but also that of the untethered power supply is difficult.

Many examples of notethered soft robots rely on stimuli responsive materials in
combination with theirtuned environments.

1.2. Project outline

This Master Thesis ig of a PhD project which aims to develop a composite material for soft
sensors or actuats, composed by an elastomeric matrix and carbon or glass fibres or fabrics.
This part focus on developing a methodology for biaxial testing ofremrfiorced elastomers

and use it to test the elastomeric material under equibiaxial and other complex dafmm
states.

As a variety of matrices and fibres are of interest for the stated applications, the project is a
collaboration with the Chair of Materials Science and Testing of Polymers of
Montanuniversitaet Leaben and the Institute of Lightweight Desigth Structural

Biomechanics of Vienna University of Technology. Those Partners complete tasks concerning
the fatigue and fracture testing and the FEM modellifighe fillersrespectively. The

Politecnicadi Milanowas identified as expert in fields of ntiakial loading of elastomeric
materials, thus a valid partner to fulfil the data requirement for a complete modelling and
achievement ofleformationcoupling systems.

The importance of biaxial tests is given by the fact that most rubbers and soft matshial a
non-linear behaviour, therefore it is not possible to use parameters determined for a load
state to foreseen the behaviour in a different state. To define parameters that allow to better




simulate the behaviour under various load states it is neetbefit them using a higher
number of data.

The state of art bbiaxial testingloes not comprehend standardtherefore different

techniques and specimen shapes are tuned per chisete are, in generalwo methods for
biaxial testing: the bubble testnd the crosspecimen biaxial tegfl1] The first one consists

of the inflation of acirculardiaphragm 2mm thickthrough small steps of increasing pressure
[12] [13][14] The second relies on4plane tension using dynamometers with four clamps and
two loading axes perpendicular to each oth€his second technique is particularly useful for
thin soft materials such as biological tissues, hydrogels and thin elastomers, since they are
often available as small pieces or impossible to claspeeded for the bubble techniquid.5]

TheDepartment of Chemistry, Materials and Chemical Engineering of the Politecnico di Milano
has the possibility to operates biaxial tests on two different machines based on-fiiana
technique. One is that presented [ib6], the other has been developed by the professors P.
Vena and D. Gastaldi atiteir master students D. CarridRyabinin and M. GallfiL7] and

designed to perfom both uniaxial and biaxial tests on soft biological tissliéss second

machine was that selected to operate in this case sincartbaldsavailable to produce the
samplesare small.

The biaxiatechniqueof in-planestretchesrequire geometries that allow large and
homogeneous straing.he equibiaxial strain can be achieved only imalsarea near the

centre and geometries are optimized to try to maximize this area of equibiax{alyThe

limits to consider a@od equibaxiality changes among different research depending on the
purposes, the definition implied for this work can be found in paragraph 4.2.1 and appendix C.
The geometries implied are either squared or creBaped and clamped either exploiting
appropriate hicker areas developed dwbc on the sample, making use of needles or with
mechanical clampd.he machine cited above was designed to be suitable to use mechanical
clamping, gluing or needles. Due to the strong hourglass effect seen in rubbers uporiraut, us
the needles or creating the cuts used typically to increase homogeneity was not considered a
possible solutiontherefore the focus was oriented trossshapedspecimensDifferent

studies on shapelsave been carried out and provide a base for thisky@9][20][21]

1.3. Material selection

Soft robotics material must be soft and easy to produce safe to work with humans
depending on the applicationas seen before PDMSaigommon choiceThe material
selected for this work is SYLGARD184 produced by Bowring a bicomponent silicon
rubber which offers good mechanical properties and stable chemistry at a competitoee
Moreover, it is widely used for soft robotics applicatigB2][23][24]

It is not biedegradable and its components are not dangerous for human h§ziifi26] Once
cured the rubbeit is not dissolved by chemical reagenitsgetch itextreme solutions are
needed such a80 wt% KOH + 20 wt% IPA+50 wt% deionized water solution afZQ.1€
shows low permeability to common solvenith maximum of swelling in presence of toluene.
Even stronger mixtures allfuric acid and hydrogen peroxide lead to simple swell and micro




channels at surface without dissolving the rubj2&]. Therefore, it is considered bioert and
safe to handle.

The producenhighlight that this material was not specifically designed nor tested for medical
or pharmaceutical applications, but studies on its biocompatibility have been carried out
showing that limited hazardous substances were released in contact with biologstss and
blood vessels within the given period of time, hence no dangerous cytotoxicity was registered
on the cells. These studies do not assess the complete biocompatibility of the material and
further researches on the amount of released reacted gtotoxic chemicals are needed.
[29][30] However SYLGARD184 is used as substrate for cell cyR0i]

Producer declared mechanical properties and curing conditions for 10:1 mix ratio are shown in
the tables below32]

Property Value Unit

Viscosity (before curing) 3500 cP

Specific gravity (cured) 1.03

Tensile strength (cured) 6.7 MPa
Table2¢ Properties of SYLGARD 184

Cure temperature Cure time

100°C 35

125°C 20

150°C 10

Table3 ¢ Curing condition of SYLGARD 184

2. SAMPLES PREPARATION

2.1. Introduction

2.1.1. Effect of curing conditions

The material has been previously tested to assess the difference in mechanical propétties
uniaxial testsafter different curing conditios. [33]

Rheological tests were alsb NNA SR 2dzi FaaSaaiay3a idirg&mml f dzS
and different curing temperatures.

DNJ} LIK M aKz2ga (0KS O fk=hiag the Mmatdis fofdur fo@s/at G Hp
100°CThe temperatureeached through four different heating ramps: 1°C/min, 2°C/min,
4°C/min and 8°C/min. Thresults show how the values is almost not influenced by the heating
ramp.

DN} LK H &aK2ga AyaiaSIR GKS @FrtdzSa 2F DQ | i
reached with a heating ramp of 8@ih: 65°C, 75°C, 85°C, 100°C, 125°C and 150°C.
Thesedata are part 6the unpublished PhD project of T. Bardelli of epartment of

Chemistry, Materials and Chemical Engineering of the Politecnico di Milano and were first
presented at theXV Convegno Nazionale AIMAT Ischia Port@4%1July2019for the poster

a Bect of crosslinking process parameters on the rheological behaviour of a
polydimethylsiloxané ¢ A (cdllabdrd€iéh ofprofessors Briatico Vangosaahd Marano C.
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It has been decided to stick totermediatecuring condition@among those suggested by the
produces (125°Qd develop the model keeping in mind the possibility to extend such analysis
to the limit curingconditions in the futureThe heating ramp was 12.5°C/min obtained

through a preheating of the mould in an oveat 250°Ctemperature.




2.1.2. Introductionto test methodology: DIC

Since this project mainly concerns the biaxial testing of silicone, the technique selected to
measure the deformations Sigital ImageCorrelation through the software VIC2ZD09R)

which is capable to provide a map of the deformations on a surface cfample.

This technique consists in following the displacement of a (random) speckle pattern applied on
the surface of the sample throughout a sequence of img84kThe software is capable of
capturing the local displacements, calculating its vktive and create the displacement and

the deformation matrix of any point of the surface if a correct series of images is provided.

Regarding the test analysis a reference image is selected per each sample which corresponds
to the situation of undeformd state, then the software recognizes the pattern in each

sequent frame and comparing it with the reference one, it evaluates displacements and
deformations.VIC2B2009 also allows to set a calibration image to evaluate the ratio of
millimetre per pixel.

Considerations on the recording setup and the production on the samgtas will be

discussed in the followingaragraphswhere done referring to the Good Practise Guide of the
International DIC society35] Since the production of the pattern on the sample heavily
depends on the ability of the operator, this process was used for both uniaxial axigbi
testingto gain experience

The sensitivity to the operator ability is strong on these surfaces, needless to say that if the
amount of dispersed paint is too much, the small distance between the drops causes
immediate coal nce and an imperfeette it can be seen in figure 5.

gy

Figure5 ¢ Comparison between coalesced black drops and flat black and silver drops at same zoom

The sample preparation method was evaluated by comparison of the measurements taken
through DIC with those obtained by videatensometry a technique which is considered well
performing and largely applied within the research group.

Distortion calibration were not done in this case due to the kpghformance cameras
implied?

! For more details see Appendix A
2 Further consideration on distortion and pattern quality can be found in Appendix B




2.2. Sample preparation

2.2.1. Casting

Cast procedure begins weighting the curing agent and the prepolymer to a ratio 1:10, the fluid
is mixed for 15 minutes then poured into tineould and degassed in vaam for 1 hour at 60

cmHg

Themouldis made in aluminiunit is shapedvith sides 8@hmlong and round connector

radius of 1nm. Given the thickness ofd & the total volume is7256.63nm®.

The weighted material is usually 10g of prepolymer and 1g of curing agent since a lot remains
in the beaker after pouring due tdigh viscosity and a little excess remaimshe cast

The cast is then closed with four screlimsiting the screwtorque to INmand put into one
oven at 250°C for 10 minutésecessary to achieve 125°C inside the da®n moved to
another oven at 125C for 75 minutes.

The process isketched in figuré.

) The cast is closed
Curing Agent and Pre-Polymer controlling the screw torque
are weighted in a beaker to a to the value of 1 Nm
@ 1:10 ratio. @

N - :::rrﬁSSarr; r:r;i:(eesd together @ - .
m This phase intr.od uces a Zcznc ?;: |150pr1:1tir:rL::§ first
@ S| large number of bubble in
the mixture. /
250°C

@ The mixture is poured in the The cast is moved to
Aluminum mould. the second oven where
\ / it stays for 75 minutes.

The cast is then let set in
vacuum for 1 hour at 60 cmHg.

125°C

Figure6 ¢ Casting of PDMS




2.2.2. Die cuttingand pattern deposition

Silicone slabareremoved from the cast andut to obtain the needed specimens

The material requirea pressurearound15 kg/cnftocuto dzi aK2ga &2YS G K2 dzNAf
due to the expansion of the rubber under the die during cuttifiige hourglass effect is so

called in die cutting since due to the expansion, the blade cuts exeassiterial and once the

rubber is free to recover the elastic deformation, the crossection of the specimen resemble an
hourglass. The effect on this rubber has been controlled under microscope: it is not critical on

the borders but it is sufficient to doat allow the cut of holes adiameter smaller than 4mm.

Geometries of the dies are discussed in paragraph 2.4.

Toproducethe patternneeded for subsequent DIC analysis, firstly the surface is cleaned with
soap and water to eliminate possible grease rasglcoming from handling, then dried with
some paper towel dabbing gently and minding not to lose visible paper particles at the surface.

Then the sample is fixed with paper tape to a white, clean surface.

The pattern is done using the airbrush FEN®BB180 with waterbased acrylipaint. Thin
layers of black and silver paint are applied waiting for the previous layer to dry to avoid
coalescence of the drops. Spraying of the paint is tested on the white surface to reach the
desiredpattern. Thesample ighen handled gently to avoid disrupting the thin pattern, stored
carefully away from dust or other particles that can easily attach to the silicone surface.
Main steps to prepare the samples are sketched in the infogrgfilyiare 7)

® o ®

Figure7 ¢ Sample preparation. 1)Slab obtained through casting process. 2)Die cutting 2.1)Example shape of cut
specimen 3)Cleaning 4)Drying 5)Pattern deposition throughragh.




2.3. Considerations on sample geometry

As seen in paragraph 1ilike uniaxial tests equibiaxial tensile tests cannot rely on a

standard for the sample geometry. To characterize the performances of a sample, generally it
is used a factor indexing the amount of equibiaxiality. The aim of a good geometry is than that
to achieve the widest areat the centreof the specimeng which a certain condition of the

factor is verified. Irthis paragraph observations on each tested geometryraported. It is to
highlight that choices which led to modifications in the geomethere taken after obtaining

and interpreting the results with the previous one. Therefore, a more complisission

about geometry may be found rhapter4.

2.3.1. Uniaxial geometryGO)

The geometry chosen famiaxial testing follows the ISO37 arbber testing.
75,00

13,0012,00 25,00 12,0013,00

12,00
400

Figure8 ¢ Dumbbellshape ISO 37 on rubber testing

A cutting die was designed on purpashbich allowed to cut two specimens from the same
slab.

2.3.2. Biaxial geometryl (G1)

Thefirst geometry(figure 9)developed for biaxial testing was inspired by IS@u3T literature
[36] by crossing shapes similar todwniaxial dumbbells. Thgeometrywas chosen féer
completingthe uniaxialtests which showed it would have allowed to remain in the load
limitations of the biaxial machinthat will be described later in chapter 3.

Thefillet radius at centre was thensallest possible to achievsy thedie cutmanufacturer,
that is Imm.
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Figure9 ¢ First biaxial geometryG1.

Since the shape indicated in the standard is dimensioned to provide a uniform deformation
state at the centre, théiaxial geometry is designed such that the length of the straight arms is
the same and the intersection is obtained over 5 extra millimetres which account for the width
of the perpendicular arms and for half the fillet radids for theuniaxialthis geonetry is

designed to be clamped at 10 mm from the borders. In practise, due to a miscalculation in the
available space, it is clamped at 25 mm from the borders. Further explanation on the mistake
are presented in the next chapter (figurd)2while the effets on the stress concentration at
clamping are not critical, as a matter of fact, specimens with larger fillet radius starting directly
out of the clamping section are proven to perform bettg0]

2.3.3. Biaxial geometny2 (G2)

After elaborating the results obtained frofl,a second geometry was designed to increase
the Areaof Equibiaxiality(see section 4.2t centre andachieve highebiaxialdeformations

while remainingwithin the load limits the instrumentation.

Moreover,this second geometry was designed to ease up the alignment of the specimen on
the supports (see section 3.2.2)
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FigurelO¢ Second biaxial geometry

Analysis on the effectiveness of geometries like this to achieve largaerafadm equibiaxial
deformation areas can be found in literatfig®]. The cited geometriesan becharacterizedy
the 0TYratio where0 is thelength between the clampand'Y the fillet radius of the central
zone Table4 sums up the values of the ratios for the geometries in literature and those
designed herewhere Type A is similar to G1 and Type D is similar tgggthetries are shown
in figure 11.

Type A Type D Gl G2

orY 50 2.667 30 2.44
Table4 ¢ L/R ratio for geometries from the literature (Type A and D) and those proposed in this work (G1 and G2)
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Figurell ¢ Two of the geometries presented [R0] : a) Type A, d) Type D




3. TEST SETUP

This chapter introduce andxplain the different methodologies used in this thesighlighting
the encountered difficulties and suggested solutions.

3.1. Uniaxial setup

3.1.1. Recording setup

To achiee a goodrnage of the samplethe ueye camerdJF5490SEvas used mounting a
NIKON28-105along with2x magnifier To a 105mm focdéngth corresponds an angle of

about %° and the smallst distortion®. The camera has a senstimension2 ¥ MK H €
(6.4Imm 4.59 mm) andhe distance between the camera and the sample waG0Imm.
Therefore the angleof view is reduceallowing averticalfield of view of110 mm. Introducing

a 2x multiplier the field of view halves ¥ mm. Thehorizontal field of view is always in
SEOS&aa IyR (KS NBRdAzOSR ¢AlGK GKS NBO2NRAYT
physical reference system of the machine, rotaterhges of the sample with and without the
multiplier are reportedn figures 14 and 15The resolution in these cases is respectively 30
>m/px and 10>m/px as the first setup with the multiplier was settled differently and closer to
the dynamometer.

In this case distortion correction was not doredying on the low level of disrtion of the
lenses To achieve uniform light the sample was lighted with 2 led panels at low int€Raity
13): their main purpose was to avoid shadows and correct the light outside.

Complications in this setup reside in the alignment of the caméttative sample. This was
achieved with the help of a spirit level

3 See appendix B
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I=150cm

mobile clamp

fixed clamp

Figurel2 ¢ Optical setup for uniaxial testing: lateral view

Figurel3 ¢ Optical setup for uniaxial testing: top view with leahels

Figureld ¢ Recorded image of uniaxial tension sample at the beginning of the test, without 2x multiplier
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Figurel5¢ Recorded image of uniaxial tension sample at the beginning of the tes2xvithultiplier

The software VIC2R009 is able to determine the deformations both with or without the
multiplier. The records done without the multiplier were taken to take advantage of the
possibility to observe the deformation at the clamp and verify tiat clamping method was
providing uniform deformations at the centre of the dbgne samples, even if some slip is still
present. Moreover, the presence of the multiplier will not allow to follow the centre of the
sample at 60% strain as it would end ugside the frame, therefore for deformations higher
than 40% strain the multiplier cannot be used with the stated setup.

3.1.2. Testing setup

Uniaxial tests are carried out on INSTRON 5967 with 2KN cell which allows measures with an
uncertainty of 1 mN. The sargwas held in place by two mechanical static plane clamips.

test was developed to reach the 60% of deformatibefore strain hardening effects. This

allowed to focus the attention on the behaviour of Sylgard before hardening, as observed from
tests peformed in another thesig:33] Avelocity of 5 mm/min(83>m/s)was used and a final
displacement of 25mm was imposed to the molwiiesshead

Complications in this type of test residealignmentof the sample and in efficierlamping
Regarding thalignment the sample hadigns drav with a markeiindicating the centre of the
area to clamphat had to visually coincide with points on the clamp, considerations on the
efficiency of this method are left to the readén figure 14 one can see the two marks on the
specimen, the correspating marks on the clamps are not visible since they are perpendicular
to the sample, on the edge of the clampegarding thefficiency of clampingslipmgeof the
sample mainly arises fronubber thickness reduction while stretching (due to rubber low
compressibility) which cannot be compensated by the clamps with an overall reduction of
clamping force as the sample elongat€&his behaviour can babservedn a rough way

drawinga line on the specimen at the clamp, which thaoves far from the clamguring

tension, or when moving back the shé&dtthe initial positionwhere a buckling of the specimen
can be seen as if it was compressed. This is due to the increased amount of material between
the clamp after the slipwith respect to the initial amount anitial position.
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3.2. Biaxial setup

3.2.1. Recording setup

For biaxial testing theecording was done again using a ueye, but the optic this timetheas
stereomicroscopeOlympusSZ61TRfigure 16), specification of which are reported in table 5
This systenallows a field of view rangind3,5x19mmwith 0,67 zoom up t@&,5x12mmwith

1,2 zoom Further zoom was not interesting for the purposes of this thebiwe resolution
obtained with this setup ranges from 0.00486 mm/px to 0.00263 mm/px depending on the

Z00m
' &F

2

Figurel6 ¢ Stereomicroscop8Z61TR , Olympus, Jp

Optical System Greenought Optical System

Zoom Ration 6,7:1

Magnification 0,67x%4,5x

Observation tube Binocular (Tube Inclination Angle
45°/60°)/Trinocular Observation Tube (0.5x
Photographic Lens Built)

Table5 ¢ Optical setup specifications

3.2.2. Testing setup

The dynamometerused for this tesfl17] is called micrebiaxiattesting machineXBTM) due to
its capability to achieve slow smdlkplacementsand resolve low forces with a sensitivity of

1>m It is composed of two 50N cells and four independeiidro-translation stage$PM
M111-custom)to control the position of four armgzigure 17 shows a stage highlighting the
direction ofmovement and the threaded holes used to fix the arms on position.
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Figurel7 ¢ PIM111-Custom Red circles indicate the screw holed arrow indicates the direction of movement

Since the machine was designed to work with thegbility to immerse the sample in a tank,

the mentioned arms aréarcgéshapdr | YR KI @S G2 aSi 2F R YSyaarz,
is present on the twanotors which do notcarry load c@lK A £ S G KS a@elt t I NO¢
mounted where the cells armountedand designed with a lower mass in order to reduce the

bending moment acting on the load cells.

Thelarge arms are attached to the motor with six screws on the blue plate of figyrihé

small arms are composed of two pieces connected by tHear is an anchor presenting the

K2t Sa (2 O02yySOG G2 GKS Y20i2NE GKS 204KSNJ Aa 0l
This solution on one side allows to work with materials that need contact with a fluid or

simulate conditions of fixed temperature controlling the temperatofehe fluid in the tank.

On the other side, when there is no need for a tank the characteristic shape introduces two

bending moments that disrupt the measure of the force, moreover the offset of the cell is

strongly influenced by: the screwing force ugedix the cell on the structure and the screwing

force used to fix the sample support on the machine.

To identify the four arms a number is associated to théigure20 sketches up the top view of

the pieces assembled where the stages are hidden belewaitge arms and the anchors. Only

the screw holes useful for clamping are represented for the sake of simplicity.

The amshave two screw holes at a distance obiim to fix the clamping supportand can

move for a maximum displacement of 15mm per arm allowing a maximum 30 mm along one

direction. Table6 sums up the characteristics of tk8TM.

Load Cell Load range 0-50 [N]
Static overload safe 100% capacity
Overload 200% capacity
Displacement control Travel range 15 [mm]
Min. incremental motion  0.050[>m]
Max velocity 1.5[mm/s]

Table6¢>. ¢a OKIF NI OGSNRaiGAOa
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The large arms are directly
attached to the linear stage

Anchor to attach the
cell and small arm
to the linear stage (o}e]
| : o
«—> o o «—>
1 I
oo Large arm
Smallarm +—

Cell __.'
Figure20¢{ OKSYF G A O NBLINBaSyidlidizy 2F (KS >. ¢a3x Thenide@A Sgd | NI
stages are not visible from above since are covbyegither the anchor or the large arm.

Tests were done at different displacement speed to verify if and how it affects tipaghpf
the sample Results which are function of time (force versus time and deformation versus
time) are comparable after anpportune time-shift while results function of each other (force
versus deformation) are already comparaltieerefore one can conclude that no viscoelastic
effects are present in the material. Graph related to thil be presented in chapter 4.

Glsampds Soeed G2 samples Speed G3 samples Speed
[>Ykae [>Ykae [>Ykae
1 100 1 15 1 25
2 50 2 15 2 25
3 50 3 15
4 25 4 10
5 25 5 25

Table7 ¢ Tests speed
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3.2.3. Sample alignment issues and procedure

The material cannot bdirectly clamped on the ans. In general, the tested materials are too
soft andgivingthin longarmsin the specimershape would not be able to support theeight,
letting the samplecentrebendingdownward In this case the cast used to obtain thlab is
only 80mm widewhile the min distance between the arc8.5mm, leaving about 10 mm of
material to be clamped directly on the aluminium arc. This solution was not considered
suitable for the stated bending of the sample, the alignment problansng from clamping
directly on the machine (also related to the small volume of maneuver) and the screw position
that are way too far from the specimemd would not allow to correctly apply the clamping
force.Figure 4 sketches up the wedge that wouddise in the specimen at the clamping
section due to the bad positioning of the screws.

Therefore, the sample is first mounted on a set of PMMA support2%jigvhich are then fixed
on the arcs using the fxing screws(fig. 23). This solution allowed to design the shorter
geometry G2, clamped with longer supports.

Figure21 - Exaggerated sketch of the clamping of G1 done directly on the aluminium arms

"ABOVE" "BELOW"
SUPPORTS SUPPORTS
5,00
g | % { e 7|
O o 8
T‘; qr!_ Gl
16,00 _f:r'i_ 37,00 "":11 _.zT_sg_
10,00
¢‘Lf’° ¢‘Lf’° =
J/C 2*{ ¥ O
g 2
O @] © O
G2
14,00 _3’.5132_ 42,00 _2_-121'1__

Figure22cda ! 62 @S¢ | yR ao0St 2¢éandtGa! adzLILl2NIa F2NJ Dwm
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Figure23 ¢ Footage of one sample of geometry G3 clamped on the machine

In case of Geometr§ and its supportseven if the geometry was designed to have a-doge
shape, the spacw drill the holeson the sides of the wide section of the dbgnewasnot
sufficient and in the end the supports were designed to clamp the specimen 15 mm after the
designed clamping position resultingtire system sketched in figure42

-

Figure24co i K 2F (KS Of I YLIAYy 3 aé&&aiSyY 2 frheDedEirclérapiesenthey R 6 A i K 2 dzii
originally designegbosition of the holesThe red dashed line represents the originally designed clamping position
exploiting the doghone shapeThe blue dashed limepresentghe limit of the aluminium arm.

Thearcs are designed such that the load axes of the cells are 2.5 mm above thelaxiag
(fig2), since the testd samples are 1 mm thick the PMMA supports have a thickness of 2 mm
so that the load axis falls in the middle of the sample. It is to note that supports for G2)(fig 2
have a thickness of 2,5 mm due to material availahdtitthe time.
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Figure25 ¢ Position of the load axis of a cell

Thisconnection systenshows important complications related to the three different

coordinate systems impliedtigure B is a schematic representation tifis issue

As a matter of fact, the first reference system is that of the machine, which was assumed to be
seltaligned (axes of arcs 1 and 3 are aligned and perpendicular to axes of arcs 2 and 4) even if
it is to note that some misalignments due to deformation of tduminium under repetitive
loadingswas observedThe second reference system is that of the supports which are
connectedto the fixing plane of the arda two points the absence of a thirdonnectionpoint
allowssome misalignments with respect to tlaec, mainly due to the screw force applidd.

this case the systemassmall misalignments that can be neglectah thatthe plates can be
considered alignewith the machine

Finally, the third reference system is that of the samjtiemisalignment with respect to the
machine is the sum of the small misalignments between the plate and the machine and
between the sample and the plate. Due to the previous assumption, all the misalignment is
assumed to be due the unperfect clampingloé sample within the plates.

Reference system
of the machine

pa 4

Reference system
of the supports

pi

Reference system
of the sample © o

Y

I = P

N
rz Py ~

Figure26 ¢ Implied reference systems in plane
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Tominimizethese misalignmentsan alignmentevicewas buit (fig. 27) in whichgrooves
weremilledii 2 &AYdz I S GKS an LR2airAdGAzyé 2F GKS | N¥a&
be inserted in thegroovesand fixed with tape then the sample is positioned above and
FfA3dySRd ¢KS al62@S¢ LIXIFGSa FNB LRaAGA2ySR | &

\
Figure27 ¢ Alignment setup for G2

It is to note that it is impossible to mount the sample directly on the machine due to the
reduced space of manoeuvre.

Differences between G1 and the other geometries are mainly related to the fact that the
alignment is bysight exploiting lines correctlyrew on the sample and on the PMMA supports.
For G2 instead, the alignment is assured by locking the sample at its largest section in the
supports. Drawbacks of the latter setup are related to the Poisson effect in fact, as the screws
are closed one atitie, this causes the rubber to expand first in one direction generating
misalignments. In G1, due to the miscalculation cited previously (figure 24) the section of
material clamped between the plates is far from the screws, as it will be se in chapterig thi
considered one of the possible causes for these samples to show lower misalignments.
Moreover, the long thin arms and generally less stiff geometry allow to compensate some
displacements instead of rigidly transferring it to the centre.

As it will bediscussedn section 4.2.2, the machine has a defect on arc 4 which invatwes
offset at the 0 position of aboud.5 mm. This means that when the operatmmmandghe
machine to move all arms to position 0, arm 4 is actusliifted of about0.5mm. Thevalue of
this error has not been evaluated precisely yet and the presence of this defet¢tywastized
while testing G1. Tgo around the problem, for G2 a PMMA cr¢f&3.28) was designed
together with an elongated hole for the screws to connect the support with the arcs.

With this method, after the sample is clamped on the alignment board, it can be moved to the

arcs positioned at 0.7 despite 4 being 0.2 , then the supports are lightywed to the arcs,

0KS ONR&aa Aa LRaAdGA2ySR FyR GKS aoSt2gé LIXIGS
relaxed position of the sample is achiev@this method does not allow a perfect alignment

between the arcs and the supports but make suretti@re are no initial strains and stresses

despite those of compression at the clamps.
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Figure28 ¢ Alignment crosstop view.

Dark blue indicates the aluminium arms of the machine at position 0. The blue parts are the PMblfsstgppote
GKS St2y3al SR K2tS&ad ¢KS tAIKGEG o6fdzS LI NIZ ol NBf &
the grey circles are the screws.

Finally, it is important to highlight the cruciality of slippage in this clamping syS#me the
rubber compresses while the screws fixing the clamps remain at a constant position, the
sample is able to slip off the clamp. This behaviour lead to uncontrolled errors in the
measurements. Since the support are made of PMMA but commercialcaghyé does not
glue this PDMS, a primal solution was to glue sand paper to PlbtA above and belowip
increase friction, then to introduce a silicone gligaratoga®h)etween the sample and the
sand paper. This second glisaot able to adhere to PMM but perforns better against sand
paper.

Tensiletests to verify the effectiveness of this glue were done gluing a sample of the

dimension of the uniaxial samples to a PMMA rectangular piece on which sand paper was

glued.The sample and the PMMA piece wlelamped such that the glued interface was

GRaAODTL

aligned with the loading axi$his system does not reproduce perfectly the biaxial cases since
no upper boundary was present. The tests showed that the slip is reduced up to 18N and even
more since over that \ae the PMMA slab would slip from the clamps of the testing machine.
lff GKS aNBRé¢ QI t dzS 3B ardl@dediKtd stip of INEpBoyt fiotnRhe A Yy 3 NJ- |

clamping and not due to slip of PDMS from the suppotieto the different focus of this the

setup for testing the glue was not optimized and it was decided that the preliminary result

obtained was sufficient to introduce the glue in the biaxial tests. The possibility to use the
same PDMS, letting it curing at ambient temperature was discardeg she objective is to
obtain a setup which is cheap in terms of cost and time. Further research on possible
adhesives should be of interest to optimize the biaxial setup for this Pid $ther soft
materials.
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Graph3 ¢ Slip tes with silicone glue

The procedure to clamp the specimen and to fix the supports on the machine are sketched up
in the infographics below.

Figure29 ¢ Clamping of the sample outside the machine.

(1) "below" plates are fixed on the assembly base Z). (2)Sand paper is glued to the plates and a thin layer of
silicone glus put above the sand pap3) The sample is positione@)Sand paper and #hin layer of silicone glue
F'NB Lidzi 2y { K@) Thé pladed édeSpbsitiaded-oi tBeisample and 2 hours are waited for the glue to
dry. 6)The plates are fixed with M2x12 screws adding 2 slipt washer.

31



The addition of the split washer was dottetry to compensate the lowering of the clamping
force due to thinning of the rubber. This solution did not show any particular improvement
and can be avoided to accelerate tblampingprocesswhich requires about 1 hour plus one
evening for the glue tdry.

TheLINEASy OS 2F St2y3lFGSR K2fSa Ay GKS aoSt2a¢
compressive statéhe screwing produces the sample which bends upwards, when moved

from the alignment setup this state is relaxéfdthe machine is set at positiontBe

compressive state is obtained again but due to the unknown offset of4atire arms are

never in such positionTherefore, the armare shiftedof a certain amount, then the sample is
mounted leaving thdixingscrews(red cylinders in fig30) weakly closed. The alignment cross

is positioned such that the plates gperpendicular with respect to each othénd the sample

as well if clamped properlybhe fixingscrews are tighterand finally the cross is removed.

Figure30 ¢ Samplewith geometry GZlamped on thenachine.The grey cylinders represent the clamping screws,
while the red ones represent the fixing screws.
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4. RESULTS

4.1. Results of the uniaxial tensile tests

Due to thesample production process, according to whilkh material was given the proper
time to settle and no orientation wamduced by the flowthe slab and therefore the samples
are considered isotropid.he software for Digital Image Correlatiemaluates the
deformations over the area of interest (fgf-a). A preliminary test at lower deformation was
done to assess strain uniformity at the centre of the specinidm red line indicates the
hundredequispacel points that were taken to verify stia uniformityalong the centre of the
sample(fig. 31-b), where straingange at the considered crosshead displacemdratween
0.2749 and 0.2786'he data, represented as a function of pamimber in graph 4 confirm a
good uniformity. Given this obseation, the strain of the sample during the test was
determined as the average in the central region represented by the black square inFlgare
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Graph4 ¢ Strain uniformity of uniaxial samples at 30% maximum strain.

Resuls of the uniaxial tests, developed as defined in section 3.1, are shown in §rapie
black lines indicating thaveragevalue of- over the stated areavhile the blue dashed line
indicates the average of the data of the four sample, the blue striped area indicating the
standard deviation of the average.
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Graph5 ¢ Uniaxial tensile testesults

For the present results case, the straifis measured by DMhile for the previous results, is
measured by video extensometry.
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The red line indicatgthe curve fromtests done measuring the deformation through a video
extensometer In thistechnique lines are drawn on the sampigith a pen of a contrast colour
andthenthe test isrecorded. The obtainedimages are analyseshdthe displacement
between two lines is etermined. Thedeformationisthen calculated simply as the ratio
betweendisplacementandthe initial distance of the lines.

DIC introduces informatioan the deformation along the secondary direction in the plane of
view, whichwasnot detectable with tle method adopted for videoextensometryf his
information allowed toassesshe incompressibility of the rubber.

Callingp the direction of the major displacemennd loading axis; the perpendicular
direction in the plane of view andlthe third perpendialar directionalong the depth of the
sample the respective stretches along the three directions arb_ h_ whichassuming the
isotropy hypothesis

1
TKS CAy 3 Siuddhis daioBnAtioR diite is.
_ T T
0 _ T _ T
T T _
2
For an incompressible material the Jacobidd, 0 6 is expectedo be equal to onaluring
the test As a consequence, dependence on_ is
L
3

Theexperimental trend of) 6 for the maximal tensile tests performed on Sylgard 184 are
reported in graph 6

4 For theoretical background refer tgppendix A
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This resultlearly shows a departure from incompressibilifhis may bérue, or due to the
isotropy assumption_( was assumed to be equal to, but no test was available to check this
hypothesig. Obviously, both the isotropy hypothesis mayilvealidand the material may be
compressibleSince no possible causes for anisotrayere identified, the material was
considered compressible. The Jacobian shows an increase of Hifbuih volume a65%
deformation.

¢ KS t 2ratidid éalulated as the ratioetween transversal and longitudinal deformation
(eq.9 throughoutthe. The values obtained with different tests are then averaged.

Resultsfokf Mdnd LINBaSyd (2 G22 KAIK y2AasSs GKSNBT
evaluated as the intercept of the average. Instead, it is evaluated as the intercept of a

polynomial fitting the values for higher stretches. In graph 7 the black line represents the

behaviour of an ideally incompressible material, the red line the average of the experimental

results, the redsh area is the standard deviation and the blue dgakhine the fitting.
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Graph7 ¢ Poisson coefficienThe redish area around the experimental result represents the standard deviation due
to the average of the 4 samples data

As reported inable8, the degree of polynomial does not significantly affect the extrapolated
Poisson result valuethich is close to 0.45ums up different polynomidittings.

Polynomialorder t 2A 332y Qa 4
2 0.446 0.001 0.99973
3 0.451 0.001 0.99978
4 0.448 0.025 0.99979

Table8c9 FFSOG 2F GKS LRtey2YAlLf 2NRSN i2the adjiusteéd neanisquafd G A2y 2 7F
error

This result isn agreement witHiterature g KA OK NB L2 NIl a @ f dzaagng T t 2 A & .
from 0,45 to 0,4999 for SYLGARD.I84][38][39] The behaviour is probably related to the

way and ratio of mixing and curing conditiasisce, for exampleit may be due to the

presence of small bubbles, na@etectable by eyeight which expands upon stretching.
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4.2. Results of the biaxial characterization

4.2.1. System of reference anatation

The reference system used to define all the variables in this chapter is represented irBfigure
(G2 is represented here just for explanatory purpose but the same appliek)tar@recalls

what has been said in secti@i2.3in figure 5. Drection p is thatof the sample clamped
between acs1 and 3of the machinedirection¢ is that betweerportions clamped ormarcs2
and4, directiono is that along thehicknessof the sample, parallel to the axis of the camera.
The notation used implies as the strain along directiop and- as the strain along direction
¢. Then, eminding that directionskay not be aligned to directions ¢of the machinethe
forces F1 and F2 atkosemeasured alonglirectionspd and¢d respectively

From now on outputs measured along directioand pa will be represented by a continuum
line while those measured alorggand¢a will be indicated by a dashed line

Figure32 ¢ Biaxial clamping name system and reference system sake of simplicity the ideal casavhich tnd
care aligneds depicted.

The output extracted from the DIC software is the principal strains, which directions should, in
theory, be aligned with thetdirections of the samples. These outputs are indicated ashe

major principal strainand - the minor principal stren. Under ideal alignment it is expected
that the majorprincipaldirection is eithemp or ¢, randomly for different tests.

4.2.2. Considerations on geometries

This paragraph focuses on the performance of the different geomettiesencountered
difficulties and anticipates qualitatively the results which details are presented in paragraph
4.2 4. To characterize the performance of a sample geometry a series of parameters to define
0 K §uality of the equbiaxiality | NI Thad&fdelquality together with the maximum

strain achievable and the maximum displacement are used to give the overall performance
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The first tested geometry is G1, advantages of which are the possibility to exploit 10mm out of
the 15mm available per ariand the small difference between the values of the principal

strains at the centre(rough indication of equibiaixialitypn the downsides theasnplesdo not
breakand therefore a higher displacement could be applied obtaining a higher strain at the
centre d the specimen.

With the aim to increase the exploited displacement, a shorter geometry (G2) with longer
supports was designed. Unluckily, the reproducibility of the test is lower than the previous
case and the samples break way before completing thdatismentthus ending the teswith

a lower exploited rangelhe achieved equibiaxial area is the square of that achievable with G1
at the reached deformationsrhichare about one thirdf those obtained with GIFrom the
resultsit will be clear how G2 isot suitable to characterize any material sirady one sample

2dzi 2F SAIKG aK24a | GadFFAOASY(lé LISNF2NXNIyOS

From the data analysistill alsobe clear the effect of misalignmentsghlighinganother

problem: the rigidity of the arm. The absence of the long amn&2produces a stiffer reaction

to misalignments. As a matter of fact, clamping the compliant PDMS causes it to be extruded
out of the clampsand generally to expand underneath the above PMMA.sfe the screws

dzaSR Ay OflYLAY3 Olyy2id 0SS GAIKGSYSR tf I
misalignment with respect to thpd andc¢a directions.The generated misalignments are

0KSY AGNRARIARE &€ LINPLI Jgedne®y. 6261 NR GKS OSydNB

A possible parameter influencing this behaviour was assumed to be the distance of the screws
(see figure 3). For sake of clarity, in figur& &he specimen was divided in 3 crucial zones: the
GogARS aSOGA2yé¢ RSLAOGSR gAGK | fAIKG ofdzS |
red area and the fillet radius, depicted as a sharp red line. The hypothesis is that for the
geometry G2, the@ews are too close to the wide section and the fillet radius and closing the
screws the expansion of the rubber moves the fillet radius that may bend leading to highly
unpredictable displacement at the centre of the specimen raising misalignments. taslbeof

G2.1 even if the screw happens to be closer to the body of the specimen, the distance from

the fillet radius is sufficient to reduce the misalignments.

0,25 1,75

\ =

a ) b c ~
Figure33 ¢ Minimum distances of the specimen frahe inward screws for G2 (a) and G2.1(c) and sketch of
exaggerated behaviour of the fillet radius of G2 during screwing (b).
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Acknowledged what above, improvements@2 where done without the needing of create a
new die but simply clamping the system @oto the centre by 1,5 mr(fig. 33-c). This new
clamping method iseferredto as a modification of G2, hence GZigire 34 shows with a

red dashed line the position of the four clamps in G2 while with a blue dashed line the new
positions in G2.1The gometry resulting from this clampingssffer, closer to aully squaral
geometryand allowsmncreasedmaximumdisplacement

58,00 mm

Figure34 ¢ Third biaxial geometr{G2.1) indicated bghe light blueline, the red dashed line indicates GBe
clamping sections are 8.4 ndiim G2 and 9.4 mfn G2.1

The increase of maximum displacement is not trivial. Even if the sample is mounted on an
FftAIYyYSyld aeaidsSy gKAOK aAYdz ompdssivelstitSis LI2 aA A2 Y
produced due screwing. This is then relaxed when fixing the supports on the matloirter

to start the test from an undeformed condition of the sample. This process pushes the

supports further from the centre and the arms needto¥@ @SR FNRBY LR AAGA2Y a7
mm, reducing the maximum displacement. With G2.1, the sample is clamped on a system

GKAOK aAyYdzZ-m®dpayYNe ax eha@dfdrdaxirtg M dompressivatatethe

armsof the machine can bpositioned almosté & n ¢ | f f 2 @mogt Bomflgely$eE LI 2 A (
absolute maximum displacement of 15 mm per arm.

Due to the Covid9 pandemic only 2 samples were tested hence it was not possible to derive
a complete statistic for the behaviour of this geometfyom the okained results the
reproducibility is low as each sample broke at a different strain. None of them was capable to
exploit fully the available displacement but both satisfied the equibiaxiality arbitrary
conditions.

During the tests of geometry G1 it wastad that moving the sample from the alignment
system to the machine, a stretch along directipdeveloped. Not knowing the cause of this,

as a rough solution it was decided to untighten a little the clamping screws and move the
specimen. The alignment w#sen done visually. The presence of this error can be seen in the
results of geometry G(graph 8a) since the major principatraindirection coincides to
direction¢ most of the times. Sampl2and 3 were tested changing also the initial position of
the arms but only sampl& shows the major principal strain direction aligned wathrhis




means that the prestretch along; was removed buthere is the possibility that one alorm
instead was introducedl he occurrence of such stretch could be inspected only visually, due to
the cell offset. Even removing the offset before clamping, clamping operation and the sample
weight (imposing a bending moment to the load cell) woulinteoduce an offset difficulto

be interpreted.During the tests of G2, an error on arm 4 was found. The position of the arm
resulted shifted by a positive offset ranging from 0,5 to 1 rilee precise value of the offset

was not quantified but the alignment croge¢allparagraph3.2.3for details) allovedto

controlthe problemas &«etchedin figure ¥. As a matter of fact, positioning the crosise
alignment of the supports with respect to @aother was guaranteed while the elongated

holes allovedto fix the support on arm 4 at the distance need&kverthelessthe position of

arm 4 was always shifted of at least 0,5 mm inward with respect to all other arms.

" [
- - B —&

- —: - td
" "

c d

Figure35 ¢ Sketch of the positioning of the G2 samples using the alignment Giwssed dots represent the fixing

screws, the grey squares represent the aluminium supports, the black cross represents the axis of the specimen and

the black segments on the grey squares represent the elongated holes of the supports which are not showed to
lighten up the drawingl@)L RS 174 WWaPAGA2Y FT2N 6KAOK St2y3dl GBR K2t Sa ¢ 2 dz
position, arm 4 is actually at1.5 mm anda prestretchalonggc RS @St 2 1LJad 600 ! N¥ n A& &aKATGS
all other arms are kept at @mm. (d) The alignment cross is positioned, the screws are untightened and the support

on arm 4 shifts inwardrinally the screws are tightened hered rectangle highlight that the screws are now on the

other side of the elongated hole.



A common set of initial positions is 0.7, 0.7, 0.7, 0 for arms 1, 2, 3 and 4 respectively (recall to
figure 32 of the previous paragraph for the indexing of the arifisg¢ example sketched is not
a real situation as often the screws are positioned midway the length of the elongated holes

4.2.3. Results okquibiaxial tensilgests

Deformations measured at centteising the DIC software V&D 2009nd averaged over a

small central area of fewents of>m radius instead of a single pointorderto reduce the

noise Forces are measured with the cells previously describe®Recalling paragraps.2.3
and4.2.], the strains along and¢ are represented with a continuum and dashed line
respectively, similarlyarethe forces alongd andc¢d . Graph 8 reports the measured
deformations for the three geometries against the displacemehile graph9 reports the
measured forces for the three geometries against the displacement. Recalling gardg??,

all tests done on geometry G1 ended because the maximum span of the stages was reached
while all tests done on geometries G2 and G2.1 ended because thargrebroke Finally, it

is to remember that data of G1 and G2.1 are those of all tested samples while the total
number of samples tested for G2 is 8 but 3 of them show slippage too early in the test and the
DIC is not able to follow the displacements.
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Graph8 ¢ Deformationmeasured in directiop (continuous lines) ang (dashed linesin the centre of 5 samples
with geometryG1l(a), G2 (b) and G2.1 (ested equibiaxially.
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Graph9 ¢ Forces measured in directioq® (continuous lines) angd (dashed linesin the centre of 5 samples with
geometryG1l(a), G2 (b) and G2.1 (t3sted equibiaxially

Vertical shifts in the deformation plot indicate slippage while vertical shifts in the force plot
may be caused by motions in tfigingscrews anchoring the supports to the arcs. Since with
G2 the elongated holes were introduced, the supports have thsipoy of sliding if the
screws are not closed properly. This effect is small in terms of deformations at the sample,
especially for samples of the dimensions @f But result in a sharp perturbation of the force.

Relations betweer and- measired with Vic 2D and the strains along the reference system
directions; and- Hfor the three geometriesaire summed up in tabl@ as well as the different
maximumdisplacementt end of test.

Sample &L £LL dmax[Mmm] Sample £L E£LL dmax[mMm]
1 - - 10 1 - - 6.9
2 - - 10.8 2 - - 1.8
3 - - 10.8 3 - - 3.6
4 - - 10 4 - - 5.2
5 = = 10 5 - - 2.6
a b

Sample £L ELL dmax[mm]
1 - - 1.8
2 - - 3.1

Table9cw St I GA2y 0S5 i618)562b)and GI/1R) andthefdBpiEcement exploited starting from
different initial position.

Limiting to these data,santicipated in the previous paragraph G1 shows the best

reproducibility as all samples, besides 2, behave similarly both in terms of strain and forces. G2
shows the worst reproducibilitwith almost each sample behaving differently in terms of
displacementG2.1 shows bad reproducibility as well, but in this case the curves are much
closer to each other also at higher deformatiohsgeneral, it can be seen how forces

measured on the two cells have similar values even if deformations shder gapdbetween

the two directions see the behaviour of sample 2 of &id sample 1 of GZ his behaviour is
probably due to unknown prstretchesor gradualslippage

On this regard, G2.1 allows to recognize slippage and perturbation in an easier way thanks to
its stiffer reaction to such inputs.

Aiming to reach the highest possible strain at centre and the highest reproducildity, f
these resultst is possible to derive thab2 appears to be the worst performing while G2.1
appears tgperform almost as wels G1 half of the times.




4.2.4. Equibiaxialy

Since the aim of the thesis is not only to characterize the material but also to develop a

effeciveY SG K2 R2f 238 (2 GSald daaz27Fidé¢ YlelidtNgnéss 4> (2 =
of the test thequality d the equibiaxialitywas considered as the representatiparameter.

The first step to determine thgualityisto quantifythe equibiaxiality, one definition of this

quantity isthe relative error between thdocalminor principalstrainand thelocalmajor

principalstrain. Forthe sake of clarification this parametaeferredtoasa 9 lj dzZA 6 A EA L £ ClI
LISNOSy (¢ 691G20% ¢Fa RSTAYSR a2 GKIFGThd2 | wmn
software VIC 222009® has the possibility to output the pripai deformations Galling- the

major principal and the minor principalthus the equibiaial factor can be defined as

Onko p

Zpmm

5

Graph 10 plots the behaviour of EqF% measured at centre against the displacement for the
samples of the three geometries.
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Graphl0¢ Equibiaxial Factor % for G1(a), G2(b) and G2.1(c)

In this regard it is to note how, throughout the test, samplefB1a f 2 8 S48 Sl dzZA 0 A EA I f
Another thing that should baoted is how sample df G1, even though it reaches the end of

the test with a good value dqF%hows a decreasing behaviour just like the sample 2. Is this

an indication of strong misalignments? To answer gfuigstion,the second step to define the

quadlity of the equibiaxialityntroduces geometrical parameters such as the Area of

Equibiaxiality AoB and the roundness factor.

Perfect equibiaxiality would lead to a circular shape of@lthe isoel contour plot(as
explained in appendix GYjth the drcumference centre at the centre of symmetry of the
system which should coincides with the sample ceniéen representing the equibiaxial
factor, its contour plotwould also have a circular shagéisworth note that in this case the
factor is definedasafunction of the major and minor principal strains, if one describes the
factor as functiorof - and- |, the strains defined in the sample reference system




(introducing the absolute value to the differencé),y @ i S Rf A | SO NBRLIS ¢ 2 dzf R
observed [20]

Since, due tanisalignments, the shape of the distribution of EqF% resesaiellipse, a
geometric characterization of the equibiaxialitypimposedbased on two main factors: the

area of the ellipsand(l KS & NR dzy Ry S aTo da2sd, first thévieBSpodf Wic.Ja S ¢ ©
softwarewas set to show only the values below 90%, and divided in 16 colours such that the
darker red portion represent the area in which E@B higher than 85%such that the area of

the ellipse corresponds to theoE Thethresholdvalues choseare arbitrary as a first trial.

Then using FilimageJ an ellipse was drawn to approximate dlaeker redarea as shown in
figure 36 andthe softwarereturned themeasureof the area and the dimension of the major
and minor axis.

Figure36 ¢ Sample 1 of G1 at its maximum deformatemd its reference systerBlackcontouredellipseidentifies
the area where EqF% is higher than 85%

After a scaling operation, the area of this ellipse (given irfhgives an estimatof the zone

GKSNB G(GKS &aiGNIAYy FASER A& NBlLazyloteée SljdZAoAl E;
Roundness instead, iisterpreted through a parameter called Roundness factoiip

expressed in equation &s the ratio between the major axand the diameter of a

circumference that would show the same am@fahe ellipse This definition ofY "@ given with

the purpose to maintain the geometrical meaning that has been associated with equibiaxiality

so far. Therefore, as an expression ohhmuchthe system moves away from the ideal

equivalentcase.Y "Qalue is equal to 1 when the system is perfectly centred thus symmetric

with respect to the two principal axes of the specimarile itsvalue is equal to Z1when

the major axis of the &pse doubles the minor, which is tieorst-casescenario.
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One could define Rf as the ratio between the major and minor axis of the ellipse as also in that
case the ideasituation would be represented by value 1 of the factor and the worst sogna
would be represented by value 2 of the factor. But the importance of the equibiaxial area
would be lost.

Figure 8, 39 and40show the contour plobf EqF%rom which AoE andy "@re extractedor

all the samples discussed previoustgages of sampkel,4 and 5 of G1 have undergone

postprocessing operations during the preiimary phase of the thesis and show samples with

axes aligned with the page. This does not influence the results, as the software is capable to
determine the principal directionshereforethe analysis was run on the images as they were

without re-processingther® ! £ f 20 KSNJ AYlF3IS&a LINBaASyid GKS aly
of about 40° clockwise with respect to the page as shown in figaraBich is the original

orientation ofthe record of the testMoreover, the zoom is not the same in all picturas it

was adapted for eactest depending on the result of the previous and the dimension of the

contour plot of interest.

2 ;
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Figure37 Reference system of sample 1,4,5 of G1 (left) and of all other samples (right)

EqF% 10% 40% 70% >85%
Simplified scale of the EqF% contour plot
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Figure38§ EqF% contour plot @1 sample$l,2,3,4,5it the end of testDark red area corresponds to Eqf%>85%




Figur3c EqF% contour plot of2Z3ampleq1,2,3,4,5ht the end of testDark red area corresponds to Eqf%>85%

Figure40 ¢ EqF% contour plot of33ampleg1,2)at the end of testDark red area corresponds to Eqf%>85

Tables 8, 9 and 10 sum up the differ@arameters for all sampleEmpty cells present only a
slash bar and are due to missing of the elliptical shape in the contour plot.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
AcEOO ] 3.95 / 4,55 2,90 4,11
Rf 14 / 1,27 1,38 1,19
£ ¢t atend 0,250,28 0,36:0,26 0,30:0,27 0,240,27 0,250,27
EqF [%] 91,5 72,7 90,2 90,0 95,1
Tablel0¢ Final values of the G1 samgple
Samplel Sample2 Sample3 Sample4  Sample 5
AcEpO ]/ / 16.77 / I
Rf / / 1.30 / |
¢ atend 0,320,27 0,06-0,07 0,140,13 0,21-0,25 \ 0,100,13
EqF [%] 83,2 79,1 92,17 82,41 786
Tablell¢ Final values of the G2 samples
Samplel Sample 2
AcE DO ] 16.96 17.93
R 1.34 1.34
¢ atend 0.11-0.12  0.21-0.23
EqF [%] 92.5 90.1

Tablel2 ¢ Final values of the G3 samples




From the results showed in tabl®, it can be said that an Area of Equibiaxiality of at least 4

mm? can be achieved with geometyl This highlights how sample evenif showing a 90%
equibiaxiality, provides an AoE which is way smaller than the other and smaller roundness

(indicated by higher roundness factor) therefore is considered invalid fostdredard of this

project. This result suggests K I i G KS NRdzyRySaa FFO02N) 6KNBakz2¢
equibiaxiality, is comprehended between 1.30 and 1.37.

Sample 2 does not present an area or a roundness factor because at the set threshgld (85%

the red area considered for the evaluations is split in two separated circles thus no ellipse can

be recognized as showed in figurg 3econdsample.

To derive the conclusions on this geometry, tallesims up thesamples which showed the
ellipseand a sufficient area of equibiaxiality

Sample G1_1 Gl 3 Gl 5 G2 3 G2.11 G2.12
AcE[pO ] 3.95 4,55 4,11 16.77 16.96 17.93
R 14 1,27 1,19 1.30 1.34 1.34
£ ¢t atend 0,250,28 0,300,27 0,250,27 0,140,13 0.11-0.12 0.21-0.23
EqF [%] 91,5 90,2 95,1 92,17 92.5 90.1
dmax[mm] 10 10.8 10 3.6 1.8 3.1

Tablel3 ¢ Equibiaxiality among the three geometries

Geometry G1 is overall fair as allows 30% deformations on almost all samples but the
alignment setup isdifficult andway too sensitive to the ability of the operatdrhe statistic is
that of 3 samples out of 5 capable to produce the desired state.

Geometry G2 is to be considered and not be used for any characterization unless a 20% error is
O2yAARSNBR G3I22R Sy2dzaAKé T2N ( kBowddaaNdodzlb Sa & L
the tested sampléwhich are 8)ut only the ones which did not shosuch a level of slippage

that impaired the DIC analysis due to image blurring. The factsduaiple 3 is the only one to
alGAaFe GKS YAYAYdzY NBI dzAi NBY Sy i asugiedts thafG202 y 4 A R
has to be discarded as it is unreliable

Overall geometry 2.1 performed better than @&h a striking statisticof 100%acceptable
samplesat least based on the criteria set in the present analy$&yvertheless, he exploited
displacements are still low and premature break of the specimeresent. As a matter of
fact, the reached deformations are still lower than those of G1.

Future improvements on the system concern the possibility to use a single screwaramp
the research of a suitable glue. The first approach requires the designeat @lamping
system but it will allovto eliminate the misalignment related to subsequent screw tightgnin
The second approach requires extensive research on suitable adhasivieg to avoid the
clamping at all and simply glue the samples on disposalpeorts. The ideal case would that
to find a glue which can sustain the loads required for the tests but that could be easily
removed from the supports allowing to«se them.




5. Finite Element model

The decision to perform finite element modelling ariéesn the need to verifyf it is possible
to obtain models able to simulate the biaxial behaviour starting from uniaxial and pure shear
data and then use those models to investigate the cause of non equibiaxiality.

5.1. Constitutive model parameter identification

The software chosen to simulate the material with Finite Element Method is ABDU$®

This software also allows to perforrmzaterial evaluatiorafter given few input datalThe term

cevaluatort A& dzaSR a Al A& sditkaiand reférSto the/figingdl y FA YR
procedure to find the constitutive model parameteaad the subsequent calculation of the

stability range of the parameters defined through the Drucker stability condition (details of

both step can be found in appendix.D)

This procedure contemplates up to four set of dadafour test configurations (uniaxial,

planar, biaxial and volumetrigjiven as stress vs. stragither in tension or compressioifrom

which the software derives the displacement gradient tefsmsiming the material isotropic

and incompressib® / 2 YLINS&daAoAftAGe OFy o6S Gl 1Sy Aydaz |
known.The documentatiorsuggestdo provide at least three testonfigurationsto get a
reliablecharacterization of the hyperplastimaterial behaviour3nce volumetric test were not

available and biaxial tests were still to be verified, it was decided to first complete the

parameter identificatiorusingthe availableuniaxial and pure shear test data.

Calling’Ythe strain energy ptential and nvokingthe principle of virtual workit follows that:

- Uniaxial test
RY , o ,, — ¢p _ _— —
.
- Pure shear test
-F{Y ” -ﬁ= F]n - c = = - -
8
- Equibiaxial test
RY ¢, o h, -— ¢_ _ — _—
9

Provided withuniaxial and planadata, ABAQUS&bstitute the energy function with that of

the selected modélandevaluates theconstitutive model parametes for the material

The evaluation is performed feenRA T F SNBEy i Y2RSft az AYLIRaiAy3a (KS
0,45.The models of interest are: Arrudgoyce, Van der Waals, Ogden from the first to the

6 See Appendix A
7 See Appendix D faletails ; the hyperelastic models MBAQUS® and the fitting procedures.




fourth order, the first (MooneyRivlin) and second order polynomials and the first and third
order reduced polynomial (Nedookeanand Yeoh respectively&enerallythe model
parameters are related to the initial shear modulus$ isand the initial bulk modulus .
Ogden mode(10) cefines"Yas a series of real powers of the generalized striainghich

N,* ,| are material constants' B “ 0 —
~ ‘ p .,
Y —_ —_
= - - o o 0 p
10
Neo-Hookean mode{11)is the first order reduced polynomial in which ¢6 ,0 —.
~ P. . p
Y - O —
CO o 0 o p
11
The Yeoh modélL2)is a third order reduced polynomial, thts ¢6 ,uv  —.
Y5 0o 6 0Oa 6 00 S0 p 20 p
O (6]
Py
O
12
Where0d ¢ Q7 whicht is the chain density per unit volumé)s the Boltzmann
constant and'Yis the absolute temperature.
Arruda and Boyce mod€l3) considers afunction of ¢ and ofthe strainand0 —-.
NY‘B"OG L"Ow PP O o
S COo pmum
() Upw V]
P O o _Lpa O o B P a8
X TUILTT @YX OXULUT (@] G
13
Van der Waals mod€14), even if was derived from physical consideratipresents the
parameterf has no physical meaning. ‘,0 —
- o ¢. 0o  p O p .
Y ! - - 25 == F
_ o a¢g ow c o c a8
i~y O o
O p 1 O10 -
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Table 14 contains the fitting error for the uniaxial and planar data and the strain stability limit.
If the strain limit is overcome in experimental tests the cell is coloured in red. If at least two
cells are red the model is discarded. Thedels used for the simulations are then the
remaining:ArrudaBoyce, Van der Waals, Ogden for N= 1,3 and 4, the first and third order
reduced polynomial (Neblookean and Yeoh respectively).




The evaluation of OgdeB isunstable, therefore lte data obtaind by E. Picco|B3] were used

as a tryto make Ogder8 workas it is the model suggested in her thesis. The main difference is
that in [33] the material was assumed to be incompressifilee model is identified with an
asterisk in table 14 andb1lTable b shows the values of the parameters for the considered
models

MODEL MACHANTAL TES| INSTABILITZONDITION FITTING ERRO

ArrudaBoyce U. T. 4.132

B.T. STABLE FOR ALL

P.S. 2.530
Van der Waals U. T. - P38t p 2.829

B.T. - ™ @

P.S. - TT 0.735
Ogdenl U. T. 2.401

B.T. STABLE FOR ALL

P.S. 2.618
gden2 U.T. - T O 0.918

B.T. - T X

P.S. - TR W 2.041
Ogden3 U.T. - e p 0.902

B.T. - T W

P.S. L) 1.54
Ogden3 * U.T. - T 1 0.374

B.T. - ] X

P.S. - 1O 1.306
Ogden4d U.T. - e T 0.533

B.T. stable

P.S. stable 0.932
MooneyRivlin (pol. | U. T. - e P 0.830
1) B.T. - T T

P.S. - TR L 2.912
Polynomial 2 U.T. - T X 0.660

B.T. - M W

P.S. - T W 2.009
NeoHookean (red. | U. T. 6.243
pol. 1) B.T. STABLE FOR ALL

P.S. 3.329
Yeoh (red. pol. 3) U. T. 2.893

B.T. STABLE FOR ALL

P.S. 1.163

* Uniaxial data are those up to break instead of those up to 0.64 strain.

Tablel4 ¢ Sability conditions and fitting errors for the evaluated mod&edish areas indicates th&rain limits
which areovercomen theexperimetnalests. If at least two conditions are red, the model is discarded.
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0.4277

28.44%

4.51%
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22408 1938 O 0.0923
o D
1.1823 0.2666

) H
-3.6864 20.70%
2 T
-1.0230 0.2596

) T T T

-4.6365 0.2465 0 0 O

0 0

Tablel5 ¢ Valuesof the parameters of the models satisfying the stability condittquations of the strain energy in

which these parameter@ppearare presented in Appendix D for sake of simplicity.
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5.2. Geometry and simulation settings

All geometries for uniaxial, planar and biaxial simulatiarsmeshed withlinear hexahedros
8-node linear brick. The mesh size isPmm. The simulation is ruwith reduced integration
anddefaulthourglass controlExcept the pure shear simulations, all samples are represented
making use of symmetry conditions and running the simulation on % th of the real sarhple.
stresses (S*) and thdeformations(NE*) presented in the resultge the nominal components
taken at the elementloser to the centre of the specimem the biaxial simulations, since the
model works under equibiaxial condition, the two components are equal at the selected
elementand only one curve will shawloreover, instead of the stresses at centre, the
variable to compare is the foesat clamping. In the software these are exported as the total
forces at surface (SQFoticing that, since the model present only Y4 clamping surface
per arm, it is needed to double the value obtain&ijure 4 represent the position of the
element from which the stresstrain data are extracted for uniaxial and planar geometries.
Figure 2 represents the position of the centraleghent and the clamping surfaces on G1 for
sake of simplicity, but the same method is applied to all biaxial geometries.

Figure41 ¢ Element for nominal stresstrain pair extraction for uniaxial geometrghjove andplanar geometry

(below)

Figure42 ¢ Element for nominal strain data extraction (left) and surfaces of force extraction (righg biaxial
case.

* ABAQUS output variable
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For all geometries except the pure shear one, boundary conditons consistdplacgiment at
the clamping section and in symmetry conditions on the faces perpendicular pdhd¢
axes.The pure shear geometry is extremely simple and therefore was simulated entirely,
applying the displacement on the upper surface and an encastieeabottom.

The different displacement applied are the same of the experimesaiabf datato which the
simulations are compared.he boundary conditions are summed up in tabfeand
represented in figure 3 In the tabled stands for thedisplacemenf{represented in figure 3
with orange arrows), NP fodot Presenand Other BCs for all tHgoundary Conditigwhich
are not displacements (represented in figurglly combinations of short orange and blue

arrows).
Geometry dalong [mm] dalong [mm] Other BCs
Uniaxial 12.5 NP Symmetry
Pure shear 9.46 0 Encastre
Gl 10.8 10.8 Symmetry
G2 6 6 Symmetry
G3 3.07 3.07 Symmetry
Tablel6 ¢ Displacement boundary conditions applied to the different geometries

A A

‘TR

C d

Figure43-Graphical representation of the applied boundary conditidine orange arrows are the displacement
conditions while thesets ofblue and orange cones are the symmetry or encastre condifitvesteference system
associated with a geometry is that present on the same height of the geometry in theg)ddriaxiakimulations
b) Pure shear simulations c) Equibiaxial simulations on G&dudpiaxial simulations on G2Ejuibiaxial simulations
on .1




5.3. Results

5.3.1. Uniaxialand pure sheavalidation

Uniaxial and pure shear samples are modelled on inventor and their behaviour is simulated in
ABAQUS® faoine models satisfying the stability limits of tablé. Uniaxial and pure shear data
are those used to evaluate the modeaisa nice agreement betweetiata and simulation is
expected.

The strain energy is directly function of the stretches and the constitutive equation of
hyperplastic materials describ¢he relation between the CaucHgreen stress tensor and the
deformation gradient. Therefore, evenribminalstresses antdiominal deformation are
extracted from the softwaredlata are represented as stressesstretches where the latter is
calculated adding 1 to the deformations

The reason behind the needing to simulate these tests is that the cotigdtmodel
parameters are found from a fitting done on strestgain pairs of aingleideal element and
their fitting error does not provide any information on how thesal geometry with BC can be
previsioned.

5.3.1.1. Simulation of uniaxial tensile tests

For unaxial tests, data on stresdrain relationship are availablnd the results for all models
are presented in graph 11.

Uniaxial tests

20 —H— AB
—e— NH
—A-01
—< 03

1.5 —0O- 04

0.5

0.0 T - :
1.0 1.2 14 1.6
I, M1
Graph11 ¢ Uniaxialtensile result® a 2 &bBréviations, Figured4 ¢ Uniaxial,comparison of the shape
AB=ArrudaBoyceNH=NeoHookean, Onrorder Ogden, before and after deformation.
VDW=Van der Waals, Y=Yeoh. Example reported: ArrudBoyce.

It results that Ogdeti followswell the datafor stretches higher than 1.2 rrudaBoyce and
Yeoh follow well the behaviour arfdirly the values. Ogde8 follows well both the behaviour
and the values up to 0.5 strain.




Neo-Hoolkean modefits well up to deformations of around O(4s expectey as it allows to
describeonly the first concavityFinally,Ogden4 can describehe two concavity, generating
some errorsaaround stretch of 1.2s predicted by the stability condition.

Critical this model ighe simulation othe dogbone shapethisis handled fairly by all models
Fgure45 shows the undeformed and deformed results of the Y-eatdel as a representative
case.

_ﬂ—q'

Figure45 ¢ Comparison before and after deformation of a specimen angtéeiction of theYeoh model.

5.3.1.2. Simulation of pre sheatests

Figure46 ¢ Pure shear, comparison of the shape before and after deformdEampleeported: ArrudaBoyce.

For pure shear tests, stregs strain data are available atioe results for all models are
presented in graph 1Z'he strain in this caseasmeasured relying on the displacement of the
dynamometer without usingany measuring temique, and calculated as showed in equation
15 whereQis the displacement an@@s the height (length along) of the part of sample

outside the clamps, hence that of the undeformed model showed by the rectangle in fi§ure 4
Q

Q
15




Pure shear tests
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Graphl2c Pure shearesultsh a2 RSt a4 Q I 6 6 NB-Boyde NHegegHodkean, lOnLiorded D |
VDW=Van der Waals, Y=Yeoh

—

Except for theNeo-Hookean modelall the models try taeproduce to some exterthe second
curvature. Asn the case of uniaxial tensile tes@gden4 is suited toreproduce the flex point
but at that point numerical issues cause the analysis to abort.

Due to its bad performance in both simulations, Ogdeis discarded as a possible madel
reminding that implementation might be possible with a more accurate evaluation of the
parameter for example using also the biaxial data.

5.3.2. Simualtions of equibiaxial tensile tests

Plotted experimental valugser geometry are those of the sample which reaches the highe
deformation among thesésince in case of G1 high deformations are reached by more than
one sample}he best performing (defined as in the previous chapter) is takéerefore data

of geometry G1 are thosaf sample 3, of G2 are those of sample 1 and of G3 are those of
sample 2.

5.3.2.1. Simulations of geometry G1

Figure47 ¢ G1, comparison of the shape before and after deformatiample reported: ArrudBoyce.
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Results of this simulation anepresentedin figure 4 where the deformed shape (green) is
compared to the undeformed (translucent greyhe comparison between eggmental data
and simulation prediction are in graphs 13,14 and 15 reportings_ ) vs. boundary
displacement;O(='0) vs boundary displacement afid vs_ respectively.

15 Sample 3
7 m— A
E— AB
—@— NH A/
—A—01
141 o vbw A/ e
oy e
A °

T T T T T T T 1
0 2 4 6 8 10 12
d [mm]
Graphl13¢ G1 stretchsstime. Experimental data along and¢ are represented with a continuum and dashes line

respectivelya 2 RSt & Q I 0 6 NB @ ABoyiteNpisNaoHookehn, G1Eidh2Bden, VDW=Van der
Waals, Y=Yeoh

= Sample 3
15 - —m— AB
—0— NH
—A— Q01

10- o A

F .F,[N]

d [mm]

Graphl4 ¢ G1 forcevstime. Experimental data along and¢ are represented with a continuum and dashes line
respectivelya 2 RSt 4 Q | 0 6 NB & ABoyiteNisNaoHookehan, C1Etdsti28den, VDW=Van der
Waals, Y=Yeoh
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109 == Sample 3
—m— AB
—&— NH
—A— Q1

F, . F,[N]

1.2 1.3
l. 1,11
Graphl15¢ G1 forcevsstretch Experimental data alongand¢ are represented with a continuum and dashes line

respectivelya 2 RSt 4 Q | 0 6 NB & ABoyiceNRisNaorookehn, KE1% dxddiaBden, VDW=Van der
Waals, Y=Yeoh

ExceptOgden3 which aborts due instabilitgll other modelspredict the experimental trend
fairly. Strain in the centre of the sample is systematically overestimated. The most suitable
Y2RSta aSSYy G2 0SS (K®Boycedddélard the ZaR Gef \Xaald riofel. | NNHzR |

5.3.2.2. Simulations of geometry G2

Results of this simulation are in figur8 where the deformed shape (green) is compared to
the undeformed (translucent greyJhe comparison between experimental data and
simulation prediction are in graphs 16,17 and 18 reporting~_ ) vs. boundary displacement,
"O(='0) vs boundary displacement aiff@vs_ respectively.

Figure48¢ G2, comparison of the shape before and afteformation Example reported: ArrudBoyce.
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Graphl6 ¢ G2 stretchsstime. Experimental data along and¢ are represented with a continuum and dashes line
respectivelya 2 RSt 4 Q | 0 6 NB & ABoyiteNisNaoHookehan, C1Etdsti28den, VDW=Van der
Waals, Y=Yeoh
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Graphl7 ¢ G2 forcevstime. Experimental data along and ¢ are represented with a continuum and dashes line

respectivelya 2 RSt 4 Q | 0 6 NB & ABoyiteNRisNao¥ookehan, C1Edvdsita8den, VDW=Van der
Waals, Y=Yeoh
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I
Graphl8¢ G2 forcevsstretch.Experimental data along and¢ are represented with a continuum and dashes line
respectivelya 2 RSt 4 Q | 0 6 NB & ABoyiteNRisN&orookehan, C1Etdsti28den, VDW=Van der
Waals, Y=Yeoh

As the showed in the analysis of the deformat{chapter 4) clamping of G2 not reliable as
introduces many misalignments and if one tries to reduce the clamping force to avoid them
then a ld of slippage occurd his translates into a lower equibiaxiality, in particular most of
the samples of this geometry do not show an ellipse in the contour plot of their Equibiaxial
factor. Sample 1 reported in the graph above is an example of this belnaviat it is selected
for the comparison due to the high (with respect to the other samples) stretches reached.
Therefore, a probable cause of tbeerestimationof the values of both stretches and forces
may be due tdhe sample slippagéirrudaBoyce igshe model whichbetter simulateghe
behaviour, NeeHookean models the only one providing stretches close to those achieved
experimentally buthe predicted curvature in théorse-stretchplot (graph 18) is not
consistent with experimental finding¥ed and Van der Waals follow the concavity but then
highly overestimate the forces, nevertheless seem applicable for stretches below 1.3.

5.3.2.3. Simulations of geometry G2.1
Results of this simulation are in figur@ where the deformed shape (green) is compared to
the undeformed (black dashed linéljhe comparison between experimental data and

simulation prediction are in graphs 19,20 and 21 reporting=_ ) vs. boundary displacement,
"O(='0) vs boundary displacement aiffdvs_ respectively.
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Figure49 ¢ G2.1, imposed boundary conditions (left) and comparison of the shape before and after deformation
(right). Example reported: ArrueBoyce.
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Graphl19 ¢ G2.1stretch against timeExperimental data along and¢ are represented with a continuum and
dashes line respectively 2 RSt 24 Q | 06 6 N5 @ ABoyiteN2iyN@oHookehn, O1% dNdEti28den,
VDW=Van der Waals, Y=Yeoh
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Graph20¢ G2.13 force against timeExperimental data along and ¢ are represented with a continuum and dashes
line respectivelya 2 RSt 4 Q | 6 6 NB & ABoyizeNpisN@oHookean, Gl txdsb28den, VDW=Van der
Waals, Y=Yeoh
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Graph21¢ G2.1force against stretchExperimental data along and ¢ are represented with a continuum and
dashes line respectively 2 RSt 4 Q | 6 6 NB & ABoyizeNpIsNaoHookehn, G1Eddehi28den,
VDW=Van der Waals, Y=Yieo

At deformations lower than 0.2 all models despite Ogdenork wel| therefore his
simulation furtherreducesthe number ofmodels of interest down to fouThe remaining
models are Arruddoyce, Van der Waals, Yeoh and the {femkean model.

To quantify the comparison between the experimental data and the values obtained from the
simulations an error will be introduced in the discussion of the results (émua6) and the
values of this error for the different models and different geometry are reported in tahle 1
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5.4. Discussion

Considering the comparison of simulation and experimental findings for all the testing
configurations, three models seem the most appriate: ArrudaBoyce, NedHookean and
Yeoh

The Van der Waals model is excluded because its formulation is similar to that of -Bouda
but with more parameters and it has be seen overestimating the forces for stretches higher
than 1.2 under equibiaal strain condition.

Two important features tie observed arealinear model, such as Negookean is adequate
the biaxial behaviour at least up to the experimentally reached stretadbessistently the
parameters identified rearting to tensile and puresheartest are adequate to predict the
behaviour in a different stress state.

Moreover,the agreement with experiments is good with respect to geometries Gland G2.1.
As for geometry G2, the problems reported in the experiments chapter suggest that the
differencies observed arise form the difference between the boundary conditions which are
unknown for the experimental case.

It is to note that in Arrudd@oyce model is the locking stretch, after which the model
expects the stresstrain curve to incrase the upturn significantly. This value is way below the
actual upturn of the material, this wrong evaluation is due to the input data which do not
provide the upturn.
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5.4.1. Nonequibiaxial tension test

Tofurther verify the reliability between thesthree models,another test was carried out. This
consists i non-equibiaxialdisplacementest, history of which is showed igraphs 22 and 23

20

£
= 104
[a)
0 T T, T T
0 200 400 600 800
time [s]
20
E
= 10
a)
0 T T T T
0 200 400 600 800
time [s]

Graph22, Graph23 ¢ Displacement history for meequibiaxialtests.O and'O are calculated a¥» Qo and(x;

‘Q , whereQ éis the displacement of therarm, and represent the total displacement along directipandg
respectivelyThe two dashed lines indicate the begin and end of the time interval needed by the operator to start the
displacement along direction two.

This test was done using @ftdin ABAQUS® it is simulatagplying the boundary conditions
in three stepssummed upn table 7. ¢ K S HifeSpkedldwas imposed to be equal to the
times of application of the displacements particular, step 8akesinto account the time
between the end of theamp ofdisplacement along and the begin of the rampf
displacementlong¢, which is the time needed to operate the dynamometer which is not
programmable.

In table T7, d represents the displacement whigland S2represent the surfaces
perpendicular to directiotp and¢ respectively, which are showed in figusé for clarity. The rest
of the terminology used in the table is that of the softwafes. for the previous tests, the value of
the displacement is set equal to that of the machine, noticing that the displacement along one
direction is on a single arm and ttedore half the total displacement of the machine in that
direction.
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Figure50-Notation used in table 14 for the clamping surfaces of G1.

Step 1 Step 2 Step 3
Sldalongp 10 Propagated Propagated
Sldalongg ND ND 0

S2 dalongp ' Encastre on S2 Propagated 0
S2dalongg @ Encastre on S2 Propagated 10

Time period 400.2 33.8 400.2
Tablel7 ¢ Steps applied in ABAQUS® to simulate sequeligjsEiicements application.

Results of both tests and simulations are in graphs 24r2B26 where stretch vs time, force vs
time and force vs stretch are reported respectively.
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Graph24 ¢ G1 norequibiaxial stretclvstime. Expeimental data alongp and¢ are represented with a black and
blue line respectivelp 2 RSt & Q | 6 6 NB & ABoyiceNBlsNaoHookean, Y=YddiNHzR |
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Graph25¢ G1 norequibiaxial forcevstime. Experimental data alongandc are represented with a black and blue
line respectivelya 2 RSt 4 Q | 6 6 NS @ ABoyizegNpIsNaoHookean, Y=YeoiNHzR |
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Graph26 ¢ G1 norequibiaxial forcevsstretch Experimental data alongand¢ are represented with a black and
blue line respectivelp 2 RSt & Q | 6 6 NB & ABoyiceNBlsNaoHookean, Y=YddiNHzR |

Table B sums up thesrror between the data of the models and the experimental datq as
where n is he number of points[41] Equation B is the gercentage distance between the data
of the models and the experimental data

B O

. B O
Yy Zp T
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n Arruda-Boyce N Neo-Hookean N Yeoh

Uniaxial tension 0.5195 2.60876 0.34765
Pure shear 33739 28622 28.862
G1 equibiaxial tension 0.59174 2.30069 0.32649
G2 equibiaxial tension 1.38624 1.13434 4.19536
G2.1equibiaxial tension 1.13697 0.99536 1.49137
G1 biaxial tension 6.861 5.793 23.087

Tablel8- percentage distance between the data of the models and the experimental data.

The resuls showthat ArrudaBoyce model bettepredictsthe behaviour of SYLGARD®.184
The overestimation of the stretches may be again dusliwfrom the clampsuringtest.
Suppressing slippage, it is probable that the true value would coincide with the simulations.

Sequentiatestsusing G2.1hree should be carried out to validate these conclusions.

Another result to compare is the eghiaxial areaThisis calculaed extracting the data at the
end of the deformation from a path along one principal axis, from the middle of the specimen
towards the clamp, long few centimetres. The major and minor principal stressesl -

were extracted, then the EqF¥#ascalulated agefined in equation 5Finally, the are&s
calculatedas that of a circle with a radius equal to the distance from the centre to the point at
which the factor is equal to 85% thanksthe shape of EqF%which can be seen in figurd)p

Field-1

(Avg: 75%)
+9.944e+01
+9.500e+01
+9.000e+01
+8.500e+01
+8.000e+01
+7.500e+01
+7.000e+01
+6.500e+01
+6.000e+01
+5.500e+01
+5.000e+01
+4,000e+01
+3.000e+01
+2.000e+01
+1.000e+01
-2.636e+01

Figure 51- Contour plot of the EqF@eield 1)on the simulation of G1 with ArrueBoyce modelts shape is circular
up to 85% (interface between orange and light red zones).

Table D presents the results of the AOE measured on thmgkes and those calculated from
the simulations done with the ArrudBoyce, NedHookean and Yeoh models. The presented
experimental values refer to the samples used previously in the simulation plots. Therefore,
for G1 sample 1 is presented while for Gaiple 2 is presented. G2 is not reported sitiee
samples which reach the highest deformation do not present the ellipse




Experimental  Arruda-Boyce Neo-Hookean Yeoh

G1 equibiaxial tension 455 3.6%4 3.004 3.966
G2.1equibiaxial 17.93 16.105 14.165 19.0%
tension

G1 biaxial tension N.A. 3.565 2.8 4.631

Tablel9 ¢ AoEfor the different modeland experiments.

Again, ArrudeéBoyce performs well in this comparison. Tdaa onnon-equibiaxial

experimental results not available since a picture of the EqF% contour plot was not taken

before the lockdown due to the Covikt pandemic. The data for the sequential displacement

history are stilreportedfor the modelsasthey expected tobe similar tothose found in the
equibiaxialsimulations of G1 (since the final displacements are the same in the two ¢ases)

this regard the difference between thbe equi and nonequi biaxialsimulationsis the lowest

for the ArrudaBoyce model with a difference of 0.088om thefirst, second ishe Neo-

Hookean model with a difference of 0.28ad finally, S2 KQ& Y2 RSt ¢XN66R I RA F1
Nevertheless, the Yeoh model seems to be that which best predict the AOE measured

experimentally, this is not trivial and finds an exdtion in the effect of the misalignments.

5.4.2. Effect of the misalignments

To understand the effect of misalignments a series of simulai®ceried outon Glusing the
ArrudaBoyce modelln these test, controlled misalignmegdare introduced which cahe
categorized either as tilted displacement or offset. The first category keeps the magnitude of
the original displacement but split it into two components along the two principal directions
such that the total vector results tilted of a certain anglesdlignments of this kind, in this
work, are applied either on both arms 1 angvdth the same sign of the anglej only on 3.
The second categoigitroduces an asymmetry by imposing a displacement different from
that applied to the boundaries of 1ghd 3nirying torepresentthe effects due to the offset

on the dynamometerAt present, thetesting conditionswvere not changed according to a
Design of Experimerstrategy, and jusa rough estimation of the possible effects of the
controlled misalignmentgs considered. Out of the preliminary results reported here, the
interest ofa deeper study simulating mixed misalignments on different aamamethod to
identify the cause of nwideal behaviourgan be assessed

Figue2NB Ol f t 4 (GKS FN¥aQ ylyYSas GKS NBFSNByOS ae.
for this paragrapho refer to the angles to which the displacemsiate oriented to simulate
the misalignmentsThe notatiorimplies the angles to be positive when antbckwise




Figure52 ¢ Reference system, arm nam@s2,3,4)and sign notationclockwise is negative.

From the simulations, 3 parameters are extracted which are the AoE, the tilt angle of the major
axis of the ellipsavith respectto the horizontal axig§ ), expressegositive if anticlockwise,

and the roundness factdrf(equation § paragraph.2.4). Except for the angle, these
parameters are used in chapteiirfithe discussion of thequibiaxiality achieved in the
experimental tests. The ideAbE has already been used in this chapter as a further parameter
to compare the prediction ability of different models,threse simulationgnstead a norideal
contour plotis obtainedshowing an ellipse, therefoigfand the angle can be usetihe resuk

for four sets of simulations are presented in graphs 27, 28 and29. The first set of simulations
tilts both displacements on arms 1 and 3 of a certain angle and in the result is represented
with a black line, the second set applies the same tilt anglé®bly on arm 3 and is

represented with a blue line, the third set applies the tilt of the first and an offset of 0.5mm to
arm 4 such that the total magnitude of the displacement is 10.5mm and it is represented by a
red line, finally the fourth set is sitar to the third but the applied offset is of 0,7mm and it is
represented with a green line. Tal2@ sums up the conditions of the different setad the

colour associated to the lines in the graphs.

Set 1 Set 2

Displacement tilt d1 andd3 d3 dl and d3 dl and d3
Offset 0 0 d4+0.5 d4 +0.7

Table20 ¢ Legend of theets of simulations under controlled misalignment

The values for the datum of set 4 at 13° of displacement tilt angle are reported agrgph

29 because no ellipse can be identified in the contour plot for the threshold of EqF%>85%,
what presents are instead two separated circles. Therefore, the AoE and the Rf cannot be
extracted but the line between the centre of the circles can be treaadlits tilt angle

reported. (figure 3)




Figure53- Contour plot of EqF% for set 4, 13° displacement tilt angle. EqQF%=85% is represented by the interface
between the light orange and the dark orange contourss the angle reported in graph 29.

All simulations are carried out applying positive dispfaest tilt angles, few simulations were
done to verify that negative angles for same conditions provide an ellipse which is tilted by an
angle equal to 180° minus the tilt angle of the major axis of the ellipse obtained with positive
angles.
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The resultsn graph 27%&how that the AoE rapidly falls with the introduction of the offset while
the bare presence of the misalignments thve horizontal arms produceslinited 12% loss in
the area passing from 2° to 13° of tiltgkie 51 is reported here to give the idea of how much
a 13° tilt is visible on G1 which is characterized by long thin arhesAoE is mainly influenced

by the presence of the offset whigkduces the ellipse minor axis.
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Figure54 ¢ Contour plot of EqF% (Fiellyl of set 1, tilt angle of displacement=13°

The effect on the roundness factshowed in graph 28eems simplsince the lower the
misalignment the closer is the contour plot of the equibiaxial area to a circle thR&fo It is
interesting how for increasing offset on arm 4, the values of sets 3 and 4 teralues lower
than their limit condition resulting fnm the application of the offset onlyrhis behaviour is
seen in graph 27 only for set 4, in which higher values of AoE are obtained with 2°
misalignment with respect to the limit condition of offset only.

Finally, the tilt angle of the ellipse is strongifluenced by the presence of the offset which
reducesthe ellips€ & Y A \orRehtihgitHe major axis alongwhile the presence of tiltsnly
inarms 1 and 3 seems to tend to 90° axis angles for small tilt angles.

Table21reports the values of the pameters considered in these simulations $amples 1
and 3 of geometry GIlhe angles are calculated assuming a constant 40° rotation of the
reference system of the machine with respect to the reference system of the recording setup.

G1. 1 Gl 3
AoE[mm?]  3.94 4.54
| [] 28.3 86.6

Rf 1.4 1.27

Table21 ¢ Parameters fosamples 1 and 3 of G1.




Then the sample 1 of G1, even if shiog an AoE which is underestimated by ArriRizyce,
present values oRfand| which resemble the set 3 of the simulatigngith a tilt angle of
about8° on the displacement. This reshlghlightsthe nonnegligible presence of an offset
thus a prestretch along one directionin the case of sample 3, instead, the parameters
suggest a behaviour closer to set 1, with low tilt of the displacement and almost no offset, a
situation intermediate between set 1 and Severtheless, extracting the forces frometh
camping surfaces from the worst acceptable (in the sense the ellipse forms) case which is set 4
at 13°, these arstill not comparablewith the experimental one. Graph 30 reports the
experimental values of sample 1 of geometry G1 representing the fdoog p with a

continuous black line and the force alogguith a red dashed line; the black and red points
represent the result of the misaligned simulation of set 4 at 13°, referring amdrk
respectively; the blue points represent the Equibiaxiautssof ArrudaBoyce.

. —m— AB Equibiaxial simulation (F =F,)
—=— ABF,, Set 4, 13° simulation
—m— AB F,, Set 4, 13° simulation

- - - Experimental F,

Experimental F,

F. . F,[N]

d [mm]

Graph30¢ Force against displacement for G1. Bxperimental values of sampleate represented with a black
continuous linalong 1 adud with a red dashed line along fiie black and redonnectedoints represent the result
of the misaligned simulation of set 4 at 13°, referring to F1 and F2 respectively; the blue points represent the
Equibiaxial results of ArrueBoyce.

Simulating the same sets of misalignments on G2.1, the ellipse {@fastwo sg@arated circle
form as in figure 53t set 3, 10° and for set 4 at 7°, therefore a set of tastmore numerous
and smaller angleshould be performed. From this it can be concluded that the tilt of
displacement due to bad clamping procedure is not gaitirly effective on causing
misalignments in G1 while it is strongly affecting G2.1. The presence of ansvitsegly
affects the first geometry, this suggest thafurther investigation on the effect of different
offsets should be done, for examplemsilating slippage as negative offsets to the final
displacement.




6. Conclusions

Polydimethylsiloxanes has found many applications in bioengineandgoft robotics. As part
of a PhD wider project which aims to use SYLGARD® 184 to produce soft robots, this thesis
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equibiaxial deformation state. The results show hoeth the first geometry and a

modification of the second can prigle therequired deformation statethe latter withsame
equibiaxiality(given as EqF%Wt lower reliabilityand maximumequibiaxialdeformation

achieved.

Inthis work the concept of reliability of the geometry is strictly related to the arbitrary

threshdd of EqF%, changing that value the ellipse might not show. Sample 1 of G1 is reported
below in figure 55 for explanatory purposes as the ellipse shows for 85% threshold while it is
substituted by tw ted circles for threshold set at 90%

Figure55 Contour plot of EqQF%: on the left the dark red area represents values >85%, on the right the threshold is
set to 90%

Then among the samples which contour plot show the ellipse, a minimum area of the ellipse is
requiredforthes¥ LJt S G2 0SS O2yaARSNBR dadzFFAOASYy(Hfe& S
geometry is given as the statistic of sufficiently equibiaxial samples over the toal number of

tested samplesi-urther works to completely assess the reliability of the biaxalgshould

consist in: the study of curing conditions which allow to obtain the least compressible material,

since analysis of the equibiaxial data under incompressibility assumption would be much easier

as the behaviour of the material would lies in thiane of invariants (deeper discussion on the

topic can be found in appendix E)g acquisition of a wider set of data regarding G2.1 to

completeits statistic;the design of a singlscrew clamping system to reduce the misalignment

due sequential screwm

In the second part of this project, the data from uniaxial tensile tests and pure shear tests were

used to evaluate the parameters of differemgperelastianodels which are then used to

simulate themechanical response of thaaxial geometriesThe results showthat Arruda

Boyce is suitable to simulate the matetiaking into account its compressibiliyA I' n<dn p 0 ®
simulation agree with experiments up to the maximum strain achie@edpler modelssuch

as Yeoh and NeHoole, can be used with a maximum strain up to 0.4.

CAYylLffes FdzZNIKSNI g2NJ] a akKz2dzZ R AYLI &Y (GKS SgIF f
biaxial resultsconsidered reliablgto obtain a better fitting othosemodels which do not



neglect the second invant term and achieve a better description of the matertake deeper
developmentof the misalignment simulations to obtain a method which allows to determine
the source of non equibiaxial behaviour of the principal strains. On this regaothex

verification on the reliability of the modelvhich can be done consists in simulatgeometry
representing a square in the centre of the sample such that each node corresponds to a point
of data extraction on the DIC software. Then applying the measured defanmat each

node, the resulting force should be equal to the measured in its components but the total
vector should show the misalignments.




7. Appendix A: deformation theory

This appendisumsup the background knowledge needed to understand the nature of the
Cauchy green tensor and other considerations present in this thesis.

Considering dody inaa & LI OS 200dzLleAy 3 GKS LRaAaAdAiAzy Ko !

generic external action, the body isde¥o6 R | YR 2 0O0dzLJASa | ySg LlR2aa
Then considering the generic poit ¥ L] :
0 o o Foo
Al
The image 0b characterized by itsgid translation vectof [0 , is0”. (Fig. Al)
i 0 w {0
([0 i 0 0° ® {0
) ® i 0
A2 and A3

If one looks at a poind belonging to the neighbourhood of at distanceQ ¢ (Fig. A2)
Qw
Qo Qe 0 o Qo Qo Qo
Qw

A4 andA5

It ispossible to derive théotal displacementectorfor point 0 through the Taylor
expansiorof each of its components

i

i i No

o o 2o

N N i {
x . ! T‘ Do

i
To

C Ca C2
[
C

A6 andA7
Therefore, thetotal displacement vector can be written as the sum of two contributions:
the rigid translationvector of0 and the associatedisplacement vectof i(eq.A9)

derived from theDisplacemenGradient TensofO0  which is defined as the Jacobian

matrix of the total displacement vectdf (eq.Al11). (Fig. A3)
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Neglecting the rigid translation, the displacement gradient then describes de displacement
Q iof any fibre of the body of lengtl dwith origin in0 . (Fig. A4)
Once the gradient has been defined, as any tensor it can be separated in two parts: one

symmetric (eq.Al12) and one skew symmetric (e&l3).

P
C
Al12
-~ P20
C
Al13

-“is calledStrain Tensoand accounts for the deformations of any fibres whereds
calledRigid Body Rotation Tensamd accounts, as the name says, for the rigid body
rotations. Therefore, the displacement vector can be decomposed in two components as
well. (eq.A14) (Fig. Ab)

Qi "00® Qo —Qo
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But if one wants to account for strains being suraémlect pure rotations it is convenient
to use rdation-independent deformation tensors rather than forcibly align the reference
system.

Property of pure rotation is that if followed by the same inverse rotation it returns the
body to its original state (ed\15)
YY Y'Y O
Al15
Then one can exclude rotations by multiplyi@y its transpose. These multiplications

lead to two notorous deformation tensors: the right Caue®yeen def. tensor (edi16)
and the left Cauch¥reen def. tensor, also called Finger def. tensor £444q).

§ 00
Al6
0 "00
AL7
If one assumes to be aligned along the principal strain directions: 1 and
_ T T
0 = ™ _ T
m T _
A18

It is to note that the notation used implies i=j always since no coupled deformations are
expected.

The choice of using one over the other relies in the third invariant that in the case of
CAY3ISNRE (Syaz2NJ Aa aAYIOegA2i,R2F &ljdz2 NB 2F GKS

‘O 0106 _
O - oio 010 - —— -
C
O QQo 0

A19,A20andA21¢¢ KS GKNBS Ay @I NAFyGa 2F CAY3ISNRAE RSTF2NXNIGAZ2Y
0 QQ®
A22- Definition of the Jacobian of the deformation gradient tensor

Finally it is to note that for incompressible materials such as rubpegaation A25 is true.
W a a a w 0 aa

Eq.A23 ¢ Incompressibility condition expressed as volumes
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Eq.A25 ¢ Jacobian of the deformation gradient temgor an incompressible material

Al- Deformation after the application of a generic external action

2 - Neighbour point

A 3¢ Geometrical meaning of the implied vectors
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A 4¢ Geometrical meaning of the deformatignadient for 3 generic fibres A,B and C.

A 5¢ Geometrical meaning of the strain tensor and the rigid body rotation tensor.
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Materials For Structal Applications.
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8. Appendix B: optics background

Thefocal lengh (F)of a lens giving a raw definitioristhe distance between the lens and the
sensor of the camera when the subject is on foduis. the major feature of a lens and it

strongly influences the output image, the field of view and the distafdeest focus.

Depending on the value of F, lenses are classified as: extreme wide angle (up to 20mm), wide
angle (2635mm), normal (30mm) medium telephoto (7€000 mm), telephoto (10300

mm) and super telephoto (36600 mm).[44]

Thetwo main effecs of increasing focal length is that of compressing the backgreumt

reducing the angle of view therefore increasing the magrificeof the subject.

FOCAL LENGTH <o ot e

Super Telephoto Telephoto Med. Telephoto | Normal | Wide Angle Extreme Wide Angle
Long distance Wildlife - Near Portraits Snapshots | Landscapes Architecture, Interiors
subjects like birds Sports Children Average | Group portraits
Situations
63° 75 gge

Fisheye

50 MM ooy TMM
35MM 28 mm 24 Mm

Figure BZLens classification (above) and effect of the focal length on the image (below) B
©2019 TheDarkrooru £ £ NAIKGE& NBASNBISR
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The lens used in this project is versatile, with a variable focal length raging from 28mm to
105mm, as telephoto lenses are the less distorted the maximum value of F was used.
Thefield of view(FoV)is the dimension of the frame that covers the entire sensor, as sensors
are rectangulaone can divide the vertical and horizontal field of view. $&eond indication is
0KS Y2ald dzaSR Fa aSyaz2NRBRQ RAYSyaA@R)ygitherih NB  dza dzi
mm or fraction of inches.
A note on the latter way of expressing sensor dimension is that the fractions of inches are not
the real dimensio®2 ¥ G KS FTNJ YSI Ay FI 0(8.86 mnvrot eded glase2 NJ A &
25.4 mm, which is instead the dimension of sensors on standard digital -femglereflex
cameras called APE which dimensions are arou2d 16 mmand changes depending on the
brand
Knowing the dimension of the sensor of the @mone is using and the magnification, it is
possible to derive the horizontal field of view as:
Oaa
D 00t QQQUOMO Qé &

"O¢ W &

Magnification is not a trivial quantity as it depends on the focal leagththe sensor dimension.
The folbwing equation show the relation between the cited parameteltsis useful to
determine the distance at which position the object for it docupya fixed portion of the
horizontal dimension of theensorindicated as a length in mm

- - 'O OE W
wéEl QUEAE O @+ — .
DETL OB BDIE T €1

Thefocal ratioindicates he ratio between the focal length (F) of a lens and the diameter of
the diaphragm (D) from which the light enters

0

0 =

O
It is generally expressedia a Fk ¢ TFaUmbe2 s SR o0& |
Lenses of small focal ratio such as f/2 or f/2.8 are highly luminous, high focal ratios determine
low luminosity.
Moreover, this factodirectly effects the depth of focus as

0¢ 012_2"Q

Where<is the wavelength of the light.

86




Low f/# (Large Aperture) Le-

Maximum Blur Allowable
To Obtain Desired Resolution

Image / Sensor

_____
______
------
am="

S -
.
-----
-
- .

.....
.
-

4_>| Lens Mount |- -
Hange Distance

Figure B2- Geometric Representation of DOF for High and Low f/# lenses
All rights reserved tohttps://www.edmundoptics.com/knowledgeenter

This parameters particularly important for StereBIC in which the uncertainty along the
depth is smaller the higher the depth of focus.

Finally distortion effects are a problem that still affects all the digital cameras. The distortion
can be defined as thiens defect that produces an imperfect image. Distortion effects can
appear when the lens is zoomed. Zoom lenses at their maximumavigke (28 mm) or
telephoto (> 80 mm) setting can be affected by barrel or pincushion distortions,
respectively geefigure B3).

LA
NN i

Figure B Barrel (left) and pincushion (right) distortion

Evaluating distortion is strictlyractical and must be adapted case by case, luckily the Nikon

28-105 is a known lenses , versatile and evaluations on its distortion can be {d6hd

HigHighting the effort put into this workthe data presented in table B1 afee factors to

FLILX @ Ay GKS tK20G2aK2LJQa fSya RAaG2NIAZ2Y FAL O
is the one of lowest distortion in its category and that this distm is invisible at all but the

28mm setting at infinity.
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FX at 3m (10 FXat D

28mm +1.2* +2.2*
35mm 0.0* +0.2*
50mm -0.7* -0.4
70mm -1.0 -0.5
85mm -1.0 -0.5
105mm -1.0 -0.5

* Some waviness remains
TableBkCl OG2NE F2NJ t K2(2aK2LJQ4& -1D5AFa RAAG2NIA2Y FALGSNI F2NJ
© 2010 KenRockwell.com. All rights reserved.

In the practise of this project uniaxial tests images were not corrected agdid distortion
effectsis sufficient forthe images to beentredsince not the full sensor was occupigh] A
simple veification on the distortion on the images were done overlapping straight lines to
known straight pieces such as the edges of the clamp and verify the straightness of those.
For what concern biaxial tests distortion was verified using graph paper, fodhsipiece at

the distance used for the testbnporting the image in any software that allow manipulation it
is easy to see how the lines are not distorted by overlapping them with a drawn straight line,
thereforealso in this casao correction was condered needed

9. Appendix C: DIC outputs

Understanding how DIC workagwhat are the observed outpsis not trivial andsomework
had to bedone on the topic.

The general theory behind Digital Image Correlattowell explained in literaturgt7] and this
appendix will focus on the outputs and their meaning.

VIG2D 2009 allows to evaluatbe local value of different kinematic quantitiead to do
further calculations on then{48] For what concern the strain it was decided to evaluhte
Lagrangian straitensorwhich is the most suitable for large straif49] The equations of the
GSyaz2zNna O02YLRYSydGa INBE NBLER2NISR 0St260
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The directionsvand ware the horizontal and vertical axes of the screen, therefore is crucial to
correctly align the sampl& andv are the displacements along the horizontal and vettica
direction respectivelyNevertheless, the software is capable to calculate the principal strains
therefore solving the eigenvalue problem of the developed tensor. The outputs of this
operation are called and- which are the major and minor pripal strains respectively.

¢2 3AFLAY O2YLINBKSyaiAzy 2F (KS LINRBOSRdAzZNB f SiQa
simple: where the strains are uniform, the principal strain direction is that of loading and since

the reordered image is horizontaf,dorrectly aligned - - where- isthestrain

alongp of the reference system used in this thegiscalled in figure C1.

ﬂ /7 1
. NG N

Figure CL Reference system of uniaxial tensile tests

Consequently - - and- T - .Since the difference between the strains
and the principal strains is of the order of the fourth decimal, the misalignment is neglected
and- are considered valid output and the sheaneglected

Moving to the biaxial case things start comating. First of all, thelynamometer axes and

those of the optical setup are not aligned. Further, the dynamometer base can me move to
operate under different optical systems but it is not attached in any waytlagick are no

physical grips to align it alwys in the same position. iBsetup introducs an unknown

rotation of the reference system of the machine with respect to that of recording. Considering
the defined reference systems (stigure C2 to alignp to wusually theclamping system

should be otated of about 39° to 41° clockwise. But since the software is capable of
determiningthe principal strains there is no need to previously rotate the images as the two
principal strain directionsoincide with the loading ones

Figure CZ Sketch of the view form the opticgtstem;the numbered squares represent the clamps connected to the
respective numbered stage.
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Therefore:- - and- - . This is the strongest assumptiaeed inthis thesis. Since
there is nophysial reference tomeasurethe samplerelative rotationwith respect to the
machine, there is no way to understand if taesumption igrue and how muchhe principal
strains areotated with respect to- . As a matter of facthe orientation of the pringpal strain
directiondepends on therientation of thedisplacemen{andloading)axesof the machine
which, due to the misalignment arising from asymmetrical clampingy not be aligned with
the axes of the sample.

For this reason, it was decided tormentrate the analysis on qualifig the error from the

ideal (aligned) casa a way sufficient to understand which samples can be considered aligned,
which not and which technique gives the highest reproducibility and chance to obtain a good
sample.

To implement the strategy, the first step is to understand what is the id@adition
correspondingte - - - and- -

Thereasonresides in the way the diagonalization is dofog explanatory purposea 2 K N2 &
circle is usedas it is considered easier to perceive than matriddereover, for the sake of
simpliity the following explanation is done imaging a sample aligned with the camera
coordinates Assume to be at the higheskperimentaldeformation(0.3), in a small element at

the centre. Then here both and- are the same because the elementrisiquibiaxial
condition,- isn 6 SOl dz& S dzy RSNJ LISNF SOG SljdzAi 6 Al EAL £
under a single @int as- -

Now consider the same situation but looking at a small element situated along dir@cgion
few mm from the catre. Out of the centre the sheas still zeroand = ,- = .Asone
move alongp, -  will always begreaterthan- and the radius of the circle will increagdth
distancefrom the centre.

—R1 distance
—— R 0.6| |from sample's
14 —— R 0.4 centre

m C

e
yy

Figure G ¢ Mohr case 2different radiusnoving far away from the centre of the sample.
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If the direction of the small element istated by a certain anglevith respect to0° between
45°, a shear contribution existsn@ KS a2 KNRa LJX 20 Gtedby@acidcked dzt G A2y
centred inC (.3,0) of radius given by half the distance between two poidtg: ,- )and
B(- , - ).Then- and- are the intercepts of the circumference with the axis=0 and
the rotation angle is given by half the angle betwee@and the horizontal axis.

—R1
B C

Figure @ ¢ Mohr case 3along generic axes different from 0° and5°

If, instead of moving along, one decides to move along an alied of 45° with respect te

the values of and- are equakand equal to the value at centlaut a shear contribution is
present. Plotting thid y (1 KS a & &ingle poihisTound/vhich does not belong to the
horizontal axisThe other point, needed to derive a circumference, is at 180° with respect to
the first point in the plane therefore 90° in the sample. In fact, if one moves by the same
amount as before but along axis inclined 0f45° with respect top it would find another

point where the values of and- are the same but is opposite to the first one.
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—R1
m C

Figure G ¢ Mohr case 4along 45° axes

Then, in the assumption of perfect equibiaxialitypving from the centre along one of the axis
the maximum eii (either or- ) will have the same value at the same distance from the
centre meaning and- will be different with respect to each other but equal in points

equally distant fom the centre (along the loading axe$herefore, the behaviour is

symmetrical in four quadrants divided by the axes d@6°and the contour plot of and-

should be a circle where the shear contribution is close to zero, then moving outside from the
centre the shape becomes that of a square with rounded edges.

This contour plot can be seen perfectly with FEM simulat{figare C8)where NE maxand

mid. principalare- and- respectivelyand reached approximately with the tests of this
project (Figures 5-7). Since the principal strain directions are independent on the rigid
rotation of the image, the same values forand- are expected ats evaluating the
acquisitions done under the biaxial setup.

Is not trivial the VIC 2D plot of and- for images rotated of 40° clockwise, the comparison
of the two plots for both components and fer is reported belowas well as the plotef -

and-
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Figure @ ¢ In orderfrom left to right - ,- ,- ,- and- evaluated from the original images G1 sample 3.

Scales:
exx,eyy 0.02 0.3 0.6
exy 0.12 0 -0.12
el 0.3 0.45 0.6
e2 0 0.15 0.3

Figure € ¢ In orderfrom lefttoright- ,- ,- ,- and- evaluated from the rotated imagesf GL, sample 3.
Scales:

exx,eyy 0.23 0.3 0.38

exy 0.15 0 -0.15

el 0.3 0.36 0.45

e2 0.12 0.20 0.3

NE, Max. Principal NE, Mid. Principal

(Avg: 75%) (Avg: 75%)
+1.14 +3.571e-01
+1. 00 +3.217e-01
+1.051e+00 +2.864e-01
+1.1 -00 +2.510e-01
+9.518e-0: +2.157e-01
+9.024e-01 +1.803e-01
+8.530e-0. +1.44%-01
+8.036e-01 +1.096e-01
+7.542e-01 +7.421e-02
+7.048e-01 +3.885e-02
+6.554e-01 +3.495e-03

.060e-0: -3.187e-02
+5.566e-01 -6.723e-02
+5.072e-01 -1.026e-01
. 578e-0. -1.37%-01

+4.084e-01 -1.733e-01
+3.590e-01 -2.087e-01

Figure @ ¢ G1 ArrudaBoyce- and- plot



10.  Appendix D: Hyperelastic materials

The major feature oglastomeric materialsis that they can sustain large deformation without
dissipating internal energy. These materials are callggerelastior Green Elastiand are
capable to return to their initial state once the external stimulus is removed.

Since for this project theffect of temperature was not assessed, this appersdimsup the
purely mechanical aspects.

The theory is based on the assumption that an energy function exigjcélled Helmholtz
free energy, or strain energy function or elastic potential, whichnlg tunction of the
displacement gradierdind can be further approximatdd terms ofprincipal stretche$50]

Y YO Y_h h

Callingd the left-Cauchy Green strain tenspthe relation between the Cauchy stress tengor
» ) and the strain energy function for isotropic incompressible materials is equatipwiiidh
simplifies to D2 in terms of principal stretches.

B WLy
" C O TFO T np
D1
S
L p
D2

Wherer is the pressure producing an hydrostatic stress state, if presdinbther term
definitions can be found in Appendixafid invariants are referred to the Le@tauchy green
tensor.

For compressible materials instead, both the isochoric and volumetric compoaents
present.'’Y Y "CHO Y (Marlow modeland, ., where the volumetric
part is due to the hydrostatic pressure while the isochar@incides tahe deviatoric
component of the stress tens¢b3)

™ o 0 P
” -H p r]p ” O.p p Q ”

D3

In this case, the constitutive equatlon is easier given as function of the seconeKiradihoff
stress tensofY (GO Q 00 =V Y andthe rightCauchy Green strain tensdr
B * . , L. T 5 Y

0 0f h Y e z'0 -
H 9 S %o TFo P 70

Y 0

D4

8 See appendix A
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Even if Yis defined on the basis of the right CaudgBgeen tensor, the invariants of the

isochoric components are equal to those of the left one, therefore the notation still refers to

theind NAFyia 4SSy Ay ! LIISYRAE ! & ¢KS | LISE arazé
component ofd . Nevertheless, is to note that the third invariantfs equal to the square of

the Jacobian and different from 1.

0 0 h'y Y

Y
D5
ST o6d#Z 1=Y2 Rdz dza

Then to derive the constitutive equation¥must be defined and this is whereodelsplay the
role. Different models give different definitions of Below is presented a list tife models
present in ABAQUS®@0] and their typical application$43]

- Phenomenological models.
Areissued from mathematical developments of
Common problem: lead to error if used outside the range used to identify the parameter.
A MooneyRivlin modelnd polynomials

Y 0 O o O oo ;Qup

N oz v p .
Y o O o o O oo o v p
D6
Classically used for very large strain problems, is truncated at second or third order
as the latter already requires 9 parameters.
It was orignally developed for rubbelike material but nowadays is applietsoto
simulate biological tissukke materials.
Lol vi {1t OF WAt ha/22 WRRSt (GKS LRfeyz2YAlf dz
allow polynomial evaluations up to thé®
ABAQUS®ability condition Q, '@ Q O T

A Ogden model

D7

Defines’Y as a series of real powers of the generalized straiteeds a high
number of parameters therefore is rarely used with valued 88 () =3 requires 6
parameters).

Is the most widely used for large strain problems.

ABAQUS® allows Ogden evaluations up to N=6

ABAQUS®ability condition:* | nle p

For 0 =1 and =2 this model is equal to Nedookean model
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Experimental models.
Definition: determine directly the derivative of the energy function and not the energy
functions.
Common problem: worlvell onlyfor incompressible materials
A Yeoh mode(third order reduced polynomial)

Y 86 O o O o 6 0O o

Py, Py
10 p !O p

5
p .
'OU p

D8

As a difference with respect the other models of this class, kerés considered

to be much lower than—, thus neglected.

Stability conditiond T ,but since typically T, then reachingnin® s,
max shelp stabilizing.

Physical models.
Definition: issued from physics of polymer chain network and statistical methods.

All these models neglect the contribution-ef.

A NeoHookean modeffirst order reduced polynomial)

~ P. . p .
YCO Oo,ou p

Whered ¢ "Q7¥h whicht is the chain density per unit volume&)s the
Boltzmann constant antyis the absolute temperature.

The model is just like MooneRivlin withd mtbut was derived from molecular
chain statistics considerations$.i$ the simplesbf this category.

Workswell with tensile, simple shear and biaxial tests for deformations lower than
50%.

Stability conditiond T

A Arruda and Boyce model{$ain model)

v Poos L 0o g PP 5 o
S (i prtum
PO o o PO LRI
X TUILT @YX OXUT (@] G

D10

Its peculiarity is to consider that the shear modulysiepends on the strain,
which is a behaviour of some polymers but does not fit quite well with all
materials.

Stability condition! h T
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A Van derWaals model

v oap - - 2o —

D11

O p 1 OT1T0 -

D12

Even if was derived from physical consideration, the parametess no physical
meaning.
Stability condition: h T

In their paper, G. Marckmann and E.Verron list many more models and then rank them
considering the number of required parameters, the fitting error and the width of the strain
interval that can be covered.

To derive the coefficients ABAQUS® uses two different fitting procedures: a linear least
squares procedure, for the polynomial and reduced polynomial models, andlmearleast
squares procedure, for ArrudBoyce, Ogden and Van der Waals.

The linear preedure strats fron{10) which represents the set 6f equation (where) is the
degree of the polynomial),, is a stress value from the test data and the calculated one
as showed irequation D149 s the ij coefficient an@ the number of nominal stress
nominal strain data pairs. Thehe relative errorin stresgD15) is calculated, since it provides
a better fitting at lower strainsand the fitting is done minimizing the error asaéguation D16.

, 6® _ h O p8¢
D13
'O p ”
D14
T O
— I
T OHQTQ
D15
From () asetofd -0 0 o equations for the deviatorid}16) andvolumetric D17)

coefficients. In the reduced polynomial the equations is the same for the volumetric coefficient
while the deviatoric coefficients changes as they depend onl{are called instead ofd
and their set of equabns is equatia D2.
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D16
& _ e p oo )
- — = h Q p80v
0 O 0
D17
AN ¢ p
D18
W
v -
W
D19
W ¢ @ _ W _% .
T enis © gare N Q p8U
11"‘Q
DD

Following the nonlinear procedure insteamefficient are found iterating equatioD21,
where D22 is the vector of relative errors ard23 its derivative.d is the number of deviatoric
coefficients.

w w v o I u G
D21
'OQ ” ”
D2
1o p T,
e, T e
[DYA]

Completed the fitting the software proceed to tlealculation of the stability range of the
parameters defined through the Drucker stability conditidime condition implies that the
Kirchoff stress due to an infinitesimal change in the logarithmic strain satisfies the inequality
D24.

QIDQ T

D24
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11.  Appendix E: The role of the invariants in
incompressible materials

As it has be seen in the previous chapter and in appendix D, invariants play a crucial role in the
characterization of a hyperelastic material as they enter directly into the definitiomeof
strain energy function and indirectly in the constitutive equation of the material.

An interesting representation of these quantities is the plane of invariants. To enter this topic
though, it is important to comment the hypothesis of incompressibility. It makes sense to
speak about planeof the invariants once the value of the thirdviariant of the Left Cauchy
Green tensocan be fixed. By definition an incompressible material sh@ws p and the
deformation state can be analysed in terms ofi&»

For the PDMS described in this projecx _ p, but it is possible thathis stemsrom

the crosslinking conditions. With the idea that, changing the curing conditions it will be
possible to obtain incompressible SYLGARD®184, this appendix discuss the possibility to use
the invariants to quantify how much a test is close to itheal case or, as in this case, to

highlight the norideal behaviour of a rubber.

Considering equibiaxial and uniaxial configurations and writing the displacement gradient
tensor under the assumption of incompressibility for both tensile and compressitessit is
then possible to derive the left CauckBreen tensor and the invariants of equation 11.

o _ S
o _g .

0O O _ﬁ 0

o O S0

E1l

As presented if41], it can be easily demonstrated that under the incompressibility condition
is true that: in pure shear and plane stress té&ts’O, the dependence ofCover‘Gs the same
for equibiaxial tension and uniaxial compression; the dependenc@miferOis similar for
equibiaxial compression and uniaxial tension but the latter produces lower values of the
invariants for the same stretch. Graph 27 shows the behawid the invariants for stretches
ranging from 0.5 to 1 and from 1 to 2
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Graph E1¢ Variants for different loading states for incompressible materials.

)4 Uniaxial Tensile  Equibiaxial Uniaxial Comp. Equibiaxial Comp.
Tensile
E E E E E E E E
0.5 6.76 11.71  8.06 123.64
0.7 3.3 3.4 3.59 5.15
1.3 3.3 3.19 3.73 4.04
2 5 4.25 8.06 16.50

Table EX, Comparison of the invariant for different loading stasesl stretch levelfor incompressible materials.

It can be seen how equibiaxial tests require smaller stretches to reach higher values of the
invariants with respect to the uniaxial tensile test and the same holds, with a reduced
magnitude, for compressive tesfEhis corréation comes in aid when testing through one
technique results easier than another. One factor to consider is the ease in the realization of
the sample: depending on the material cutting a thin slab to obtain biaxial specimens might be
easier than cuttingylinders needed for the compressive tests. The other factor is the fact that
compressive tests, if done correctly, provide only equibiaxial states while, as in this case,
biaxial dynamometer with independent arms can provide different biaxial statesh®ather

sideif the compression tests are available is much easier to cover the plane of invariants since
to a stretch of 0.7 in uniaxial compression, correspond a set of points equal to those obtained
with a tensile stretch 01.45in uniaxialstate. Anexample of such application is that[dfL] in

which the upper curve was derived using compression tests with stretcheslftor.3and

the lower cuve from uniaxial tensile tests with stretches ranging from 1 to @.Be material
dzZaSR Ay GKAA ¢2N] A& | {YIFIOGFrySu 6KAOK KI &

Under uniaxial tensile stress state, it has been proved how the derivativenith respect o

the first invariant is higher than the derivative with respect to the second. Therefore, many
hyperelastic models are formulated under the assumption that the derivative of component of
the strain energy function with respect to the second invariant lsarconsidered negligible.
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ArrudaBoyce is one of these models as its descriptiotYdbes not imply the second

invariant and therefore its derivative is null. Nevertheless, studies show the importance on the
second invarianf42] expecially for equibiaxial states in which the derivative with respect to

the second invariant is harder to neglect. Provided a suitable setup for biaxial testing and using
the experimental data to evaluate the hyperelastic models, it peeted that unstable models
containing the derivative with respect to the second invariant will become stable in the stretch
range used for the experiments. Moreover they should provide more reliable prediction of the
material.[43]

Considering the noincompressible case, things are a little more complicated as we need to
move in thespaceof invariants as the third invariants changes in value for increasing

Equation 12 represent the stretch along the minor principal stretch direction as function of the
t2A342yQa NIGAZ2O

- P - Pz _ Q¢ o
E2
Then for the uniaxial case, under the isotropy assumption _  _ while for the biaxial
state_ _ _ . Equation 13 represents the invariants for a compressible material under

uniaxial tensile state. The-plane stretches are sufficient to deritiee three invariants and

they can be measured with bidimensional DIC. Equation 14 instead, represents the invariant

for a compressible material under equibiaxial tensile state. TH@ane stretches are equal

under perfect equibiaxiality assumption butelout-of-plane stretch is different and therefore

needed. This can be measured with stef2l which was not available for this work. Another
L2aaroftsS aztdziazy Aa G2 OFtOdZFGS GKA&A aidaNBGOl
ratio’ _ is known.

E3

E4

Invariants can also be used to give the quality of the test in caseampressible materials by
evaluating the extent of the pure shear contribution.

The main problem with defining this contribution is that for high values of stretches, since the
slope of the equibiaxial second invariant increases rapidly (and vice Werstéope of the

uniaxial second invariant decreases as fast) the relative difference between the experimental
results and the theoretical results becomes smaller and smaller and may get lost.
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Graph312 ¢ Red line is experimentadsult, blue line with squared dot is the ArrdBayce model, black and blue
thin continuous lines are the equibiaxial and uniaxial ideal tensile behaviours respectively.

Graph Eahows the values for the first and second invariant of the uniaxial tensile
experimental results and the ArrueBoyce model, compared to the ideal cases mitwial
tensile test and equibiaxial tensile test for an incompressible material.

Knowing that the red line and the connected dots are the projection of lines in the space of the
invariants to the plané0 p, theplot highlights the compressibility of ¢hmaterialsine the
experimentaluniaxialresults are far away from the incompressible uniaxial cibhee

continuous line). Moreover, this representatiemhancesthe differences between the model

and the experiment, which were not so clear from graghthus it is suitable to help in

determine the best model in case one hasctmosebetween models giving similar

predictions.
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