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a b s t r a c t

The mechanical and optical characteristics of a transparent tissue surrogate ballistic polymer gel were
measured at different loading rates. This included measurement of tension and shear responses of the
gel. Due to the compliant nature of the material, special strategies had to be developed for sample
preparation, specimen gripping and deformation measurement. The digital speckle correlation method
was used for measuring 2D strains in uniaxial tension tests. Subsequently, the Mooney-Rivlin description
was used to extract the material characteristics from measured stress-strain data. Using a newly intro-
duced optical method called Digital Gradient Sensing (DGS), the elasto-optical constants for the material
were evaluated at different loading rates.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer gels are often used tomimic themechanical behavior of
biological tissue. In the field of terminal ballistics, they are used to
test the effectiveness of firearms where the primary focus is on the
depth of penetration of a projectile into the living tissue [1,2]. Using
gels, the wildlife management and hunting communities have also
developed broad knowledge for adequate ammunition to inca-
pacitate animals [3]. Tissue surrogates also play a vital role in
mimicking the effects of soft tissue to extreme pressures and ve-
locities [4,5] since blunt trauma affects internal organs, and hence
is important for designing protective equipment including body
armor. Gels can also be used as breast tissue phantom for auto-
mating early cancer detection devices [6].

The composition of polymer gels selected in such studies is
usually based on certain natural tissue whose response is to be
replicated. They can simulate various types of soft living tissue
through tailoring of physical and mechanical properties [7].
Further, they are preferred over hydrogels which have disadvan-
tages such as short shelf life, need for low temperature storage,
water evaporation even at room temperature and/or long duration
experiments, water seepage from samples during tests [8], to name
a few. Polymer gels on the other hand offer environmental stability,
they are easy to store and have longer shelf life besides being
reusable by melting.
).
Abrief reviewof previous reports ongels and their applications is
as follows: Subhash et al. [9] employed dumbbell tensile specimen
configuration to study agarose gels to obtain both axial and lateral
strains using digital image correlation. They observed that both
tensile strength and modulus increased linearly with an increase in
agarose concentration. Sallaway et al. [6] used mechanical inden-
tation of a tissue phantom made of a hydrogel with an embedded
rigid spherical inclusion to simulate breastmass. An array of indents
made by a rigid indenter over the surface of the phantomwas used
for measuring force as a function of indentation depth, create a
spatialmapof apparent stiffness, and infer the presence of ‘tumor’ in
the surrogate. Resistance to puncture is another aspect of soft tissue
surrogate investigations. Tomlinson and Taylor [10] have examined
the feasibility of photoelasticity to visualize and quantify stresses
due to needle insertion into different soft tissue surrogates. Some
investigators have contrasted rounded probes relative to sharp
medical needles for studying the puncture resistance [11]. Puncture
is shown to occur suddenly after reaching the failure strain in the
former, whereas the same is gradual in the latter due to a cutting
response. Modeling forces during needle insertion into soft tissue is
also very important to simulate surgical procedures and robot
assisted surgery. Okamura et al. [12] have used a single DOF robot
equipped with a load-cell and needle attachments to obtain force-
displacement data during tests. During needle insertion into
bovine liver tissue, they observed multiple peaks in the force-
displacement response with the first peak corresponding to the
initial puncture, and subsequent ones due to tissues inhomogeneity
and other interior structures such as veins and arteries. Shan et al.
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[13] used the similarity in force vs displacement responses of PVA
hydrogel andporcine liver to study the effects of needle sizes, shapes
and tip geometries. DiMaio and Salcudean have described a grid-
based method for estimating the force distribution along a needle
shaft during insertion [14] into tissue.

Mechanical and optical characteristics of ballistic polymer gels
are generally proprietary or unreported so not useful as tissue
surrogates in scientific investigations. Gels also pose numerous
challenges when traditional mechanical testing techniques are
used, requiring extraordinary care to grip samples and avoid pre-
mature failure. In this context, mechanical characterization fol-
lowed by optical evaluation of a commercially procured polymer
ballistic gel was undertaken in this work. As the gel studied here
has excellent transparency, full-field optical measurement tech-
niques can be utilized for visualizing and quantifying mechanical
quantities when subjected to mechanical loads. The feasibility of a
relatively new optical technique called Digital Gradient Sensing
(DGS) method, sensitive to angular deflections of light rays passing
through the transparent polymer gel under stress, was evaluated
and results related to the stress gradients for possible adaptation of
themethodology and the gel for experimental mechanics studies as
a tissue surrogate.

1.1. Material description

The material employed in this research was a 20% ballistic
polymer gel (from Clear Ballistics, LLC; mass density ~866 kg/m3)
with a proprietary composition. Hence, Fourier Transform Infrared
Spectroscopy (FTIR) [15,16] was carried out to first gain insight into
its composition. The results showed that the gel had a close
chemical match with Tygon soft tubing material which is highly
flexible and has good chemical resistance. Due to its excellent op-
tical transparency, the polymer gel was also tested for its refractive
index (n) using an Abbe refractometer. The value of refractive index
thus obtained was 1.4750 ± 0.0008.

1.2. Tensile tests

Tension tests were conducted to determine the elastic and
failure properties of the polymer gel. Dumbbell specimens of di-
mensions shown in Fig. 1 were employed in these tests. The cross-
section of the gage sectionwas a rectangle (13� 6mm2), suitable to
implement optical measurements on one of the 55� 13 mm2 faces.
The sample preparation started with melting the required amount
of gel to cast a constant thickness (6 mm) void-free sheet in fresh
polycarbonate molds. A pair of metal foil cutter strips were
machined and bent to dumbbell shape of required dimensions. One
edge of each cutter strip was sharpened, heated to 80 �C, and
pressed into the gel sheet in the thickness direction. Dumbbell
shaped gel specimens thus obtained are shown in Fig. 1.

The polymer gel being very soft and compliant, direct gripping
of the sample in standard (steel) grips caused the sample's skin to
perforate and fail prematurely within the grips. Therefore, alter-
native gripping solutions were developed. The successful one had
polycarbonate end tabs matching the width of the sample ends but
longer and glued to the dumbbell specimen, as shown in Fig. 1.
Different glues and end tab shapes/dimensions were experimented
with and Loctite 401 was found satisfactory. Between the end tabs
at each end of the specimen, spacers, also made of polycarbonate
and of the same thickness as that of the sample, were used. A
3e4 mm gap was maintained between the end of the gel sample
and the spacer. The spacers prevented thickness wise compression
of the gel specimen in the end tab region. The entire arrangement
was gripped in the testing machine with the load bearing surface
matching the spacers.
The axial and transverse strains of the sample were measured
during tensile tests using 2D Digital Image Correlation (DIC) [17].
Implementation of DIC required a random black and white speckle
pattern applied to the surface of the test specimen. Unlike conven-
tional materials where alternative black and white mists of spray
paint are used, special care had to be exercised for gel samples. An
acrylic ink (FWAcrylic Artists' Ink) was used for decorating samples
with random speckles on one of the 55 � 13 mm2 faces. Due to low
stiffness of the material, the low viscosity acrylic ink was preferred
over conventional spray paint to mitigate material reinforcement
effects. Further, disjointed speckles were deposited to minimize
substrate reinforcement. Since the gel samples had good trans-
parency, onlyblack inkwas sufficient to creategoodquality speckles.

To determine the most appropriate speckle pattern application
technique, different methods such as (a) random pattern printed
with black ink on a white paper transferred to the sample, (b)
manually create random dots on the sample surface with a marker,
(c) spray ink using an air brush operated at different compressor
pressures, (d) plucking the bristles of a tooth brush dipped in acrylic
ink, were tried. Method (d) was found to produce satisfactory re-
sults. A clean brush was partly dipped in ink and brought close to
the sample surface before plucking the bristles manually to spray
ink on to the sample surface. After some trials, the amount of ink
and the distance between the sample and brush were optimized to
achieve desired speckle size.

A photograph of the experimental setup used during tension tests
is shown in Fig. 2. It consisted of a uniformly illuminated dumbbell
shaped sample coatedwith speckles, LED lamps and a digital camera.
(The cool LED lights helped minimize heating of the sample during
tests.) It also shows the tension samples gripped in an Instron 4465
universal testing machine that was fitted with a 50 N load cell. The
samples were subjected to uniaxial tension at different crosshead
speeds of 0.02, 0.2, and 2mm/s. A digital camera (Grasshopper3 GS3-
U3-41C6M; 2048� 2048 pixels; 10 bit)fittedwith amacro zoom lens
wasused torecord thespeckles. Thedigital camerawas focusedonthe
speckles and the referencespeckle imagewas recordedunderno-load
condition. The crosshead was displaced at different speeds and
speckle images were recorded using time-lapse photography (4e10
frames/sec) until the samples failed. The digitized speckle images
recorded at different load levels were correlated with the reference
image using digital image correlation software, ARAMIS.

Special considerations were necessary to track deformations
using 2D DIC. The final length of the sample in the axial direction
was about three times the initial length. Therefore, in order to
achieve correlation until the last stage of deformation (failure), the
sub-image chosen was rectangular with 3:1 ratio of pixels in the x-
and y-directions, with latter being the loading direction. Thus, the
sub-images which were initially rectangular deformed into
approximately square sub-images towards the last stages of
deformation. After several trials with sub-images sizes and pixel
overlaps, 105 � 35 pixel sub-images with a 20 pixel overlap was
chosen. Further, as the sample deformations were large, the image
analysis software could not correlate over the entire deformation
history with the initial undeformed image as the reference image.
Hence, each image was used as the reference image for the next.

Fig. 3 shows the effect of crosshead speed on the axial stress-
strain response. With an increase in the crosshead speed, and
hence the strain rate, the gel material showed a stiffer response as
well as an increase in the ultimate stress. Interestingly, the failure
strain also increased with increase in crosshead speed. The
behavior was highly repeatable with multiple samples tested for
each loading rate. Unlike other conventional engineering materials,
including many glassy polymers which show a reduction in failure
strain but an increase in ultimate stress with strain rate, this is an
unusual behavior of this polymer gel. A similar response has been



Fig. 1. Aluminum foils used to cut tensile test samples (left), schematic of tensile test sample (top), successful configuration of tensile test dog-bone specimen with polycarbonate
end tabs and spacers (bottom).
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reported byMoy et al. [8] who studied a hydrogel (20% bymass 250
bloom type-A ordinance gelatin with 40 �C ultrapure filtered
water).
1.3. Experimental repeatability and crosscheck

The repeatability of experiments was investigated by perform-
ing tension tests on multiple dumbbell specimens. The experiment
was performedwith the setup shown earlier. Images were recorded
at 10 frames/sec and at a crosshead speed of 2mm/s. The sub-image
size selected was 120� 40 pixels, and sub-image step (overlap) was
25 pixels, so that all the images could be correlated until failure. The
axial stress was calculated from the load-cell data and initial
sample dimensions, whereas axial strains were obtained from DIC.
These responses are plotted in Fig. 4(a). It can be observed that
there is good agreement between the three tests, and hence are
quite repeatable.
Fig. 2. Photograph of the experimental setup used for tension test on ballistic polym
The material studied is a highly compliant gel, and atypical
measurement and gripping strategies were employed during
experiments, an independent evaluation of strains was also un-
dertaken. This allowed checking axial strains from DIC before
using transverse strains for Poisson's ratio evaluation. The
crosshead axial strain measured from DIC is overlaid on those
obtained from the crosshead displacement data and the
initial gage length of the sample in Fig. 4(b). Good agreement
between the two responses shows that there is no slipping of the
sample within the end tabs, and strains measured from DIC are
reliable.
1.4. Tensile characteristics

The engineering stress-strain responses in Fig. 3 show the
polymer gel exhibiting nonlinear rubbery behavior. Accordingly,
the material response was modeled as a hyperelastic material.
er gel (left), the close-up (right) shows tensile test sample with speckle pattern.
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Three commonly used hyperelastic models, namely, Neo-Hookean,
Mooney-Rivlin and Yeoh models were considered [18,19]:
Neo�Hookean : s ¼ 2
�
ð1þ εÞ2 � 1

ð1þ εÞ
�
ðc10Þ;

Mooney� Rivlin : s ¼ 2
�
ð1þ εÞ2 � 1

ð1þ εÞ
��

c10 þ
c01

ð1þ εÞ
�
;

Yeoh : s ¼ 2
�
ð1þ εÞ2 � 1

ð1þ εÞ
� 

c1 þ 2c2

�
ð1þ εÞ2 þ 2

ð1þ εÞ � 3
�
þ 3c3

�
ð1þ εÞ2 þ 2

ð1þ εÞ � 3
�2
!
;

(1)
where s and ε denote stress and strain, respectively, and c10, c01, c1,
c2, c3 are unknown constants to be determined. The constants of
the fit were extracted using least-squares analysis of the data in

MATLAB. Further, in the limit ε/0, the elastic modulus, E
�
¼ ds

dε

�
was evaluated as: E ¼ 6c10 for Neo-Hookean, E ¼ 6(c10þc01) for
Mooney-Rivlin, and E¼ 6c1 for Yeohmodels. Based on the resulting
R-square value, the goodness of fit was determined to select the
most appropriate model description.

Table 1 summarizes information gathered through least-squares
analysis of stress-strain data in Fig. 3 for all the three crosshead
speeds and hyperelastic models in Eq. (1). A graphical representa-
tion of the same for one case shown in Fig. 4(c) illustrates the
resulting match between experiments and analysis over the entire
strain range. Out of the three models, Mooney-Rivlin was the one
that had the best fit of the data. Further, theMooney-Rivlinmodel is
among the most commonly used model in the literature [20,21] for
describing the mechanical behavior of biological tissues. The elastic
modulus thus obtained for each loading rate is shown in Table 2.
The elastic modulus varies only modestly, by ~20%, between the
low and high crosshead speeds considered. Further, the values fall
into the wide range of elastic properties reported in the literature
for biological tissues.

During tension tests, transverse strains were also obtained from
DIC along with the axial counterparts. The engineering axial and
transverse strain responses for different crosshead speeds are
shown in Fig. 5. The initial region was used in each of the above
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Fig. 3. Tensile stress-strain response of polymer gel at three different crosshead
speeds.
graphs to estimate the Poisson's ratio of the gel using a linear
regression analysis. The ultimate stress and failure strain were also
Fig. 4. (a) Engineering stress-strain responses to check repeatability of tension tests,
(b) Comparison of strains obtained from cross-head displacement and Digital Image
Correlation (DIC), (c) Comparison of stress-strain responses from experiment and three
different hyperelastic models.



Table 1
Constants (units in N/m2) determined and the quality of fit obtained from least-squares analysis of tensile test data in Fig. 3.

Crosshead speed (mm/sec) Neo-Hookean Mooney-Rivlin Yeoh

Constants Goodness of fit Constants Goodness of fit Constants Goodness of fit

2.0 C10 ¼ 6.169 0.5317 C10 ¼ �3.068,
C01 ¼ 23.61

0.9954 C1 ¼ 13.7
C2 ¼ �1.377
C3 ¼ 0.07379

0.9759

0.2 C10 ¼ 7.335 0.6025 C10 ¼ �4.993,
C01 ¼ 24.25

0.9962 C1 ¼ 14.33
C2 ¼ �2.739
C3 ¼ 0.2983

0.9852

0.02 C10 ¼ 8.314 0.6650 C10 ¼ �6.818,
C01 ¼ 26.31

0.9957 C1 ¼ 15.47
C2 ¼ �4.586
C3 ¼ 0.819

0.9888

Table 2
Elastic modulus, Poisson's ratio, ultimate stress and failure strain dependence on cross-head speed in tension test.

Crosshead speed (mm/sec) Elastic Modulus, E (kPa) Poisson's ratio, y Ultimate stress, kPa Failure strain Strain rate, _ε (sec�1)

2.0 125.4 ± 4.08 0.46 ± 0.011 87.16 ± 1.63 1.97 ± 0.05 0.04
0.2 118.4 ± 2.80 0.47 ± 0.006 54.48 ± 1.01 1.25 ± 0.11 0.004
0.02 111.4 ± 3.17 0.46 ± 0.013 42.69 ± 2.81 0.99 ± 0.01 0.0004
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recorded for different experiments, and are shown in Table 1. Both
the values increased with an increase in crosshead speed. The in-
crease in the ultimate stress was expected; however, the same in
failure strain is an interesting behavior of this polymer gel. For
example, relative to the 0.02 mm/s crosshead speed case, the
sample loaded at 2 mm/s showed approximately 100% increase in
the failure strain.
1.5. Elastic response in shear

Simple shear tests were conducted to determine the shear
modulus of the polymer gel. The effect of strain rate on the shear
modulus was quantified. The experimentally evaluated shear
moduli were compared with those anticipated from tension tests.

A photograph of the experimental setup used is shown in Fig. 6.
Rectangular gel blocks glued to two L-shaped polycarbonate
holders were pulled axially using tension grips. The shear samples
were made from void-free rectangular gel sheets of 12.5 mm
thickness. A hotwire cutter (temperature range of 100 �C - 200 �C)
was used to cut rectangular blocks of 25 mm� 12.5 mm� 12.5 mm
dimensions. Loctite 401 acrylic adhesive was used to create a bond
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Fig. 5. Engineering transverse strain vs axial strain response at different crosshead
speeds.
between the sample and the L-shaped polycarbonate holders. The
red vertical lines in the figure denote the glued portion of the
sample. The applied tensile forcewas transmitted to the sample as a
shear force acting on the two 25 mm � 12.5 mm faces of the gel
sample. The shear tests were performed again at three different
crosshead speeds of 0.02, 0.2 and 2 mm/s, the same as for the
tension tests. The tests were conducted only until the interface
between the holder and the sample started to debond and the gel
samples did not fail in shear.

The load data obtained from the testing machine and cross-
sectional area of the sample on which the shear force acted were
used to evaluate the shear stress. The dimensions of the gel block
and the vertical displacement of the crosshead were used to
calculate the shear strain. The resulting shear stress-shear strain
responses are shown in Fig. 7. As in tension tests, a loading rate
effect was evident. A monotonic stiffer response was seen with
increasing crosshead speed. These tests were also highly repeatable
and the details are omitted here for brevity.

As in tension tests, assuming hyperelastic material response and
Mooney-Rivlin characteristics between shear stress and shear
strain, the shear modulus was evaluated [18,19] using least-squares
analysis described earlier, and the results are shown in Table 3.
Good agreement between those measured from the shear tests and
the tensile counterparts are evident and they independently vali-
date the measurements made for the polymer gel.
1.6. Elasto-optical constant

The specimen geometry adopted for extracting the elasto-
optical constant of the polymer gel was a disk under diametrical
compression. The loading configuration was inspired by the stress-
optical constant evaluation approach commonly used in 2D pho-
toelasticity [23] practice. The disk specimens for these experiments
had to be prepared, again using non-traditional approaches, as
detailed next: First, rectangular gel sheets of 12.5 mm thickness
devoid of air bubbles and good surface finish were prepared. A
hollow metal tube with an inner diameter of 50 mmwas machined
to make the periphery of one of the ends sharp to punch out a
circular disk sample from the sheet. Only the outer surface was
machined to achieve the sharp edge while the inner surface of the
punch was straight. The lubricated punch was first heated to 80 �C
in an oven and then pressed into the gel sheet, resting flat on a



Fig. 8. Hollow metal tube (top) to punch out circular disk specimen and the resulting
transparent disk shaped gel specimen (bottom).

Fig. 6. Shear test sample gripped using standard testing machine grips (top), sche-
matic of the sample holder and specimen (bottom).
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polycarbonate substrate, at right angles. Fig. 8 shows a photograph
of the resulting circular gel disk of diameter 50 mm.
Fig. 7. Effect of crosshead speed on shear stress-shear strain response of the gel. (The
dotted lines indicate failure of the holder-sample adhesive and not the sample failure.)
A schematic representation of the optical setup used for eval-
uating the elasto-optical constant for the gel is shown in Fig. 9. A
full-field optical technique called Digital Gradient Sensing (DGS)
was used to perform these measurements. The circular disk
specimen was 50 mm in diameter and 12.5 mm thickness. The
specimen was subjected to diametral compression in a testing
machine at three different crosshead speeds 0.02, 0.2 and 2 mm/s,
consistent with the mechanical tests reported earlier. A planar
target plate decorated with random black and white speckles was
placed at a distance D ¼ 32 mm away from the mid-plane of the
specimen.
Table 3
Comparison of shear modulus values from shear tests and tension tests at different
crosshead speeds.

Crosshead
speed
(mm/sec)

Shear Modulus
from
shear tests, G (kPa)

Shear Modulus from
tension
tests, G

�
¼ E

3

�
kPa

Strain rate, _ε
sec�1

2.0 41.9 ± 1.5 41.8 ± 1.8 0.04
0.2 39.6 ± 1.1 39.5 ± 1.2 0.004
0.02 36.7 ± 0.9 37.1 ± 1.4 0.0004



Fig. 9. Schematic of the experimental setup used for studying polymer gel disk under diametrical compression using Digital Gradient Sensing (DGS) method.
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1.7. Digital gradient sensing method

The working principle of transmission-mode DGS method can
be explained using Fig. 9. A random speckle pattern (created using
alternatemists of black andwhite spray paint on a planar substrate)
Fig. 10. Speckle images taken at different
on the target plate was first recorded through a transparent spec-
imen - the circular disk of uniform initial thickness in this work - as
a reference image in ‘no-load’ condition. Ordinary white light was
used to illuminate the target uniformly. In this condition, a generic
point P on the target plate corresponds to point O on the specimen
time intervals during the experiment.



Fig. 11. Measured fx (top) and fy (bottom) contours for a displacement of 1.5 mm at 0.02 (left), 0.2 (middle) and 2 mm per sec (right) respectively. Contour interval ¼ 7 � 10�4

radian.

Table 4
Dependence of elasto-optic constant on strain rate.

Crosshead speed (mm/sec) Elasto-optic constant Cs (mm2/N) Strain rate, _ε sec�1

2.0 �1.18 ± 0.056 0.04
0.2 �1.28 ± 0.075 0.004
0.02 �1.47 ± 0.053 0.0004

1 It should also be noted that speckles photographed through the disk appear
different at the top and bottom contact locations. This is attributed to the compliant
nature of the gel and contact conditions due to specimen fabrication steps. Hence,
the reference image may not correspond to a zero state of stress. Accordingly,
speckle correlation between the reference and loaded states should be viewed as
between two incremental/neighboring deformed states.
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plane. The specimen was then subjected to mechanical load,
affecting the refractive index and thickness of the specimen ac-
cording to the state of stress at a point of interest in the field. As a
result, the light rays propagating through the specimen deviate
from their initial path, and is referred to as the elasto-optical effect.
In the deformed state of the specimen, another image of the
speckles on the target was recorded through the gel disk. That is,
during the second recording the point P appears to have displaced
to, say, Q on the target plate when recorded through O on the
specimen plane. By correlating the two speckle images from the
undeformed and deformed states of the specimen, the local speckle
displacements dx:y were evaluated. Subsequently, the angular de-
flections of light rays fx : y were related to the in-plane stress gra-
dients [22] as:

fx:yz
dx:y
D

¼ CsB
v
�
sxx þ syy

�
vðx : yÞ (2)

where Cs is the elasto-optical constant of the specimen material, B
is its initial thickness, D is the distance between the specimen and
target plate. Assuming a pin-hole camera mapping function, co-
ordinates of the target can be related to those of the specimen.

During these experiments, a Point Grey digital camera
(Grasshopper3 GS3-U3-41C6M) fitted with 18e108 mm macro
zoom lens was used to record speckle images. The camera was
situated at a distance of approximately 600 mm from the spec-
imen. The speckle pattern on the target plate was illuminated
using two cool LED lamps to mitigate heating of the sample during
the experiment. The camera was focused on speckles through the
transparent gel disk and a reference image (undeformed image)
was recorded before the sample was loaded. To minimize friction,
the disk was compressed by two lubricated polycarbonate blocks
held in the grips of the testing machine. As shown in Fig. 10, when
the load increased, speckle images corresponding to different
deformed states of the sample were recorded at regular time in-
tervals at 1e10 frames/sec depending on the crosshead speed. The
images recorded at different load levels were individually corre-
lated with that corresponding to the reference state1 using the
image analysis software ARAMIS. An array of in-plane speckle
displacement components on the target plane (and hence the
specimen plane) was evaluated and converted into local angular
deflections of light rays fx and fy. A facet/sub-image size of
75 � 75 pixels and facet overlap of 50 pixels (scale factor ¼ 0.026
mm/pixel) resulting in a 39 � 39 data array was used to achieve
correlation in the entire region of interest. A relatively large facet
size [17] was needed due to large deformations suffered by the
specimen, particularly near the loading points.



Fig. 12. Comparison of experimental (red solid symbols) and analytical (black solid line) fx (left) and fy (right) values for 0.02 mm/s (top), 0.2 mm/s (middle) and 2 mm/s (bottom)
for a load F ¼ �0.98 N. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11 shows the resulting orthogonal angular deflection con-
tours of fx and fy for an imposed displacement of 1.5 mm at three
crosshead speeds 0.02, 0.2 and 2 mm per sec, respectively. The
contours near the two loading points show a high concentration of
contours with significant 3D effects. The differences in the contour
shapes at the top and the bottom despite symmetric loading are
attributed to differences in the contact conditions during experi-
ments and edge effects associated with specimen preparation
anomalies and image analysis. However, away from these points of
stress concentration, the deformations are affected less by 3D ef-
fects and the optical data can be readily extracted in the central
region of the disk, as depicted by the (red) dotted line in the
0.2 mm/s case in Fig. 11 (middle column). Accordingly, the experi-
mental data along the x- and y-axes of the disk were extracted and
plotted in Fig. 12 away from the loading points as (red) solid
symbols for a load level of �0.98 N for all three crosshead speeds
studied.
The analytical expressions for normal stresses in a linear elastic
disk under diametral compression [24] are,

sxx ¼ �2F
p

"
ðR� yÞx2

r41
þ ðRþ yÞx2

r42
� 1
2R

#

syy ¼ �2F
p

"
ðR� yÞ3

r41
þ ðRþ yÞ3

r42
� 1
2R

# (3)

where r1,2 ¼ x2þ(RHy)2, F is the applied load per unit thickness, R is
the radius of the circular disk, x and y are the Cartesian coordinates,
as shown in Fig. 9. The expressions for angular deflections fx and fy

can be obtained from Eq. (2) by considering the derivatives of
(sxxþsyy) with respect to the x- and y-coordinates and along the x-
and y-axes of the disk:



Fig. 13. Comparison of analytical (top) and experimental (bottom) fx (left) and fy (right) contours for 0.02 mm/s case at a load F ¼ �0.98 N. Contour interval ¼ 7 � 10�4 radian.
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fx ¼ CsB
�
2F
p

� 4Rx�
R2 þ x2

�2
� 	

(4)

fy ¼ �CsB
�
2F
p

� 4Ry�
R2 � y2

�2
� 	

(5)

The optical data in the region �0.5 � x;y
R � 0.5 from fx and fy,

respectively, were analyzed using least-squares analysis in
conjunction with Eqs. (4) and (5) since all parameters except the
elasto-optical constant Cs are known. Obtained values of Cs are
listed in Table 4. These represent results from both the x- and y-
directions at multiple load levels averaged into a single value.
Evidently, the Cs values are negative and affected by the crosshead
speed. Further, the magnitude increases as the crosshead speed
decreases.

As noted earlier, the elasto-optical constant represents a com-
bined effect of refractive index (n) change (dn) and Poisson effects
due to stresses and is given by Ref. [22],

Cs ¼ D1 �
y

E
ðn� 1Þ (7)

and

dnðx; yÞzD1
�
sxx þ syy

�
; (6)

where D1 is a stress-optic constant of the material [23]. From Eq. (7),
the sign of D1 can be understood. When the material is locally under
tension (compression), its density decreases (increases) and, as a
result, the refractive index also decreases (increases). Hence, in both
thesecases, the signof thestress-optic constantwillbenegative. From
Eq. (6), as the elasticmodulus is directly proportional to the crosshead
speed, the elasto-optic constant for thegel is inversely proportional to
the crosshead speed. This can be observed from Table 4.

Using the Cs values from Table 4, the variation of angular de-
flections along the x- and y-axes of the disk is plotted in Fig. 12 as a
(black) solid line. The agreement between the measurements and
the fit are generally good in each of the cases. Fig. 13 shows com-
parison between measured and analytical quantities as contours in
the entire field for a load of F ¼ �0.98 N. Evidently, the overall
deformation patterns, particularly the ones away from the loading
points in the central regions of the disk, compare well with each
other.
2. Conclusions

The feasibility of using a polymer gel was explored to aid future
investigations using this material as a tissue surrogate by under-
taking its mechanical and optical characterization. Mechanical
behavior under tension and shear was carried out first. In light of
the challenges associated with the ultralow stiffness of the mate-
rial, many non-traditional approaches had to be adopted for pre-
paring the material/samples, gripping the samples and measuring
deformations to evaluate both elastic and failure characteristics.
Two optical methods, 2D digital image correlation and
transmission-mode digital gradient sensing, based on spatial
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correlation of random speckle patterns, were extended in this work
to soft materials. The former method was used to measure both
axial and transverse strains simultaneously. By performing tests at
three different strain rates, the rate dependent response of the gel
was assessed. The hyperelastic Money-Rivlin material model
captured the measured responses well. The tensile elastic modulus
showed a modest (approx. 12%) increase when the strain rate was
increased from 0.0004 to 0.04. The Poisson's ratio was in the range
of 0.47e0.48, consistent with expected incompressible behavior
predicted by a value of 0.5. However, the increase in the ultimate
stress and failure strainwas nearly 100% over the same strain rates.
Further, the increase of failure strain with strain rate was unex-
pected but consistent with other reports on hydrogels found in the
literature. The shear tests were used to extract shear modulus of
this gel at three strain rates, and was independently verified using
tensile modulus and Poisson's ratio evaluated from tension tests.

The optical transparency of the gel made it suitable for visuali-
zation and quantification of mechanical fields. Specifically, the
potential of the full-field optical method, namely the digital
gradient sensing technique, was explored by evaluating the elasto-
optical constant for the gel at different strain rates. Suitability of a
disk under diametral compression geometry for this purpose was
demonstrated by extracting two orthogonal stress gradient data
sets in the central region of the disk where 3D deformations are
minimum. The measurements indicate that the magnitude of the
elasto-optical constant dropped approximately 20% as the strain
rate increased from 0.0004 to 0.04, consistent with the changes
expected for refractive index and the elastic modulus
measurements.
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