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Abstract

Hydrogels and polymer gels are widely used for simulating the amécdd
response of human or animal tissue to understand the effects of trauma on organs, design
body armor, detect tumors robotically, simulate surgical procedures and test the
effectiveness of firearms. Polymer gels are preferred to hydrogels for enemtaim
stability, low cost, and ease of altering sample composition, shape and dimemsidos
not have moisture evaporation issubBtivated by these, a transparent polymer gel is

studied in this work as a tissue simulant.

The composition of the polyen gel is first assessed using FTIR spectroscopy. This
is followed by mechanical characterization studies comprising of tension, compression and
shear tests at different crosshead speeds to evaluate strain rate dependency. Uniaxial
tension tests are condad to evaluate stress$rain responses and failure properti¢ighly
compliant nature of the gel, howeveemands gecial specimen sizing and end tabbing
techniquedo prevent premature specimen damage. Digital Image Correlation method is
used for measing two orthogonal strains during tensile tests. The ss&as data are
modeled as MooneRivlin, Neo-Hookean and Yeoh hyperelastic materials. Compression
tests are performed as well on cylindrical samples for completeness. The gel elastic
modulus isfound to increase modestly (103 to 141 kPa) over strain rates 0.0004 to 0.04
/| sec whereas the Poissondés ratio is in the
and failure strain increased by nearly 100% in the same range of strain ratetertbeilag
unexpected relative to conventional engineering materials. Shear tests are also conducted
to obtain the corresponding shear moduli and to independently compare with the ones from

tension tests.

Optical transparency of the polymer gel is a featuseful for visualization and

guantification of mechanical fields using fhikld optical techniques. Accordingly, its



elasteoptical constant that accounts for the combined density changes and Poisson effects
is quantified using Digital Gradient SengifDGS) method by measuring angular
deflections of light rays propagating through a diametrically compressed circular gel disk.
The elasteoptical constants ranged from.47 to-1.18 mn¥/N over the strain rates
considered. The feasibility of studying sse concentration effects using DGS is
demonstrated by performing experimental and numerical simulations on a classical

Flamant loading configuration.

Lastly, preliminary work towards understanding the mechanics of nassie
surrogate gel interactiaa carried out at two different insertion/retraction rates. Significant
strain rate effects and hysteresis are observed both in terms of measured stress gradients
and global force measurements. During needle insertion, forces increased monotonically
and ae compressive. During retraction, however, forces not only decreased but turned
tensile before becoming zero. Naniform stress distribution in the vicinity of the needle

with a high concentration of stresses is evident from the optical measurements
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Chapter 1: Introduction

1.1 Motivation

Hydrogels andgolymer gels are often usedo mimic the mechanical behavior of
human or animaissue.ln the field of terminal ballistics, it is usedltest theeffectiveness
of firearmg[1]. In wound ballisticswhichis a parbf terminal ballistics sincthe mid19th
century beginning with the treatment of battlefield injuf@gsthe focus ion the effect of
projectilesthat penetratdssing tissues[3]. Blunt traumacausesignificantadversesffects
on thoracic organs, and understanding these effeatgigrtantin the deggn of protective
equipment suclasbody armorused in impact event3issue surrogatesuch asallistic
gels play a vital role in mimicking theffectson soft tissuesubjected t@xtreme pressure
and velocity[4, 5]. Gels can also be used m®asttissue surrogatmaterial toautomag

earlydetection oftancel6].

The wildlife management and hunting commigsihave alsodevelopedroad knowledge
aboutadequate ammunition to incapacitate aninfadlsThe composition ahegel selected

is usually based on the natural tissue whose response is to be studied and behavior to be
replicated. Tissue simulant (or tissue phantom) should bedioksuch a way that it has

the ability toreproduce the physical effectshafllet tissue interaction and should stop the
bullet at the same depth adiving tissuewould. Gelatin can be formulated to simulate

various types of soft tissaeAlthoughit can simulate the dengiand viscosity of

1



a living tissue, it lacks the structircomplexity and heterogeneiof naturaltissue. In
addition, the humaand animakhnatomy contains organs, muscle, and fat supported by a
skeleton Despite tls, gels arewidely employed asissuesurrogats instead of thectual

biological tissue[8].

Polymer ges arepreferred over hydrogelghich containwvater inthecomposition.
Hydrogelspose many difficulties such as short shelf life #®ey areassociated with
evaporation problems even at room temperaturéoaddring long duration experiments.
Further, hydrogelsypically need low temperature storages obsered by Moy et al. [B
testinghydrogels pose other problems such as oozing from the gel during experiments
complicating the test procedurednlike hydrogels, polymer geloffer environmental
stability, easystorage andonger shelf life.Further, someolymer ge$ can bereadily

melted and reused

Polymergels have many more applications and some are shown in the figure below.
Figure 1.1(a) shows a gel block into which bullets of different sizes have been fired into.
The penetrated block and the cavities formed as a result of adnibeingthe rectangular
gel block from one side, traveg the entire length and leang from the other side are
evident. The cavities formed by the bullet in the gel block are studied to mteftiohation
in a tissue which has similar properties. Figurgld) shows a structure made of ballistic
polymer gel which can be used for testing and simulating human torso. Figure 1.1(c) shows
the application of polymer gel to simulate the behavior of human tissue when a hypodermic

needleperetratesthetissue.
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Figure 11: Some examples of ballistic gapplications (a) Ballistic gel block used in fi
arm testing, (b) Ballistic gel torso used for body armereopment, (cNeedle
penetrated into polymer gel to simuléigsue puncture

Mechanical and optical characteristio§ ballistic polymer gels are generally
proprietay or unknown for them to be useful as tissue surrogatescientific
investigationsin this research, first the mechanical characterizatiper®rmed followed
by optical characterizatiosf a commercially procured 20polymergel. As thegelstudied
hassuperior transparencyull-field optical measurement techniques can be utilized for
visualizing and quantifying mechaniagiantities when subjected to load&cordingly,
the feasibility of a Digital Gradient Sensi(lgGS) method sensitive to angular deflections
of light rayspassinghrough the transparepblymer gel subjected to mechanical loading
are measurednd related to the stress gradients for future adaptation of the methodology

for detailed experimental mechanics study of polymer gels as a tissue surrogate.



1.2 Literature Review

Tensile testing of soft gels requires substantial effort in grippingaoiding local
failure if traditional techniques are used. Subhash et al. [10] employed a shoulder supported
tensile specimen as shown in Fig. 1.2 (top) to stgigrose ga. Tension samplesith
concentrations of 1.5%, 2.0%, 2053.0%, 3.5% and 4.0% (w) wereprepared from a
mixture of DNA analysiggrade agarose powder and deionized w#eandom peckle

pattern was created by usiftATLAB software and transferred onto the gage area of the

Acrylic holder
Speckle pattern

on gage area ;
Agarose gel specimen
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Figure 12: Experimental setup for tension tests (top), load vs displacement and
stress vs strain responses (bottom) for Agarose gel (ReproduceBdfofd0])



specimen. Digital Image Correlation was performed to obtatin &xial and lateral strains
over the entire field. It was observed that both tensile strength and moduhesgef

increased linearly with an increase in agarose concentratehig. 1.2 (bottom).

A rigid inclusion(steelspherg¢ embedeéd in atissuephantommade ofKnox brand

gelatin and watg(5:3 ratig to simulatdesion preast cancg¢using mechanical indentation
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Figure 1.3: Photograph and schematic of phantom gel sample (left), force v
displacement response and normalized stiffness vs radial distance plots (right)
(Reproduced from Ref. [9])



is reported irRef.[9]. An array of indents (2.5 mm stepsthe x- andy-direcions) using

a rigid indenteweremade over an assigned area (50 mm x 50 mm) dfutface of the
phantom, while thdorce, F, was measured as a function of instantaneous indentation
depth,w (up to 10 mmin the z-directior). When the local stress field interacted with a
sufficiently shallow inclusion, the mechanical resporisgv) yielded an augmented
apparent stiffnes§. The average slope of the logarithmic plot was measuradlBE, w
andn are known quantities, then at eashy() locationstiffnessC can be obtained and
normalized with the maximum valug, exactly on the top of the inclusion i.eheorigin.

A 2D spatial map o€ shows the presendecation,depth, and geometry of the simulated

lesion.

Resistance to puncture is vital for elastomeric materials used ecpvetclothing
(e.g.,neoprene glovesT.his is very important in medical applications where transmission
of diseases needs preventidRoundedtip probesare usually used to test puncture
resistance behaw instead of medical needles [11]. As shown ig.R.4, n case of
puncture probeghe elastomepuncturs occurs suddenly after reachittge failure strain
where as iis gradualin case of medical needldBailure load is high in case of probes
compared tathe medical needlesThe sharpness of medicneedles causes a cutting

behavior and hengaunctureresistance offered is less.
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Figure 1.4: Force vs displacement response and photograph of blunt needle (
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Modeling forces during needle inserti into soft tissue witla high degree of
positionalaccuracy is very important to simulatebot assistedurgical procedures [12].
Okamura et al., [13] have used one degree efifven robot equipped with a loaeéll and
needle attachment to obtain force data during tests. Percutaneous therapies have a lot of
value as they reduce patient discomfort during surgery and also reduce the recovery time
[14]. In these situations, as ditegsual observation of the area of interest is not possible
in real time, accurate positioning of the needle without affestgighboringregions &
very critical. Okamura et alsimulatedbovine liver biopsy with needle insertiased to

treattumors. As shown in Fig. 1.5, duringedlensertioninto bovine liver tissugnultiple



peaksoccurin force vs displacement response. First peak corresponds to the initial
punctureof the tissue. Subsequent variation$arce are due to tissuehomogeneity and
puncture of other interior structures including veins and artéfrlesy alsoobserved that

whenthe needle isetracted, a drop in the measured force to negative vatoessbefore

beconing zero.
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Figure 1.5: Force vs displacement response during needle insertion into bovine
(left) and photograph of bovine liver (right) (Reproduced from Ref. [13])

A proper understandingf the mechanic®f needletissue interaction is equally
important to optimize needle design, achiaceurataobotic steering and automation of
surgical procedures. Shan et al. [15] compared the force vs displacement responses of
PolyVinyl Alcohol (PVA) hydrogel and porcine liver as they both have similar
biomechanical response and mgtracture [16]. In their work, as shown in Fig. 1.6, PVA

phantom was placed in a test chamber and a horizontal actuator equippadiwifOF
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force'torque sensowas usedo measurdorces acting on the needle. A servomotor was

used to drivegheneedle at different velocities.

——PVA Phantom

Porcine Laver

Force (N)

0 10 20 30 40 50
Insertion Depth (mm)

Figure 1.6: Force vs displacement resporsesphotograph of PVA phantom (top)
experimental setup (bottom) (Reproduced from Ref. [15])

The effect of needle sizes, shapes and tip geometries on cutting ierce
displacement response of PVA phantom isnghe Fig. 1.7. Largeneedls increase the
cutting forces. Different needle tip shapes have different distribution of fortwestigt of
the needle. The stiffness is observed to increase remarkablytiatldiameter. The

fluctuations in force vs displament response increased with increagbeevel angle.



The blunt needle timitially hashigher stiffness whereas conidgd has higheinsertion

force growth rate.
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Figure 1.7: Insertion forces vs displacement responses at 4 mm/sec with need
different (a) diameters, (b) bevel angle, (c) tip shapes (Reproduced frofi Fef.
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In addition tothesize and shape dieneedle tip, tissue anisotropgs been shown
to have significant influence on needigsue interaction forces during penetration.
According to Mahvash et al., a needle traversing an internal tissue can cause rupture if the
stiffness othe new tissue layer is significantly lower ththe current tissue layer [17]. As
shown in Fig. 1.8, out ofhe threeforce vs displacement responses for trocar needle
insertion into pig liver at 1 mm/sec, there is variation inturg force due tdissue
inhomogeneityA pig heart wasonsideredn another analysis and punctured at 1 mm/sec
with trocar and bevel type of needles using a linear actuatdifference in the force
response between both the two needle tyymesobservedimilar to the observation made

by Shan eal. [15].
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Figure 1.8: Experimental setup with linear actuator and pig heart (left), force, vel
and accelerations responses with respect to time (Reproduced from Ref. [17])
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Van Gerwen et al. categorized needle insertion into soft tissues into four stages
(Fig. 1.9) based on the needle tip position relative to the tissue boundary [18]. In the first
stage Fig. 1.9(a), needle tip has not yet contacted the tidsinen the needle traverses
further toward a tissue, needle tip contacts the tissue as in Fig. 1.9(b). Further movement
of the needle results in displacement tbe boundarywithout penetration. This is also
known as tenting [19]. As the needle is daged further into the tissue, the stresses at the
tip of the needle exceed a critical value [20]. This initiates a crack in the tissue and the
needle will start to penetrate the tissue as in Fig. 1.9(c). The crack growth will be stable or
unstable dependg on the local tissue properties, tissue toughness and strain energy stored
due to deformationin the fourth stage, Fig. 1.9(d), transition in contact between the tissue

and the needle occurs from its tip to the shaft resulting in an incretiszaixial force as

Figure 1.9: Basic stages in needle insertion, (a) no interaction, (b) boundan
displacement, (c) tip insertion, (d) tip and shaft insertion (Reproduced from Ref.
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a hole in the tissue is wedged open. Contact area between the tip and the tissue is almost
constant whereas it increases betwesshaft andhetissue. Force is nearly constant after
thisunless there is inhomogeneity in the tissueteerved by Hing et al. with porcine liver

[21]. They have als{21, 22]assumed that the force during insertion of the needle into a
porcine liver includes both frictional and cutting forces which increases and reaches a peak
value. Wherthe needle is retracted, fordee to friction between the needle and tissue
aloneneeds to be dealt with as puncture has already occurred. When this gultacted

from the insertion force, cutting forces can be isolated.

Total Insertion Force
(Friction + Cutting)

Intersection

Approximate Cutting Force
/ (Total Insertion "minus" Withdrawal)

Withdrawal Force (Friction)
4 5 6 7. 8 98 10 11 12
Time(seconds)

Figure 1.10: Cutting force estimation by subtracting withdrawal force from inser
force at 13 mm/sec in porcine liver ex vivo (Reproduced from Ref. [21])

DiMaio et al. usedaal force measurement and tissue displacement responses in
combination withfinite element models to estimate load distribution along the length of
the needle [23]. They used a 17T@ohy needle to puncture Poly Vinyl Chloride (PVC)
phantom at differentelocities as shown in Fig. 1.11. The load distribution was uniform

along the shaft of the needle except for a pedikenear the tip of the needle. According

13



to Van Gerwen et al. [18] this peak force might be due to cutting or rupture behavior at the

tip and the uniform part is due to friction between the phantom and the needle.
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Figure 1.1: Photograph of 17 G Tuohy epidural needle (left) and estimated for
distribution along the needle shaft during insertions in Poly Vinyl Chloride (PVC)
phantom at various velocities (right) (Reproduced from Ref. [23])

1.30Objectives

As evident from the literature review, there is significant interest as well as numerous
gaps and challengeget to be addressed for understanding techanicalbehavior of
tissue surrogates atitemechanics of neediissue interactionThe worksn the literature
generallyconsiderglobal reaction forces and displacements without much information on
thelocal interaction forces/stressessential for understanding the underlying mechanics.

Hence, the primary objective of this thesis iditst mechanically characterizepmlymer

14



gel tissue surrogate, then determine its optical properties to be able to study stress
concentratiorproblems andnitiate studies othe mechanics of neediissue interaction

via full-field optical methods. Some of the specific tasks to be tackled are:

A Develop sample preparation methods essential for characterizing mechanical
behavior of aransparent polymer gel tissue surrogate material,

A Evaluate the optical and physical characteristics such as refractive index, density of
thepolymer gel

A Mechanicaly characteriethepolymer geby performingensioncompression and
shearests,

A Demonstrate the feasibility of implementing ftild optical methods such as
Digital Gradient SensingDGS) method to study transpargrglymer geltissue
surrogats,

A Performexperiments using DGS to evalualastcoptical consant of the plymer
gel material,

A Demonstrate DG®r optically studying stress concentration problems in polymer
gels by performing (a) linbad acting on the edge of a planar sheet (Flamant
problem), and (b) circular cutut in a tensile sheet,

A Demonstrate the feasibility of using DGS to study negéletissue surrogate

puncture.
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1.4Thesis Layout

This thesis is organized intten chapters including the current one. Chapter 2
includes details regarding material description, sample prepatathniques to obtain
transparent polymer gepecimensvith good surface finisland working principle of
Digital Image Correlation (DIC)method Chapter 3 presents information about
experimental setumnd spedal gripping ideas for tension testsThe governing
equations of hyperelastic models to extract the tensile modulus and to determine the
Poisson rati@re also included in this chapt&hapter 4 consists of shear tests to extract
the shear maglus and compareith the countguartobtained fronthetensile modulus
and Poissod satio. Chapter 5 includedetails onthe compression experiments to

determine the modulus dfepolymer gel inthecompressive loading configuration.

Chagper 6 presents the application of DGS to disk under diametral compression
problem and evaluate the optical propertreduding its elasteoptical constant and
refractive index. Chapters 7 andp8sentparticulars about the application ofG3
technique testudystress concentration problems sucla lise-load acting on the edge
of a planar shee@inda circular cutout in a tensile shegespectively. Chapter 9 shows
the feasibility of employing DGS method to study ptume behavior irthe polymer
gel phantom due to needle insertion. Chaptepr¥idesmajor conclusions of this

work andsomepotentialfuture directiongor research
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Chapter 2: Materials and Methods

In this chapterdetails regardinghechemistryof thepolymer gelandtess usedfor
this purposeare describedfirst. Then sample preparatiosteps arediscussed in detail.
Subsequentlypropertiesof the gelsuch asts density and refractive index are determined
using conventional techniqudsastly, particulars abouhe working principle ofDigital

Image Correlation (DICYysed for mechanical characterizateme provided.

2.1 Material Description

The material employed in this research in a ballistic polymer gel which has superior
characteristics when compared to hydrogelsiesiledin the previous chapter. Fourier
Transform Infr&ked (FTIR) spectroscopy was carried outastimatethe composition of
thepolymer gel(FTIR is a techniquesed to obtain an infrared spectrum of absorption or
emission of a solid, liquid or g§24, 25] whereaspectroscopy is the study of interaction
of matter with electrongnetic radiationTypically the infrared spectrum of a sample is
compared to a bank of reference spectra of known substances to determine the composition
of the sample testeds shown in Fig. 2.1the polymer gelused in this workhada best
match with Tygon soft tubingompoundwhich isa clean, flexiblematerialand has good
chemical resistanceTygon has many applications and widely used in dialysis
equipment, chemdherapy drug ddivery, electri@al insulation, adhesive dispensing,

fertilizer and pesticide dispensing.
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Figure 2.1: Fourier Transform InfReed (FTIR) spectrum of polymer gel with best
match withTygonsoft tubing material

2.2 Sample Preparation

Commercially availabl0% polymer gel block was purchased (Clear Ballistics,
LLC, AR). Based on the size and number of samfidebe prepared, small chunks of
polymer gel were cutom the blockand placed in a glass beaker (Fig. 2.2(a)). The beaker
washeatd to 110C for 2 to 3 hours to melt the gel uniformly (Fig. 2.2(l}gctangular
molds made of polycarbonate and coated with a mold releaseFagkate NC 770 were
prepared while the gel was being melted. The mold release was recommended by the
manufactirer as it would not contaminate the polymer gel. The application of the mold
release agent was vital as it allowed the polymer gel raheagily from the mold without
teas and other type o$urface damage. Duct tape and binder clips were wusseal the

mold to avoid leakage of molten polymer geking cooling Spacers, also made of strips
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of polycarbonate, were usedégohieve uniform tloknessandprevent squeezing of the gel
when clampedThe thickness of thepacers usedieresame as the desired thickness of the
samplesAfter pouring the moltepolymerinto the mold, it waplacedback in the vacuum
oven for degasing. In this process, air bubbles trapped in the mold were releaséukeusing
vacuum pump by creating a negative pressurel cditm. However, degasing was done
intermittently to minimize gel overflodrom the mold atl10°C. The resulting gel sheet,
Fig. 2.2(c), is fredrom trappedair bubbles. lvas moled for 8 hours abom temperature
and then getheetwvasseparated from the mold. Proxxon thermocubtot-wire cutterwas

used to cusamplesof required shape as shown in Fig. 2.2(8)ternatively, heated foil

Figure 2.2: (a) Smallipces of polymer gel cut from large block and pthicea
beaker, (b) Polymer gel in molten form after heating in an oven, (c) Polycarbonate
mold with molten polymer gel, (d) Transparent rectangular polymer gel block cut
good right angled faces usiagwire cutter.
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stripsor hollow tubes were also used to obtain samplesffefreint shapes needed during

this research.

2.3MassDensity

10% and 206 ballistic polymer gel blocks werextractedand their mass and
volume were measured. This information was used to determine the detisgpalmer
gel. The values of densifgr both 10 % and 20 % ballistic polymer gels are tabulated as

shown below

Gel Density,} (kg/m?)
10 % 844.4
20 % 866.7

Table?2. 1: Density values for 10 % and 20 % ballistic polymer gels.

2.42D Digital ImageCorrelation (DIC) using ARAMIS:

The ARAMIS 2D Digital ImageCorrelation (DIC)softwarewas employed for
performing optical measurements. It involve@gandom speckle pattern applied to the
suface of the object to create uniqgidentifiable optical features This speckle pattern is
captured by a digital camera before and after deformatfotine object The pattern
recorded under ntwad conditions serves as the refece (undeformed) image. When load

is applied on the sample, the speckle pattern is distamedis photographed as the
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deformed image. The reference and deformed imagesrrelatedduringwhich features

or speckles present on an object are identified and their relative mosearetrackeds
displacements or deformatiarfor this purpose, eachgitizedimage consisting of pixels

is divided intodacet®or Gsubimage® comprisingof auserdefinedgroup of pixels. The
images contain informatiomboutthe gray scale distributiofsay, as 8 bit or-255 levels

or 10 bit 61023 levelspn the specimen surface in a discrete form at each pixel location.
While correblting the images for every subimage (intensity distribution)in the

undeformed or reference image, the correspondingrsagein the deformedimageis

(a

(b y
I
Ayl | lu
r A )
oy | x
|
—4 Ax [ O'fx+u, y+v) Xi=X +u( X y)
Undeformed deformed .
sub-image sub-image yi=y _'V( X 9

Figure 2.3: Working principle of 2D DIC. (a) Undeformed (left) and deformed (ric
speckle images segmented into-gmlges (top), (b) Submage displacement
mapping scheme (bottom)
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locatedby performing grayscale correlatiolRor example Fig. 2.3 explairs the working
principle of2D DIC. Heretwo images each ¢#048x 2048pixels are segmead into an
array of submages Based on gray scale intensity distribution, eachiswge in the
reference image is located in the deformed image. Due to theatppii of external load
to the objectsubimage in the undeformed state centered ak,Q)(is displaced to ©
(x+u, y+v) by distancesi andv in thex- andy-directions, respectively. The displacement

componentsi andv can be obtained by affine tranefwations.
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Chapter 3: Mechanical Characterizationi Tensile Behavior

This chaptedetailstension tests conducted to determine dleesticproperties of
thepolymer gelincludingtensile éastic modulus and Poissdreatio. Thetensile strength
and failure strains are also evaluatéde experimental setup is discussed fif$tenthe
experimentaldetailsas well as challenga®garding sample preparation asgecimen
gripping arediscussed The effect of strain rate isnodifferent measuredparameters

measurediuringtestsare reported

3.1 Experimental Setup

A photograph of the experimental setugedfor tension testgs shown inFig. 3.1.
It consists of alogbone shapedample coatedith specklesilluminatedby LED lamps
andphotographed using digital camera. The tension samples glued togaobonate end
tabsweregrippedin an Instron 4465 universal testing machine for performing tetsest

different croskead speeds 0.02,2 and 2 mm/sec.

A Point Grey digital camera (Grasshopper3 G33-41C6M) fitted with 18108
mm focal length zoom lensasused to record images. The speckle pattern on the sample
surfacewasilluminated using two cool LED light sources to avoid hagiof the sample.
The digital cameravas focused on the speckles ar@ference image (undeformed image)

wasrecorded before the sampi@s loaded. As theroshieadwasdisplacel, the speckle
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images (deformed images)ererecorded at regular timetervals (410 frames/secat
differentloading ratesuntil the sampldailed The digitized speckle image2048x 2048
pixels) recorded at different load levels were correlated with the one corresponding to the

reference codition usingARAMIS.

——

Figure 3.1: Photograph of the experimental setup used for tension tesyorer gel
(left), the closeup (right) shows tensile test sample with speckle pattern.

3.2 SamplePreparation

Rectangular gel sheets required thickness free from air bubbles, with good
transparency and surface finiglkere preparedas discusseth the last chapteAs shown

in Fig. 3.2,two aluminum foil stripsveremachinedand bento dogbone shape witthe
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Figure 3.2: Aluminum foils used to cut tensile test samples
required dimension®©ne edgef each stripvassharpened like a knif® preciselycut the
gel sheetThe foil stripswereheated to 8% in an oven and candfy pressednto the gel
sheein the thickness directioat right anglesAs shown in Fig. 3.3, the required dbgne

gel specimenwereobtained withsquareedges and good surface finish.
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Figure 3.3:Schematic of tension sample.

3.3 DesigningSample Grips

As polymer gelemployedwas highly compliant, direct grippingising standard
Instron grips for performing tension testusedhe skin to tearlt also led ¢ nicks which
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causd prematurdailure of samplein thegrips. An alternative solutiowasdevelopé to
resolve this problem. In order to hold the sample in position, polycarbonate emetabs
glued to the dogpone specimen enddifferent end tab configurations with various glues
(super glue, gorilla glue, Loctite 3092, Loetd01, Loctite 454, Loite 406 and_octite
380 anddifferentend tab shapeshown in Fig. 3.4 (topjvere tested. After many trsl
with different configurationsand glues a particular configuration shown iRig. 3.4
(bottom) with Loctite 401 glue served the purpostere,the end tabswere made of

polycarbonatendglued(red lines)to the sample ends.
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Figure 3.4:Unsuccessful (tapmiddle and successful design configurations of tens
dogbone specimens with polycarbonate ¢alls and spacers (bottom).
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Spacers used betwedre end tabsverealso made of polycarbonate and hhe
same thickness as that of thergpleprevening squeezingf the sample (thickness wise
compression)n end tab regions. The entimmbinationwas gripped in the loading

machineonly in the location of spacers

3.4 Speckles

3.4.1 SpeckldPattern

Theimplemenation of 2D DICrequires a speckle pattern appltedhe surface of
the tesspecimenlt typically consists of randorhlack and whitgatterns. Unlike general
DIC techniquesised for studying conventional materiaiserealternative black and white
spray paint is usedio accomplish thisadditional care was needed fgel samples.
Accordingly, a low viscositffW Acrylic Ar t iin& was Gsedo create specklesn gel
sampla. Theacrylic ink was preferred tstandardspray painapproach in orddo prevent
reinforcementnd hencehe mechanical respons® the gel Further, disjointed speckles
were deposited tiurthermitigate this problemAs the gel samplbad goodtransparency

only theblack inkwas sufficient to create random specklestomsample.

As shown inFig. 3.6, the speckle pattern should be random suchthiedight
intensity distribution (gray scale) @&ach submageis unique from its neigbor. The
number of pixels in a suitnage is defined by the user. In this figure-smiage size is 15
x 15 pixels(red box)with a step sizeof 13 pixelsin both the horizontal and vertical

directions(blue box) As each sulimagedisplacesthe amount ofleformations measured
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relative to thereferenceimage. Based on the relative movement of the speckle pattern

between imagesugntities such as displacemanid strain are evaluated.

Figure 3.5: Submages with overlap viewed over speckle pattern (Reproduced frc
[26])

3.4.2 Size oBpeckles

The choiceof speckle size for agpticular test depends on various factors such as
spatialresolution of the images (pixel couantd pixel count/unit lengjharea of interest
and deformatiomagnitude Speckle pattern is randomly distributed over the entire image
area.Thesmallestspecke size should batleasthe size of 4 pixeldHowever speckle size
should not be very largbecausehtere is a tradeff in terms of minimum measurable
displacementBoth the speckle sizes chosenthis work were selected by taking éke
factorsinto account. The arezontainingspecklesvasused for analysisisingARAMIS

software.As shown in Fig. 3.6the area outside the specklies., the shadedegion
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corresponding tahe grippingregion that contains no data points for analysigre

excluded

Figure 3.6: Fine (left), coarse (right) speckle patterns on ddog tensile test
samples used

Tension tests were performasingan Instron 4468nachinefitted with 50 N load
cell at a crosshead speed of 2 mm/sec on both the satypéssshown in Fig. 3.6nd
images wergecorded at 4 frames/sec usingaint Grey camera with 248 x 2048 pixel
resolution. Asthe maximumlongitudind strainswere estimated to b&round 200%, the
subimage sizeof 105 x 35 pixels(105 pixels in horizontal direction and 3fxels in
vertical direction)with a subimage step of 20 pixela thex- andy-directionswas chosen
for both the experimensothat all thesubimages in theegionof interestwerecorrelated

over the entire deformatiomistory. After performing 2D image orrelation using
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ARAMIS, axial and transverse strains were obtained from a point in the center of the
samplewithin the gage lengtffree from edge effects. The load data obtained from the
testingmachine andnitial crosssectional ara of the samplevere used to evaluatthe
engineeringaxial stress. Frorkig. 3.7, it can be seen that good repeatability existsen
engineering axial stresxial strain response with the two speckle s{ieg and coarse)
used.In each of thesplots, the last data point corresponds to specimen failure in the gage

section.

Due toarelatively large deformatiorat failure (around200% strain}he coarse
speckleswere selected for subsequent experimesush that the specldecould be

correlateduntil the last deformed stag# the sample
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Figure 3.7: Enginging axial stres$ axial strain response from tension tests at z
mm/sec crosshead speed for fine and coarse speckles.
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3.4.3 Consistency o$peckle Pattern

In DIC, consistency of speckle pattern is important for obtainingfieltl results.
If some regionsn theareaof interesthaverelativelylargegsmall speckles ohigher/lower

density of specklesHg. 3.8), the speckle pattern is said to be inconsistens. also
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Figure 3.8: Examples of poor speckle pattern consistency (a) too much black, (|
much white (Reproduced from [27])

important for the speckle pattern to be random suchnihéwo subimages are identical
andall the requiredsubimages are correlateth both thesituations there is a rislof

informationlossas these regions may rgetcorrelatedduring analysis

Figure 3.8(a) shows a speckle pattern with too many speckles resulting iddecge
areas.On the other handsig. 3.8(b) shows a speckle pattern with too f@avk speckles
producing large white areas. Hence, consistency of speckle pattern is important to ensure

that all regions are correlated and there is no loss of information.

3.4.4 SpeckleApplication Technique

For DIC, it is alsovital to apply the speckles randonity the test surfackesides

size and uniformity To determine the most appropriate speckle pattern application
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technique foperformingtension tes on the gela variety of methods suck @) random
pattern printed with black ink on a white paper and transféo the gel samplgb)
manuallycreate dotslirectly on the sampleith a markey (c) air brushspeckleswith a
compressooperating at different pressurgsl) pluckirg the bristles of a tootbrush
dipped in ink, were tried. The easiest dhd best way to achieve thigas foundto be
method (d) A clean brushwas partlydipped in ink so that an optimum amount of wiés
imbibedinto the gaps betweehe bristles Thenthe brushwas broughtnear thesample
surfaceandthebristleswere slowlypluckedby a finger so as to spray ink on to the sample
surface After some trials, the amount of ink, the distance between the sample and brush

were understood and varied to achieve different speckle sizes.

3.5Effect of Sub-image Size

The number of pixels chosen for each-gubge determines the suinage size.
Smaller suamages correspond to higher data resolution as@astorrespond to a data
pointin the fieldduring analysis. However if the silnage size is smaller thaheideal,
the subimage will be not be recognizeldrringcorrelationand measurement accuracy will
be compromisedlypically, the minimum submage &e selecteds such that all the sub
imagesin the image are capable of provididgformation and strain informatiaturing
correlation Larger subimage size produces higher averaging effect when compared to

PiI x Spec . Fac
Image dependen Pixel and area dependel Speckle dependen

Figure 3.9: Relation between pixel, skle and submage (Reproduced from [27])

32



smaller submage size. Thaize of the speckle pattern applied which is dependent on
image resolution islsoimportant as it dictates the minimum suatage size that can be

used.

When images with large deformations (up to 200 % stratimeiaxial direction) are
to be correlatedhere is a criteria based on which sotage size is to be selected. In this
case, the final length of the samplethie axial (maximum strain) direction threetimes
the initial length. Therefore, in order &xhievecorrelationuntil failure, the submage
chosen should be rectangular such that the ratio of pixels snd y-directions is
approximatel\3:1. By doing so, the sdmages initially rectanguladeform into a square
at the last stage of deformatioiihis playsa crucial role inachieving satisfactory

correlationof speckles

When deformatios are large the image analysissoftware may not correlate
throughout the load cycle (twadhistory)by just taking the first undeformed imagetlas
referencemage for all stages of deformed imagéscircumventhisproblem eachimage
can beset asthe referenceimagefor the next.This approach was adopted in this work
when neededThiswas doneas follows 1. Import all imags into ARAMIS, 2. Select all
stages (images) except the fifist., stage 0, 3. Rightclick andset as referenceDespite
this, note thathe values such as displacements and strapwrtedby theimage analysis
software as outglare with respect to the referene®-load)image and not with respect

to the previous image.
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Figure 3.10: Engineering axial stréagial strain response from tension tests at :
mm/sec fothree differenB:1 subimage sizes.

By taking these factors into accoutttreedifferent facet sizesvere selected and
specklecorrelationwas performedTheengineering axial stress axial strain response for
2 mm/sec crosshead speed is comparéau8.10. A good agreement is obserbetiveen

different subimage sizesind hence any of these facet sizes should be sufficient to extract

the result

3.6 Effect of Sub-image Overlap

Another factor available to the usierthe number of overlapping pixels during

image correlationSome overlap is always desirable because more data points from the
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same imagean be generated fanproving measurenm@ accuracy. However, more than

50% overlap igienerally udesirable.
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Figure 3.11: Engineering axial stréagial strain response frotansion tests at 2
mm/sec for twdifferentoverlaps but identical sdmaaes

Figure3.11 shows engineering axial stressaxial strain responsabtainedusing
two different subimage steps opixel overlas. Evidently,there is a good agreement
betweerall of themsuggesting the choice of any of these overigpeasonable tachieve

convergence of the result
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3.7 Effect of Crosshead Speed

Figure 3.2(a) and 3.12(b¥howthe effect of crosshead speedtbaengineering
and truestressstrain response respectivelyWe can observe that with an increasém
crosshead speext the strain ratdhe gelmaterialstiffensand ultimate stress increases. It
is important to note that failure strain also increases witimenease in crosshead speed.
This is an interesting andhther peculiar behavior othis polymer gel unlike other
conventional engineeringaterialswhich typically showa reduction in failure straiwith
an increase itheultimate stresandstrainrate Interestingly, aimilar response has been
reported by Moy et a|6] who have studied a differenydrogels (20% by mass 250 bloom

type-A ordinance gelatin with 43 ultrapure filtered water).
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Eng. Axial Strain

Figure 3.12a). Engineeringstressstrain responsef the polymer getitthree
different crosshead speeds.
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Figure 3.2(b): Truestressstrain response of the polymer gel at three different
crosshead speeds.

3.8 Experimental Repeatability

The repeatabilityof experimentsvasinvestigatedoy performingtension tests on
multipledog-bonesamples. Eperimens wereperformed witlthesetup shown earliefhe
speckle images were recorded at 10 frames/secatmdrosshead speed 2 mm/secThe
sub-image sizeselected wa 150 x B pixelsand subimage stepvas30 pixels(scale factor
= 0.045 mm/pixelko that altheimages were correlated in all the experiments teatiire
occurred As notedearlier, the Bgineering axial stress was calculated frimaload-cell

data andhe nominasample dimensionshereasngineering axial strains were measured
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from DIC. These responses are plotte&im 3.13 It can be obseed that there is a good

agreement between the testgygesting a high degreee{perimentatepeatability

100

Eng. Axial Stress (kPa)

0.0 0.5 1.0 1.5 2.0 2.5
Eng. Axial Strain

Figure 3.13: Engineering stresgain responses to check repeatability of tension te

3.9 Comparison of CrossheadStrain with DIC

The gel material beindhighly compliant, many optical andigping strategies had
to be employed during experimentatidtencean independent evaluation of strains was
carried out to increase the confidence level in measured axial strains belianeg
transverse strain f or  Patio egaluaionGAscomparisorof measuredstrairs from
thecrosshead displacement and DI€remadefor tension tests on ddgone samples. The
experiment was performed withe setupdiscussecearlier. Images were recorded at 10

frames/sec anda crosshead speedf 2 mm/sec.The sib-image size useduring DIC
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analysis wad50 x 50 pixels, and suimage step size/as 30 pixels. The engineering axial
stress was calculated fraimeload data andampledimensionsThe cosshead axiakisin
was measured frorfa) thecrosshead displacememtcordsandthe initial gage lengthof

the sampleand (b)DIC strainafter correlatng speckle imagesith the reference image
These responses are plottedFig. 3.14. It can be observed that thesequite a good
agreement between th&o responses whicimpliesthat there is no slipping tfe sample
within thegrips orin the end tab regionddence strains measured from DIC are reliable

and can be used to extract transvetsains as well.

u DIC strain
20 F ® Cross-head strain

Eng. Axial Strain

0 10 20 30 40 50 60

Time (sec)
Figure 3.14: Comparison of strains obtained from ¢read displacement and Digite
ImaaeCorrelation (DIC).

3.10 Tensile Elastic Modulus

From theengineering stresstrain responge it can be seethat the polymer gel

exhibitsa nonlinearbehavior. It is also known frorihe manufacturer that the material is
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isotropic. Ashegelmaterialis incompressible (salike rubber), it oi ssonds rati o
to 0.5.Based on theg concepts of hyperelasticityere used to determine thaastic

modulus ofthe gel. Generally stresstrain relations for a hyperelastic material are
developed from strain energy density functionfhree commonly used hyperelastic
modelswere consideredor evaluatinggel elasticproperties and model tleverall stress

strain respnse Generalhyperelasticstressstrain relation for isotropic materi28, 29,

30] is of the form

[s1=31Flg o i @

wherelJ is theJacobialﬁ,J:det[F]) , S, 6,WandF areCauchyds engineer.

engineering strain, strain energy density function and deformation gradient, tensor

respectively.

For an incompressible material with niamear elastic and large deformatgn

stressstrain relatiorcan be deduced to the form

[s]= #[1] 2s[8] 2-f5[8l" @2

where P is a function of loadB, |2 and |} areFinger deformation tesor, first and

second invariants dfinger deformation tensprespectively.
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If the strain energy density function is knowthe above expression can be
simplified further to obtan stressstrain relations for anniaxial tension test. Strain energy
densty functions from three different models namely Né¢@okean, Mooneivlin and

Yeoh models are agvenbelow[31-34]:

Neo-Hookean model W = Q_O( I -3) (3.3
MooneyRivlin modet W= qo( I -3) q31( 15 3} (3.9
Yeoh model w=g(12 3) e(1® 3 g2 3 (3.5

When p*, B, IlB , |2B and partially differentiated quantities of strain energy density

function W are known, the expressions for engineestrgssengineering straican be

obtained [35]as shown below

Neo ) 1

I:}c(;c(njl;e;an s=2(1 +¢ ire) )Cyo) (3.6
Mooney _ 1 Cou

rl?ql(\)/(ljlgt s=2(1 +& o+ e))(C.LO a@+ ¢,) (3.7
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_ 1 2 2 ,
;i%g s=2(1 +¢ —(1+e))(q 2 (1 ) m 3 & (v 5ea+—+)e+3i (3.9

In the abovehreeequations,S and € are knowrstress and straiguantities from

tension tests an@,, Gy: G; G, G aretheunknownconstantso be determined to evaluate

the elastic moduluef the material They are extracted usinigéar leassquares analysis
of the datdin MATLAB ). Based orihe resultingR-square value, the goodness ofAfds
determinedo select the modédbr this researchOut of the three models, Moonr&vlin
was the one which hatthe best value for godness of fitFurther, MooneyRivlin is the
most commonlyusedmodel in the literature [3&8] for investigatingthe mechanical
behaviorof biological tissus. Since a polymer gelwas employedhere to potentially
simulate tissue behaviohis model selg®n is justifiable The goodness of fit information

for stressstrain responses shown in Fig. 3.12 are presented in Table 3.1.

Goodness of fit (Rsquare)
Crosshead speed
(mm/sec) Neo-Hookean model Moorey-Rivlin Yeoh model
model
2 0.5317 0.9%4 0.9759
0.2 0.6025 0.9962 0.9852
0.02 0.6650 0.9957 0.9888

Table 3.1: Goodness of fit for different hyperelastic mode
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Inthe limite- 0, thederivative of the stresariationwith respect tdhestrainwill yield

the elastic modulusEge__d_S . Thus, the elastic moduluscan beobtained from the
de
c

unknown constants for each model as

Neo-Hookeanmodel E=6¢c, (3.9
MooneyRivlin modet E=6(c, ¢, (3.10
Yeoh model E=6¢q (3.11)

Crossead peed (mm/sec)| Elastic Modulus (kPa) Strain Rate - (/sec)

2 125.£ +5.48 0.04
0.2 11839+ 3.63 0.004
0.02 11137+4.17 0.0004

Table 3.2Elastic modulus dependence on crosshead speed.

Theresulting elastic moduli (E) are listed in Table 3.2. The values suggest a modest
(=25 kPa)increaseof E with strain rate change of two ordesf magnitudeThe elastic

moduli of polymer gelare comprable to that of biological tissu&s.

I Faury, G. "Functiagstructure relationship of elastic arteries in evolution: from microfibrils to elastin and
elastic fibres." Pathologie Biologie 49.4 (2001):-328.

2Nakano, K., et al. "Myocardial stiffness derived from esydbtolic wall stress and logarithm of reciprocal
of wall thickness. Contractility index independent of ventricular size." Circulation 82.4 (1990)13@52
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3.11Initial Poi s Ratio 6 s

obtained from DICfrom each imageEngineering axialstrain andtransversestrain

From the tension tests described earlier, axial strains and transvaissvatre

responses are plottéar different crosshead speeds-ig. 3.15

ratio of the gelby performing dinear regression analysiBhat is,the responseasfitted

t

Figure 3.15: Engineering transverse strain vs axial strain response at different «

o

Absolute Eng. Transverse Strain

The nitial linearregionwasusedin each of the above plotis obtainthePois s o n 0 s
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Thus obtained value of BRB@&.iAsexpestédsthevaduesiae ar e

close to 0.5suggesting the gel response nearly incompressible.

Cros$headSpeed (mm/sec] Poi s aimgo s StrainRate - (/sec)
2 0.460 0. 0.04
0.2 0.48 N 0. 0.004
0.02 0.46 N O. 0.0004

Table 33 : Poi s s on 0 sffererd ¢craskeadspedéds.e s at  di

3.12Ultimate Stress andFailure Strain

From the tension testsltimate stresses amailure strainsvere recorded for
different experimentand areshown inTable 3.4. It is observed that both the values
increased with an increasethe crosshead speed. Increas¢hi@ultimate stress it be
expectedbuttheincrease in failure straiis an interesting behavior tfe polymer gel.

Nearly a 100% increase in the failure strain at 2 mm/sec relative to the 0.02 mm/sec is

evident.
Crosshea@®peed (mm/sec]  Ultimate Stress (kPa) FailureStrain
2 87.183 N 1 1.97 +0.04
0.2 54. H8 818 1.25 +0.08
0.02 42. ®9 219 0.99 +0.01

Table 3.4: Ultimate stress andltaie strains at diffemt croskead speeds.
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Chapter 4. ShearResponse

This chapter deals with shear tests conducted on the polymer gel to detésmine
shear modulus. First, the experim setup is discussed and details regarding sample
preparation and gripping method are provided. Later, the effect of strain rate on shear
modulusis quantified. Finally, these experimental valueshwdas moduli are compared

with thog using theelastic modula n d P o i ssframténsion tests i 0

4.1 SamplePreparation

Figure 4.1: Photograph of hot wire cutter used to cut polymer gel samples

Void-free rectangular gel sheetsf required thicknesavere prepared firsas

discussedh the previous chapteh hotwire cutter(Thermocui Proxxon see Fig.4.lwas

46



employed to cut the gel samplesrequired dimensiondhe specimen dimensions used
were 25x12.5x12.5 minA hotwire with an operatingemperatureange of 108C - 200°C

was selecteased orthethickness of the sample.

4.2 Experimental Setup

A photograph of the experimental setup is showrFion 4.2 Rectangular gel
samples glued to polycarbondtelderswere grippedn an Instron 4465 universal testing
machine The $fear tests were performatithreedifferent crosshead speeos0.02, 0.2

and 2 mm/secsame as the ones used for tension.tests

Figure 4.2: Shear test spta gripped usingonventionalnstron grips.

Holdersfor the shear specimen veemadeusingpolycarbonatesheetsmachined
to L-shape withdimensionsshown in Fig. 4.3The shapewas selectedsuch that the

horizontal portion of thesholderscould be grippedusingthe standardnstrontension
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grips Holders wee designed such that the applied tensile foves transmitted to the
sample as a shear forg@ thegluedfaces of thgel sample. Af the tension testsoctite

401 acrylic adhesivewas used to create g@ood bond between the sampbnd the
polycarbonaténolders The red vertical lines in the figure denote the glpedion of the

sample

A Y
-y

25 |n

Gl ue

Figure 4.3: Sample holder design (top), shear force acting on the sample (bott

As the loadncreased gradhlly at different crosshead speette sample undeent
sheardeformation. It is important to note that all testse conducteanly until the bond
(glue) between thirolderand the sample fat. None of the samplextuallyfailed during

shearteds.
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4.3 Shear Stress-Shear Strain Response

50
= 2.0 mm/sec
40 ¢ + 0.2 mm/sec
- 0.02 mm/sec
v,
= 30
5
7
s 20 r
5
75
10 +
0 ?—:"“ . . . . .
0.0 0.2 0.4 06 0.8 1.0 1.2

Shear Strain

Figure 4.4: Effect of crosshead speed on shear sthess strain responsegdél. The
dotted lines indicate failure of the holdgample adhesive and not the sample.

Shear tests were performed on an Instron 4465 fitted with 50 Nckdhdt three
crosshead speeds namely 0.02, 0.2 and 2 mm/sec. The load data obtained tstimghe
machine and crossectional area dhe sample on which shear foraeted weraused to
evaluatethe shear stress. The dimensions of the sample and the vertical displacement of
thecrossheadvere used to obtaitheshear strainAgain, all the testsvere conductedintil

the bond (glue) betweetheholdersand the samplshowed debondingndicatedby the

dotted lines in the graglin Fig.4.4
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4.4 Experimental Repeatability

Repeatability of the shear testswas examined Multiple experimentswere
performed witithesetupdiscussegbreviously at a crosshead speed of 2 mm/Bee hear
stress was calculated frothe measuretbad data and the sampdénensions whereas
shear strain wagbtainedfrom the crossheadisplacement. Thegesponses are plotted in
Fig. 4.5. 1t can be observed that thereaiseasonablgoodrepeatabilitybetweerall three

tests.

50
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40 | +  Test2
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=
— 301
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0.0 0.2 04 0.6 0.8 1.0

Shear Strain

Figure 4.5: Repeatability of shear strs$sin responses.
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45 Shear Modulus

The gel material being studied is isotropaft gel, the material is expected to be
incompressibldP oi s sonds r pBased onctheeoceneepts af hypPetaiicity
were used to determirgel shear modulusGenerally shear strestear strain relations for
a hypeelastic material are developed from strain energy density funati@waysimilar

to the one discussed in the last chapter for tensile loading

General stresstrain relation for nonlinear elastic, isotropic material with large
deformationfrom Egs. (3.1) and (3.2}he expression for shear stress in terms o&ishe

straincan beobtainedas

a
S =2 Qéaeul—g . @)
CH1 .Jz

The above expression can be simplified furthethto classicashear stresshear

strain relation for a shear test,

s,=G g 4.2
a
wherethe shear modulus, G= Zae% -Ilg 4.3
(;p-ll L&
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The $ear stress was determined using,, :% where F is the applied shear forcen

area Aand the Bear straing,, :iﬁ where Dx is the vertical crossheadlisplacement

determined experimentalgnd| is width of the samplas shown in Fig. 4.3.

In the above equatior§;, and g, aremeasuredjuantities frontests ands is the

unknown quantity to be determined. dan beevaluateddirectly using leassquares
analysis byemploying thecurve fitting modulein MATLAB. The s@me processwas
repeated for different crosshead speedslagespectiveshear modulwereevaluatedor
each caseThus obtained valuesf G are reported in Tablé.1 Also listed in this table
are the values obtained from tension teBite two data sets are in good agreement within

acceptable errsrconfirming the measurements independently.

Cros$ead speed (mm/se SheaModulus SheaModulus

G (kPa) (Experimental) G= E (kPa) (from tensior
3

tests)
2 41Nz7. 1 418N 81 .
0.2 39.6 N 1 36N 1. 2
0.02 36. 7 9N 1 37.1 N 1.

Table 4.1: Comparison of shear modulus values from shear tesenarmahttests at
different croskead speeds.

52



Chapter 5. CompressionT ests

This chapter deals with compression testsormedor evaluatinghe compressive
modulus ofthe polymer gel. Thedetails regarding sample preparation are providest
and experimentsire discussechext Subsequentlyevaluation of compressn modulus
using hyperelastic material modedsdescribed Lastly, the effect ofoading rateon the

compressn modulus isnoted

5.1 SamplePreparation Details

12.5

12.5

A
v

Figure 5.1: Photograph of metal tube with sharpened edge (top), schematic
compression test sample (bottom).

Rectangular gel shegts2.5 mm thick in this case) devoid of air bubbles goaold

surface finish wee prepared as discussadChapter3. As shown in Figh.1, a hollow metal
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tubewith therequiredinner diameter (12.5 mm) wasachinedo make itsedge sharpo
punch out a cylindrical sample with straight, smooth lateral surfdez punch wasrst
heated to 8% in an oven andhen carefully pressednto the gel sheelaying flat on a
polycarbonate substrafEhe nner surface ahe punch wasoated with water which asx

as a lubricant between tpanch faceand gelAs shown in Fig. 5.1the required cylindrical
gel specimenbaving amaspect ratiof 1 wereobtainedCasem et al., have shown that this

sampleconfiguration attains equilibrium easily [39].

5.2 Experimental Setup

A photograph of the experimental setup is showrrign 5.2 It consiséd of a
cylindrical samplecompressed between twiatensof the testing machinéAs in the
previous chaptersinstron 4465 universal testing machimes used for performing
compression tests dtreedifferent crosshead speeds 0.02, 0.2 and 2 mnW¥kecsurfaces
of the platensvere smoothened using80 gritsend paper andubricatedto minimize
friction. This reducd theundesirabldarreling effect on the cylindrical sampteachieve
a uniaxial state of stress and strduring tests, the @mpressive load androsshead
displacementvere recorded at regular time intervgkcquisition rate = -40 datdsec)

usingInstronBlue-Hill software for allcrosshead speeds
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Figure 5.2: Photograph of compression test saemiieplatens.

5.3 Stress-Strain Response

Thetestswere performed uisg an Instron 4465 fitted wita 50 N load cell at three
differentcrosshead speeds namely 0.02, 0.2 and 2 mm/sec. The load data obtained from
the load-cell along with thenominal crosssectional area of the sampheere used to
evaluatethe compressivetsess. Theoriginal dimensions of the sample and the vertical
displacement ofhe crossheadvere used to obtaithe compressive strainlfests were
carried out only up to 6 mm of crds=ad displacement and nwitil failure. FromFig. 5.3,

we can observe that with an increasehn crosshead speed, matersdows a stiffer
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responseCasem et al[39] andKwon et al. [4Q have als@mbserved aimilar rate sensitive

compressivéehaviorfor gels

Eng. Axial Strain

-0.4 -0.3 -0.2 -0.1 0.00
= 2.0 mm/sec T
& 0.2 mm/sec
0.02 mm/sec 1-20

o))
o

A~
o
Eng. Axial Stress (kPa)

-80

Figure 5.3: Effect of crosshead speed on the compressive &tit@ssresponse of the
polymer gel.

5.4 Repeatability

Experiments wereepeatedfor compression tests on cylindrical gel samgles
checkreproducibility of these testsThe resultingresponses are plottédr a crosshead
speedof 2 mm/sec inFig. 54. As noted earlier, the tests were stopped at a crosshead
displacement of 6 mrfor, anominal axial straif 50%) It can be observed that there is

arathergood agreement between slegests.
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Figure 5.4: Engineering stresfrain responses to check egpability of compression
tests at 2 mm/sec.

5.5 Compression Modulus

As discussed earligit is understood thahe polymer gel exhibits nonlineatastic
behavior AsitsPoi ssonds r at iisincongpressibleolikeerubliedgair) .
assuminghyperelasticitythe compression modulus of polymer gebs determinedIf
strain energy densitiunction is known, gessstrain relation.e., Egn (3.7for Mooney
Rivlin model can bedeveloped for a hyperelastic materisiibjected touniaxial

compressiorexperiment siriar to the tensile counterpait Chapter 3If S and € are

known quantities from compression testenC,C;; are unknowrconstantswvhich can

be determined using leastjuares anatys in MATLAB. In the limit e- 0, derivative
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of the compressive stresgith respect to strain,((jj_S:E, will yield the compressive
e

modulus ( Eqgn. (3.10). Table 5.1 showgjood matchbetweencompiessive and tensile

modulifor thepolymer gel at different crosshead speeds.

CrosseadSpeed (mm/sec) Compressive Modulug Tensile Modulug€ (kPa)
(kPa)
2 140.62+ 4.27 125.£2 +5.48
0.2 119.23+ 3.06 11839+ 3.63
0.02 103.74+ 1.08 11137+4.17

Table 5.1: Compresge modulus dependence on ctosad speedndcomparisorwith
the tensile counterparts
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Chapter 6: Opto-Mechanical Characterization

In this chaptey detailsregardng refractive index measurement are provided first.
The working principle of fulfield optical method Digital Gradient Sensing (DGS)is
discussedext Lastly, specifics abouthe experimentperformed on a diskubjected to
diametral compreson of the polymer gel samples inconjunction with DGS for

determinng the elasteoptical constant at variousadingratesare presented.

6.1 Refractive Index

Figure 6.1: Abbe refractometesing for evaluating refctive index ofpolymergel.

Polymer gel blocksof 10% and 20% composition with gotrdnsparency
and surface finish werextractedas described earlier and theafractive index 1f) was

determned using an Abbe refractometer shown in Fig. 6.1.
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The @l blockwhose refractive index is to be determineas placed in between the
illuminating and refractingrisms of the refractometef lamp (white light) illuminated
the samplehrough thefirst prism. Light rays undergo refractiothat depends on the
refractive index of the sampbeing evaluatedBright regions are formed where light rays
refractinto and dark regionsorrespond tavhere there is no lighChromatic aberration
knob was usedo observethesesharp bright and dark regiar3y operatingalarge diako
positionthe crosshairs exactly at the junction of both the regiahe refractive index of

the gel blocks waseasuredThevalues are tabulated Table 6.1

Gel Type Refractive Indexn
10 % 1.4728 £ 0.0013
20 % 1.4750+ 0.0008

Table 6.1: Refractive index values for 10 % and 2pdlymer gel blocks

6.2 Digital Gradient Sensing (DGS) Methd

This section deals with the working principle Dfgital Gradient Sensing (DGS)
methodandthe experimental setup for measuring the elagitcal constant for the gel.
The significance of the elastptical constant is that it @ounts for changes in both
refractive index and thicknesk allows the optical measurementis be linked with the

mechanical fields.
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6.2.1 ExperimentalSetup

The schematic of the experimental setup Bs8S method is shown in Fig. 6.2. It
consists of a digital camera, a planar transparent test object and a uniformly illuminated
speckle target plate. The target is coated with fine mists of black and white paint. The
transparent specimenisplacedatadisnce of @@ from the target.
behind the specimen at a distancé¢f>> @) and focused on the t

specimen in the region of interest.

Digital
camera

Transparent
B specimen

'O "% <. b
L - ) R~ | Speckle
L= target

S Xo

Figure 6.2: Schematic of experimental setup for Digital Gradient Sensing (DG
method.
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6.2.2 Working Principle

During the experiment, speckles on the targatephre photographed normally
through the transparent gel specimen of thickBemsd refractive inder. A generic point
P on the target plane, corresponding to a point O on the specimen plane is recorded by the
camera in the undeformed state of the sanMdhenthe specimen is subjected to fofee
as shown in Fig. 6.2, refractive index and thickness change throutleoiigld PointP
on the optical axis observed through the specimen is displaeateighboring poin® on
the target plane bk andly in thex- andy-directions, respectivelyhe quantitiesk and
Uy are determined by correlating deformed image with respect to the undeformed image

using Digital | mage Correlation (DIC) tech
mid-plane of the specimen and the target is also known, the angular defld‘(;giansl fy
in thex-z andy-z planescan be determined.he optical pathchange is obtaineith terms

of normal strain€,,, and change in the refractive indek,, as[41],

as( x )):ZHn-l)fj/Z gd2B 2 Bo”zﬁ dfl ) 6.0

Therefractive index change given by the Maxwell relation (Eq. (6.2)),

an(xY)° D( § +,5 +F (6.2
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where D, is the stres®ptic constantsS ,,, S, and S, arethenormal stresses ithe x-,

y- andz- directions, respectively

Usingthegener al i zed Hookeds | aw for an isot

strain componen€,, is

1.
ezz:E§ 3 - (uxxs +y)s (6.3

whereE is theelasticmodulus and/ i s t he Poi thegel Ndws usinggds.i o o f
(6.2), (6.3), Eg. (6.1) can be simplifiednder plane stress conditions obtain the

expressiorfor optical path changes[41],

a(xY° GRS + ) (6.9

whereC,; is the elastaptical constant defined as

C.=D —‘E’(n i) (6.5

where D, is the stressptical constant,l/ istheP 0 i s s o nEfsshe elastiaonodujus
andn is refractive index
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After performing a geometrical analysid41], relationship forthe angular
deflectionsfX and fy in thex-z andy-z planesin terms ofthe elasteoptical constantand

two orthogonal inplanestress gradieni&q. (6.6 and Eq. (6.)) [41] can be obtaineds

fx ° ﬁ :CS B—u(s X +%y) (66)
D M
d 6.
fyo_y:CsBu(%w‘) (6.7
D M

6.3 Disk under Diametral Compression

Disk under diametral compressios one of the standard geometries used in
photoelasticity to measure stregstic constant of birefringent materials [48ince the
stress field are readily available for this geometry it is possible to compare the
experimental reswdtwith analytical solutioa Further,this geometryis also used to
determine failure properties of matdsidy some investigatarg-or examplethe tensile
strength of brittle materials has been evaluated using tbraegjey in Refs. [4314]. Shetty
et al. and S. Dong et al. have studied the fracture behavior using stisjected to

diametral compression [446].

The detailson Digital Gradient Sensing (DG®xperimentperformed on a disk
subjected taliametral compression of gesmples aras follows It includes p@rticulars
about sample preparation, experimental seippcalmeasurements and compariseith
analyticalexpressionsare includedAs noted earlienysingDGStwo orthogonain-plane
stress gradiestdue to imposed loadseremeasuredsangular deflectionsf light rays.
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The measurementsereused to extradihe dastooptical constantfor the polymer gel to
facilitate optical investigation of stress concentration problems and, subsequently examine
the feasibility of the gehs a tissue surrogate to optically stukdg mechanics afieedle

insertion/retraction

6.3.1 SamplePreparation

Rectangular gel sheet$2.5 mm thick devoid of air bubblesgood transparency
and surface finish wee prepared as discusspreviously Both thepolycarbonatemold
faces were detachexh eitherside of the sample argkl sheet wakid flat on one of the
faces.A hollow metaltubewith aninner diameter of 50 mm wamsachinedio make its
edge sharpor punchng out a circular disk sample from thieeet. The inner surface of the

punch was straight but the outer surface was machined to aetskag edge. The punch

Figure 6.3: Hollow metal tube (leftisedto punchout circular disk specimerand the
resulting transparent disk shaped gel specimen (right).

wasfirst heated to 8 in an oventhenpressednto the gel sheett right anglesnd care

was taken to keep thgpodtransparencynaffected The inner surface othe punch was
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coated withhot water whichlubricatedthe punch faceand gelsheet interfaceFigure 6.3

shows a photograph dferesulting circular dislspecimen bdiameter 50 mm

6.3.2Experimental Setup

The schematicof the DGS experimental setupsedfor disk under diametral
compression tests shown inFig. 6.4. The specimen used for this experiment is a circular
disk of diameter 50 mm and thickneélss5 mm. The specimen was subjected to diametral
compression as shown in the figure. Wstron 4465 universal testing machiwas used
for performing tests athree different croskead speeds 0.02, 0.2 and 2 mm/asm

tension, compression argthear tests reported in the earlier chapters. The optical setup

Figure 6.4: Schematic of the experimental setup used for studying polymer gel
under diametral compression using Digital Gradient Sensing (DGi&pthe
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consised of atarget plate decorated with random black and white speckles placed at a

distanceD= 32 mm away from the migdlane of the specimen.

A Point Grey digital camera (Grasshopper$&U3-41C6M 2048 x 2048 pixels
monochrome, 10 bit camgrhtted with a 18108 mm focal length zoom lemg@sused to
recordspeckls on the target planeThe camera waat a distance of approximately 600
mm from the specimehe speckle pgternwas illuminated using two cool LEmpsto
avoidlight sourceseating the samplturing experimentsThe digital camerevas focused
on the specklethrough the transparent gel deskdareference imagevas recorded before
the samplewas loaded.To ensure line loading, the disk was compressed by two
polycarbonate blocks grippeih the standardesting machine fixturesAs the load
increasedspeckle imagesorresponding to differemteformedstates bthe samplevere
recordedat regular time intervals {10 frames/sedepending on the crosshead spddu
digitized speckle images recorded at different load levels were correlated with the reference
imageusingthe imageanalysissoftware ARAMIS.As described in the section on DGS
methodology (Section 6.2), an array ofplane speckle displacement components on the

target plane (and hence the specimen plane) was evaluated and converted into local angular
deflections of light rayd,, and fy. A facet/subimage size of 75 x 75 pixels and facet step

size of 50 pixels was used to achieve correlatioer the entire region of interest (scale
factor = 0.026 mm/pixel and the data array size is 39)xA relaively large facet size
was needed due targe deformations suffered by the gel, particularly neatvtbéoading

points [27].
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Figure 6.5: Speckle imagescordedat different time intervals during the experimel
done with a crossheadesgn of2 mm/sec

6.3.3 Comparison ofM easurementswith Analytical Solution

When the deformed images of speckle patteere correlated witthe undeformed

image using DIC, displacemen6§ and a’y were obtainedn the x- andy- directions,
respectivelyAngular deflections in the-z andy-z planesfx and fywere obtained from
O'X and a’y, respectivelyand are proportional to stress gradieseeEqgs. (6.6) and (6)7

[41]. Figure 6.6 shows the resulting angular dsgtion contours onX and fy for an
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imposeddisplacement of 1.5 mm at three citosad speeds 0.02, 0.2 and 2 fsge An

increasan thedensityof contours withcrosshead speedasident.

Figure 6.6: Measured. (top) and ¢y (bottom) contours for a displacement of 1.5 n

at 0.02 left), 0.2 (middle) an@ mmkec (right)respectively. Contour intervarx10*
radian.

The analytical expressions for normal stressesialastic disk under diametral

compression [47] are,

2FeéR- )X (R+yX 1 (6.8)
" opg o) R

2FeR-y} (R+y 1 o
YU ope o Ry

wherer, , =«/x2 «R¥ y)?, Fis the appliedoad per unit thicknes® is the radius of the

circular disk,x andy are the Cartesian coordinates as showrign6.4. After the partial
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derivatives of(S, + ) areobtainedexpressions for angular deflectiohsand ', from

Egs. (66) and (67) become

L ALY i
X=CSBEP§XZ+(R W) (e bR ) o |

gz_Fge 2x(R+y)  4X(Rwy) 2R 4, 2Ry E (6.9)

gp ?x“(R +y)2)2 (x2 (+R >)2)3 ()(2 (R— yz} (x2 (R _y)z)z;g
¢ & 3R+y  3R-y O
SRy ) (R ¥ 3 5
gp 2(R- y)(2R-2y) AR #(2R 2+)/8

f,=c.BS o? (R- ¥)* +¢) (R 9 #) gu o1

e & NG . X . ]
SedRe ] ((R-y %) :
6o ¢ (R )(2R2) 2%( R H2R 2 §
AR O I IR

In Fig. 6.7, the analytical contouirom Egs. (69) and (610) are plotted and compared
with the corresponding experimahbnes Expectedlythe analytical contourare highly
symmetrical when compared to the experimental contours. These discrepancies can be

attributed todeformation of the gel disk due &lf weight and frictional contactThe
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experimental contours aa¢sodistortedalong the circumferenaue to edge effectiuring

image analysis

Figure 6.7: Comparison of analytical (top) and experimental (bot@ngleft) and ¢y

(right) contours for 0.02 mreéc case at a lo&d=-0.98N. Contour intervat7.5x10*
radian.

Figure 6.8shows comparison betweexrperimentahnd analytical results for a load

of 0.98 N. The experimental and analytical angular deflecfon'md fy are plotted along
% and% , respectively, in the central region of the disk where stress concentration effects

and edge effects are minimumra#thergood agreemerig observed between the analytical
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solutions and experimental measurements in the reéi(mi 0.5 and% =+ 0.5 from fx

andf yrespectivelyat all crosbeadspeeds
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Figure6.8: Comparison of experimental and analytiéal(left) and ¢y (right) values

for 0.02 mnisec(top), 0.2 mm/se¢middle) and 2 mm/seottom)for a loadF = -
0.98 N.
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6.3.4 Evaluation of ElasteOptical Constant, Cg

Angular deflectiond‘x and fy for each facet/submage were obtained by dividing

displacementsﬂ'xanddywith o after correlating speckl

a location can be evaluated if the applied IBathickness, radiusR, x- andy-coordinates

are known. Allthe parameterm the expressions for angular deflections (E§€) and

(6.10)) are known except the elastptical constanC, which can be extracted using a

linear leastsquares analysis separately for béj;hand f y- The C, values werextracted
at different load levels anthenfiaveraged. To minimize edge effectsath along the-
axis from/, field andy-axis from fy field over£R/2 from the erter of the disk was used

in the leassquares analysis. This data path is indicated by the dotted red lines in Fig. 6.7.
The results are talatied in Table 6.2The elasteoptical constant varies frori.18 to-

1.47 mn?/N for a crosshead speed variati@ivbeen 0.02 and 2 mm/sd@de sign of stress

optical constant can be understoby using Eg. (6.2)Whenthe material is subjected to
tension, density decreases &eace theefractive index also decreases. On the other hand,

if the material is subjected to compression, density increases and as a result refractive index
also increases. In both these cases, the sign of the-gptessonstant will be negative.

From Eq. (6.5 asthe elastianodulus isncreasing witithe crosshead speed, it is evident

that the elastoptical constant for the gel should be inversely proportional to the crosshead

speed. This can be obsenfenim the C, values shown iTable 6.2.
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Cros$ea speed Elasteoptic constant
(mm/sec) Ca (Mm?/IN)
2.0 -1.18 + 0071
0.2 -1.28 + 0037
0.02 -1.47 + 0061

Table 6.2: Dependence dastooptical constant on the crosshead speed.
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Chapter 7: Line-Load on a Gel BlockEdge The Flamant Problem

In this chapter, stress concentration due to altiad acting on the edge of a planar
gelsheet or the secalled Flamant problens studied using DGS. Rals regarding sample
preparation, experimental setup used, measurenmeatte,and comparison between
experimental and analytical quantities are included. A finite element analysis has also been

undertakernio complement opticaheasurements

7.1SamplePreparation Details

Rectangular gel sheetievoid of air bubbles and smooth surface finismengepared as
discussedh the previous chapterA hot-wire cutter was used to cut rectangular blocks of

dimensions 50nm x 50 mm x 12.5 mmith square edgess shown in Fig. 7.1

Figure 7.1: Photograph of a rectangular transparent block used for studying Fle
problem
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7.2 Experimental Setup

A schematiof the experimental setugsed forstudying the effects of kne-load
acting on the edge of a plangel sheetis slfown inFig. 7.2 The specimemesting on a
rigid platformwas subjected to a lidead using aharpsingle edgeazor blade held ithe
Instron 4463esting machingrips Tests athreedifferent croskead speed$.02, 0.2 and
2 mm/seavere performedThe setumlso consisted of a digital camera atdrget plate
painted with random white and black speckles placed at a distarc82 mm behind

specimen mieplane, as shown.

i R e o

Figure 7.2: Schematic of the experimental setup used for study@sg sbncentratior
caused by a lindbad acting on the edge of a polymer gel block with DGS.



A PointGrey digital camera (Grasshopper3 G33-41C6M) fitted with a 18108
mm focal length zoom lensasused to recorépeckleson the target plate through the
specimen and was situated at ata@nce of ~600 mm from the specimdihe speckle
pattern on thearget platewas illuminated using two cool LED light sourcesprevent
heating of the samplduring experiment A reference imagevas recorded before the
samplewas loaded.The sharp edge of the razor blade held in one of the grips of the testing

machine was displaced into the gel block at a prescribed crosshead Apédbdload

Figure 7.3: Speckle images taken at different time intervals during the experi
doneata crosshead speed2dmm/sedred arrow indicates loading point and
yellow box indicates specimen deformation due to applied load).
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increasedspeckle imagesorresponding to varioudeformedstates of the gel block were
recordedat regular time intervals {10 frames/sea)epending on the crosshead spefed

few representative speckle images from this experiment are shown in Figth&.8d
arrow represents the loading point. White horizontal line represents the edgsaiftple.
Yellow box highlights the region of severe deformations near the tip of the razor. blade
The speckles appear blurry near the loadingtpdueto largedeformation, whereas they

appear relatively unaffected atfaway locations.

The digitized speckle images @®x 2048 pixels) recorded at different load levels
were correlated with the one corresponding to thereece condition usingRAMIS. As

described irChapter 6an array of irplane speckle displacements on the target plane (and

3.0

& 2 (Omm/sec .

25+

20 .

156 F -

Load (N)
.

10 B -

05

-

0.0 L 1 L 1 1 1

0 1 2 3 4 5 G 7
Displacement (mm)

Figure7.4: Load vs displacement response for Flamant problem at 2 mm/se«
crosshead speed.
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hence the specimen plane) was evaluated and converted into local aBgata'rodlst

and fy. A facet/submage size of 75 x 75 pixels and facet step size of 50 pixels (scale

factor = 0.021 mm/pixel and the data array size = 39 x39) was used during arfatysis.
7.4 shows the load vs displacement response recorded for Fleadingat 2 mm/sec

crosshead speed.

7.3Comparison of Measurementswith Analytical Solutions

Speckle images were recorded durdejormation of the gel block andorrelated
with theundeformed imagesing DIC to obtairdisplacement componen€§ and O'y in
the x- andy- directions, respectivel\)knowing the gap between the specimen +plahe

and the target platehé angular deflectionm the x-z and y-z planes f, and fywere

evaluated fronﬂ'X anddy, respectivelyand are proportional to stress gradigiigs. (6.6)

and (6.7):
o g gHon *S) &
D M
fod gt (7.2
D M
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Figure 75: Measuredy, (top) and@, (bottom) contours for a displacement of 1.5 i

at 0.@ (left), 0.2 (middle) and 2 mm/sec (right) respectively. Contour interval = 1 x
102 radians. Black horizontal line indicates sample edge and red arrow indicates
loading point.
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Figure 76: Measured¢x (top) and¢y (bottom) contours for a displacement of 2 mm

at 0.02 (left), 0.2 (middle) and 2 mm/sec (rightspectively. Contour interval = 1 X
1072 radians.

FromFigs.7.5 and 76, it can be observed that the number of contours increases
with the applieddisplacement from 1.5 to 2 mrihe effect of cro$gead speed can also
observedat both displacement levatsthe form of increase in siZand hence numbeof
contoursNear the loading point the contguareof reasonablygood quality whereagdge
effect persishearthe side and bottonedgesof the sample Expressions fora lineload
acting on the edge of an elastic bgplace is described llye Flamant poblem 7,48, 49

are givenn Eq. (7.3).The combined normalrgss is given by,

— _2F cos@) —
+ = = , 0,= s0, _
(5, g,y) S ; ) - (7.3

81



whereF is the appliedoad, B is the thickness of the hadpace andr(g) are the polar

coordinates as shown kg. 7.2 Knowing,

ues,,)
f. =C,B=2r 7.
v =GB (74

Theanalyticalexpressions foangular deflectioné’x and fy can be obtained as,

2F cos(2y )
f
0B 2 and’

_ 2F sin(y)
=C.B————~ .
°* pB r? (79

f,=C.B
The contours of angular defleati® from the analyticalodutions are plotted in Fig.
7.7 at the same contour increments for comparative purposes. A qualitative agreement is
evident between the two despite the finite geometry used in experiments. Very close to the
loading point, there arlarge deformations due to the stress singularity and hence these
regions couldot be correlatecElsewhere, the agreement is good despite the edge effects

and experimental difficulties while sizing the specimen.
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Figure7.7: Comparison of experimental (top) and analytical (bott¢g(}eft)

and ¢y (right) contours for 0.02 mm/sec case at a load of 0.55 N. Contour int
= 1x10° radan.

7.4 Finite Element Simulations

A finite element simulation of the polymer gel block was performed using
ABAQUS software package. The model (Fig)#&vas discretized into 221184 hexahedral

(C3D8RH) elements and 235225 nodes to simulate the mechanical response of the gel.
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Figure 78: Finite element mode(Von mises stress contour plat)a lineload acting
on the edgef a planar polymer gel block.

The choice of eleant type was based on the recommendatiorRef. [5Q for
incompressible materials. The model was subjected to displacement boundary condition
on the top of the gel block and all the bottom nodes were assumed fixed. Thetstiass

response of the matalwas from Eq. (3.7)or the gel.
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-0.015

In the postprocessing stage, spatial derivasva (S, + S;y) were computed in

thickness of the sample
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Figure7.9: Comparison of eperimental (top) and FEA (bottong), (left) and ¢1

(right) contours for 0.02 mm/sec case for a displacement of 2 mm. Contour inte
1x10° rad

thex- andy- directions respectivelyusing an inbuilt differentiation scheme in ABAQUS.
As shown in Fig7.9, angular deflectiongereobtained for the simulated resukisowing

numerically obtained stress gradient datdastcoptical constantof the geland the
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Figure7.10: Comparison of gxerimental and FEA values aloy = 0°and 8 =45
for Qﬁx (top) and¢{,, (bottom) respectively as a function of radial distance normalized

with respect to thickrss of the sample for 0.02 mm per sec d¢asa displacement of
2 mm.
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In Fig. 7.10, the angular deflections from numerically obtained stress gradient data

were comparedith DGS.Theangular deflection values from simulatgand experiments
are plotted along = 0° and g = 4% for fx and fy, respectivelyas a function of radial

distancgr) normalized by the sample thickn€B3. There is a reasonably good agreement
between the twasets outside the anticipated 3D zone/8f= 0.5 The analytical results

are also included for completeness (solid line).

7.5Short Term Relaxation

Relaxation of the geblock was expecteduring loading events that typically lasted
several seconds. The effect of this on optical measurenj@ntsress gradientsyas
investigatedy performing a Flamargxperiment for a constant imposed displacement. A
polymer gel block with dimensions shown in Fig.’vlas subjected to a lidead using

a razor bladedisplaced intathe sample edgby 5 mm (Note that the egk of the gel

Figure 7.1: Schematic of a polymer gel block used to check for relaxation.
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remained uncuby the bladeeven at this amount of displacement.) In this conditiba

specklen the target wereecorded at 50 fp®r several seconds.
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Figure7.12: Variation of Qﬁx and 4’5}, values at different radial distandesm the razor
tip with time for an imposedisplacement of 5 mm.
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Using displacement@'X and dyobtained by correlating each of the deformed images
with the one in the undeformed stafq, and fy fields were obtained. Then, angular
deflection data wasmeasured along = (°for fx andg = 45°for fy andat different radial

distances from the loading poiatdifferent timeinstantst after the razor blade hdmken
displacednto the geby 5 mm Fromthe measured data Fig. 7.2, it can be seen that the
measurementare essentially constant with respect to time at various radial locations.
Hence it was concluded that no change in the measured field was observed for the gel over

typical measurement times used in this study.
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Chapter 8: Small Circular Hole in aLarge Tensile Sheet

This chapterprovides detailsegardingDGS method to studyclassicé stress
concentration problem of a small circular hole in a laggksheet subjected to uniaxial
tension. This has been investigated rather frequently the literature For example,
Anderssoret al. studied the fracture behaviaréssintensity factoror (SIFs) at the tips
of a starshaped contouformed inan infinite tensile sheewith hole [Sl]. Yan et al.
comparedhe SIFs of a rectangular tensile plat¢h a single edge cractith that for a
crack emanating from an edgéasemicircularcutout[52]. Mallick et al observed the
effects on the tensile strength of sheildingcompound (SMER50)with theholestress

concentratioreffectsand its mitigatior{53].

In the following, @rticulars about sample preparation, experimental setup,
measurements and comparison between measured and analytical queesaitesircular
hole in a tensile gel sheate incuded. The stress gradient fislare measured using the
DGS methodlogy. The measurements are compared with the analytical counterparts

available in the literature.

8.1 SamplePreparation Details

Rectangular gel sheef6.05 mm thick in tis case) devoid of air bubbles and of

good surface finish we preparedollowing the procedure outlined earliék hotwire
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cutter was used to cut a sample of dimensions 90 mm x 50 moilovhmetaltubewith

an outer diameter (6.3 mm) wasachinedto make its(inside) edge shargo punch a
circular hole in the middle of thgel sheet. The punch wésst heated to 8% andthen
carefully pressethto the gel sheet at right angles it was lying flat on a polycarbonate
substrateThe outersurface othe punch wakibricated withhotwaterwhile punchingthe

hole Theresulting sample with a circular hole in the gel specimen is shown in Fig. 8.1.

Figure 8.1: Hollow metal tube (topjsed to punch out a circular haled gelsheet
sample with a circular hole glued to end tabs (bottom) for conducting tension t

The gel sheet with the circular eotit was then gripped using the methodioet

in Chapter 3 for carrying out tension tests (see Section 3} is, n order togrip the
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sample inthe Instron machinepolycarbonate end tabs were gluedhe gel sheewith
Loctite401 glueover a distance of 20m along théength(90 mm)direction on both sides

of the sample

In Fig. 8.1, the gel sheet glued to tlend tabs made of polycarbonateshown
Spacers used betwetreend tabwere also made of polycarbonate amere ofthesame
thickness ashe sample This prevented thickness wise compression of the gel.shieet

entireassembly wagripped in the loading machi@ad subjected to tension

8.2 Experimental Setup

A schematiof the experimental setwsedin thesetestsis shown inFig. 8.2 The
specimen usedas a rectangular sheet of dimiems 90 x 50 x 6.05 mfwith a circular
hole of diameter 6.3 mm. The specimen was subjected to displacement controlled tensile
loadingat threedifferent crosshead speeds 0.02, 0.2 and 2 mm#strget plate painted
with random white and blackpsckles placed at a distarige 32 mm away from specimen

mid-plane.
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Figure 8.2: Schematic of the experimental setup used for studying stress concet
caused small circular hole in a large tensile polymer gel sheet with DGS

A Point Grey digital camera (Grasshopper3 G33-41C6M) fitted with a 18.08
mm focal length zoom lenghich wasused to record imagesd was situated at a distance
of approx. 550 mmfrom the specimenThe speckle pattern on tharget platewas
illuminated using two cool LEDamps The digital cameravas focused on the speckles
through the transparent sheet sangid the reference image (undefoed image)wvas
recorded before the sampleas loaded. As théad increased graduallgpeckle images
(deformed imagesyererecordedat regular time intervals {10 frames/sec). The digitized

speckle images (28 x 2048 pixels) recorded at differestages ofloadng were correlated

93



with the one corresponding to the referenoeage using ARAMIS. As described
previously, an array of #plane speckle displacements on the target plane (and hence the

specimen plane) was evaluated and converted ac bngular deflections of light rays
fx and fy. A facet/subimage size of 50 x 50 pixels and facet step size of 30 pixels (scale

factor = 0.030 mm/pixel and the data array size = 66 x 59) was used indhyjisisFigure
8.3 showsspeckle imagesecorded at different stages of deformatimn 2 mm/sec

crostiead speed. The deformation occurs close tocittoellar hole acting as a stress

Figure 83: Speckle image®cordedat different time intervals during thgel sheet
stretchingexperimentta crosshead speefi2 mm/sec
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corcentrationin the tensile sheet samplEhe hole ishighlightedwith a red circle in the

figurefor clarity.

8.3 Comparison of M easurements withAnalytical Solution

When speckle patteshcorresponding to the deformed statsf the gel wee

correlated withthe reference state, speckle shidiﬁs and dy in the x- andy-directions,
respectively were obtainedThe angular deflectionéx and fy in thex-z andy-z planes

from 0'X and O’y, respectivelyare proportional to stress gradieassdiscussesh Chapter
6 (see, Egs. (6) and (67)). Figure8.4 shows the redimg angular deflection contours of
fx and fy for a crosshead displacement of 1.3 mm at speeds 0.02, 0.2 ands2gnm

respectively.

The analytical expressions fors&ress concentration problem otmall circular

holein a large tensile sheet [47]ware,

s, a. s, 3a 4a& (8.1
s =—(1 —=) (1 —+— —)cos?2
r 2( rz) 2( r4 rz) q

s, &, s, 3a (8.2
5‘7‘7:5(1 +) E(l 7;)00324

s, 3 23 . (8.3
Sg= —2(1 — r2)sm24
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wherel is the appliedstress,a is the radius of the circular holé;, ,) ard the polar

coordinates as shown kg. 8.2 Knowing that

St 8 =@ (8.4

and

cos2y= cod( § - sif )

x=rcos(q), y=rsin(q) (8.5
r2 :XZ _|y2
we can obtain Eqg. (8.6) as
a 2a’ 2 2
(Sxx+ ‘%/y) :( ~) +q2$ ?‘sm(x y )_ (86)

The expressions for angular deflectioﬂf§ and fy from Eqgs. (66) and (67) can be

obtained as,

f=CB( 2 & (6xy” - 2X) 8.
f=c B 2 o) 2Y) 8.9
y 0+ Y

96



0.02 bh\ VO N

[
o " | i
o 3 3 [ 4
3 S e K { &7
- & s 0.015 N\ A
e ¢ o : \ g )
{ > " —_ < A
0.01 i \ ~ (Y
2
0.005 s
o)
0 b
.}'*./
-0.005 !
f -
0.01 )&
0015
—
-0.02

AVl = N I {

o \ ( !

\ & 7 \

¥ N \ %
£ ,,

1 - N 0 >

bﬂ_;_‘«r_ ~ ~ FON .-,5)nm )

N0 oo

s

Figure 8.4: Measured’x (left) and ¢y (right) contours for a displacement of 1.3 mm

0.02 (top), @ (middle) and 2 mm/sec (bottom) respectively. Contour interval =3
radian(bluecircle represents the edge of the hole)
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Figure8.5: Comparison of experimental (top) and analytical (bottémbeft) and (151
(right) contours for 0.02 mm/sec at a Idag 0.61 N. @ntour interval =1x107° rad

From Fig. 8.5, there is good qualitative agreement betvea@erimental agh
analytical contours. Hence, the stress concentration effects due to a hole in the tensile sheet

can be studied in gels using DGS methodology.
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Chapter 9: Puncture Simulationson Gel

In this chaptermechanicalrespamse ofthe polymergel during needle puncture is
optically studiedusing DGS. Bothnsertion andetraction of a stiff needlmto andout of
the gel block are studied anbe differences in the mechanics adentified Details
regarding sample preparation, experimental setup used, measuramadgsiuring
insertion and retraction are included. The optical data of twmgohal stress gradients
from DGS arantegratedo estimatehickness averaggress data over the entreggion of

interestduring both insertion and retraction

9.1Experimental details

Rectangular getheetsdevoid of air bubbles and good surface finishravprepared as

discussedh the previous chapterA hot-wire cutter was used to cut rectangular bloaks

Figure 9.1: Photograph of a rectangular transparent lgloekd to a polycarbonate
substrateand held in a bench vise
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dimensions 50 mm x 40 mm x 12.5 mAs shown in Fig. 9,1the bottom face of the gel

block was glued to a polgarbonate substrate using Loctite 401 ghmel securedin a
mechanical vise fostability duringpenetration and retraction tife needleA schematic

of the expamental setupsed for studying thpuncture behavior of a planar polymer gel
blockis shown inFig. 9.2 It consisted of a digital camera aatharget plate painted with
randomblackand whitespeckles placed at a distante= 32 mm behind specimen mid
plane, as shown. The gel block was punctured using a long steel needle with a conical tip
(diameter of shaft = 11lmm). Thetestswere performedattwo different cosshead speeds

0.02and 2 mm/sec

y ST
speckl e
Figure 9.2: Schmatic of theDGSsetup used for studying punctura polymer gel
block by a needle

100



A PointGrey digital camera (Grasshopper3 G33-41C6M) fitted with a 18108
mm focal length zoom lensasused to record imagesdwas situated at a distance of
approx. 540 mm from the speciméine speckle patte on thetarget platevas illuminated
using two cool LEDlamps The digital cameravas focused on the specklggough the
rectangular gel samplé referencespeckleimagewas recordedefore the sampleras
loaded.Theneedle held in the grips of the testing machine was inserted into the gel block
and then retracted back its original position at the twselectcrosshead speeds in two
different experimentsSpeckle image<orresponding to varioudeformedstates were
recordecat regular time intervals {10 frames/sécs the gel block was being penetrated.
Figure 9.3 shows the gel block pun&drby the needle atdifferent amounts of

displacemerstduring insertion and retraction

The digitized speckle images @®x 2048 pixels) recorded at different load levels
were correlatedubsequentlyith the onecorresponding to the referenstateusing a
digital image correlation software ARAMI&s described in Chapter, @n array of in

plane speckle displacements on the target plane (and hence the specimen plane) was
evaluated andonverted into local angular deflections of light ré'y&and fy . A facetsize

of 125 x 125 pixels anstep size of 85 pixels (scale factor = 0.025 mm/pixel and the data
arraysize=2222) was used during analysi s. As sh
described by angevinet al.,[19] was observed during different stagesieédle insertion

and reverse tentingas also observed during retraction
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Figure 9.3: Speckle imagefotographeat differentamounts of needldisplacement
during the experiment atrBm/sec crosshead espd.

9.2 Optical Measurements

When the deformed images of speckles were correlated with the undeformed
image, displacement componerd,s and a’y were obtainedn the x- andy- directions,
respectivelyKnowing the gap between the specimenpl@he and the target platéet
angular deflectiond, and f, in thex-z andy-z planeswere evaluated fra d, and d,,

respectivelyand are proportional to stress gradieggiven by Egs. (6.4) and (6.5). Figure
9.4 shows the loadisplacement responsesring insertion andetraction at 2 mm/sec and
0.02 mm/sec. It can be observed that during insertion, the load is comprédssing

retractionthe load flips and becomes tensile before it finakglucesto zero when the
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needle is completely retracteh addtion to rate effects, hystereds evident as well.
Figures 9.5, 9.6 and 9.7, 9.8 shamgular deflectios(and hence stress gradieontour$

for insertionandretractionat 2 mm/sec and 0.02 mm/sec, respectively

PR (9.1
+
“(sxxuy %):CVI; 9.2

If theangular deflectiond, and fy are obtained from measuremergrgdelastoe

optical constanf, and thicknes® of the sample are known, théime thicknessaverage

stress(S,, + %,y) can be evaluated usirgysuitable2D integration scheme $ A few

selectthicknesswvise average stress distributiare shown irFigs. 9.9 and 9.1@s surface

plots.

From Fig 9.4, it can be observed thatdividual segments of thiead vsneedle
displacement responses recorded during insertion at 0.02 manéseslatively linear. In
the 2 mm/sec casen the otherhandhe corresponding segments are visibly nonlinear.

Evidently there is meh higher hysteresis at the faster neeliplacementase.
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Figure 9.4 Load vs displacement responses to sfuatyxture béavior caused due tc
a needle irapolymer gel blockat 2 mm/sec and 0.02 mm/sec chassd speeds.
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Figure 9.5: Measured, (left) and ¢5}, (right) contourdor 2 mm/sec insertioat6 mm

(top), 10 mm (middle) and 14 mm (bottodgpthsrespectivelywith respect to the
sampleedge Contour interval = 1.5 x 1dradians. Black horizontal line indicate
sample edge.
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Figure 9.6: Measureé,c (left) and ¢'y (right) contours for 2 mm/sec retractianl4

mm (top), 10 mm (middle) and 6 mm (bottod®pthsrespectivelywith regpect to the
sampleedge. Contour interval = 1.5 x radians.
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Figure 9.7: Measured!Y (left) and ¢y (right) contours for 0.02 mm/set6 mm (top),

10 mm (middle) and 14 mm (bottordgpthsrespectivelywith respect to theample
edge.Contour interval = 1.5 x I®radians.
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Figure 9.8: Measurec;ﬁx (left) and @, (right) contours for 0.02 mm/s@t14 mm (top),

10 mm (middle) and 6 mm (bottordgpthsrespectivelywith respect to theample
edge.Contour interval = 1.5 x I®radians.
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