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Abstract
This study aimed to characterize the mechanical responses of the sclera, the white outer coat of the
eye, under equal-biaxial loading with unrestricted shear. An ultrasound speckle tracking technique
was used to measure tissue deformation through sample thickness, expanding the capabilities of
surface strain techniques. Eight porcine scleral samples were tested within 72 hours postmortem.
High resolution ultrasound scans of scleral cross-sections along the two loading axes were
acquired at 25 consecutive biaxial load levels. An additional repeat of the biaxial loading cycle
was performed to measure a third normal strain emulating a strain gauge rosette for calculating the
in-plane shear. The repeatability of the strain measurements during identical biaxial ramps was
evaluated. A correlation-based ultrasound speckle tracking algorithm was used to compute the
displacement field and determine the distributive strains in the sample cross-sections. A Fung type
constitutive model including a shear term was used to determine the material constants of each
individual specimen by fitting the model parameters to the experimental stress-strain data. A non-
linear stress-strain response was observed in all samples. The meridian direction had significantly
larger strains than the circumferential direction during equal-biaxial loadings (P’s<0.05). The
stiffness along the two directions were also significantly different (P=0.02) but highly correlated
(R2=0.8). These results showed that the mechanical properties of the porcine sclera were nonlinear
and anisotropic under biaxial loading. This work has also demonstrated the feasibility of using
ultrasound speckle tracking for strain measurements during mechanical testing.
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1. Introduction
Glaucoma is the second leading cause of blindness worldwide (Quigley, 1999). The optic
nerve head (ONH) is the principal site of damage in glaucoma, and the mechanical
properties of the posterior sclera could strongly influence the stresses and strains
experienced by the ONH during intraocular pressure (IOP) elevations (Norman et al., 2011;
Sigal et al., 2005). It is thus an important goal to characterize the mechanical properties of
sclera in order to better understand their involvement in the pathogenesis of glaucoma.

Uniaxial mechanical tests (Downs et al., 2005; Elsheikh, 2010; Girard et al., 2007; Palko et
al., 2011; Schultz et al., 2008) and inflation tests (Coudrillier et al., 2012; Fazio et al., 2012;
Girard et al., 2009c; Tang and Liu, 2012) have been used to study the mechanical responses
of the sclera. Biaxial mechanical testing has been used to mimic inflation tests (Gere, 2004;
Sacks, 2000) by loading a planar square specimen along two orthogonal axes to characterize
the mechanical properties of an anisotropic tissue. The main assumptions for this test are
planar deformation (Sacks, 1999) and incompressibility (Wang et al., 2006). Eilaghi et al.
(2010) reported the first biaxial mechanical tests on human scleral specimens using a quasi-
static, shear-restricting setup. Their results showed non-linear stress-strain relationships, but
no difference was found in the responses along the two loading directions which were aimed
to align with the material axes, i.e., the anatomical circumferential and meridian directions
of the posterior sclera. Sacks (1999) developed a method using a system of pulleys and
sutures to ensure equal forces at each loading point while allowing the tissue sample to shear
during biaxial loading, thereby better mimicking in situ physiological conditions. This shear-
allowing biaxial setup also eliminated the need for the precise alignment between the
material axes of the specimen and the test axes, and reduced the inter-sample variability
associated with the misalignment (Sacks, 2000). In the present study, we adopted a biaxial
setup allowing unrestricted shear to characterize the anisotropic responses of the posterior
porcine sclera.

Our laboratory has developed an ultrasound speckle tracking technique to measure the
through-thickness distribution of strains in a cross-section of the sclera during IOP
elevations (Tang and Liu, 2012). This technique entails tracking of the intrinsic ultrasonic
interference patterns (i.e., speckles) of the tissue under an applied load (Ophir et al., 1999)
or motion (O’Donnell et al., 1994). Our previous work has demonstrated a high accuracy
and resolution of this approach when implemented with high-frequency ultrasound (Tang
and Liu, 2012). In the present study, the ultrasound speckle tracking technique was adopted
for measuring the tissue deformation through the sample thickness during biaxial testing.
This technique enables direct measurements of the three orthogonal normal strains and
delineates their distribution throughout the sample thickness. In addition, the ultrasound
measurement can be conveniently achieved by submerging the samples in an aqueous
environment to maintain physiological hydration.

The objective of this study was to investigate the anisotropic responses of porcine sclera in
the presence of shear and characterize the material constants along the loading axes. The
secondary goal was to implement a new strain measurement technique, i.e., ultrasound
speckle tracking, during mechanical testing of soft tissue.

2. Methods
2.1 Sample preparation

Eight porcine eyes were obtained from SiouxPreme Packing Co. (Sioux City, IA) within 24
hours postmortem. The globes were stored in phosphate buffered saline (PBS) at 4 °C until
use. All testing was completed within 72 hours postmortem (Girard et al., 2007). Before

Cruz-Perez et al. Page 2

J Biomech. Author manuscript; available in PMC 2015 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanical testing, the globes were allowed to equilibrate at room temperature for at least
one hour. A 7 mm by 7 mm square specimen was excised from the superotemporal region of
the posterior sclera (Figure 1) using a custom made cutting tool. Sixteen hooks, 4 per side,
were placed along the edges of the specimen ensuring an equal distance between the hooks
and a gauge length of about 5 mm in both directions. Hooks were looped in pairs using a 3-0
silk suture to fit the pulley system in a trampoline-like manner that allows free shear during
equal-biaxial loadings (Sacks, 1999) (Figure 2). Distance between hooks in opposite sides
was measured with a caliper and used as the gauge length.

2.2 Biaxial mechanical testing
A biaxial mechanical testing system (ElectroForce Planar Biaxial TestBench, Bose Corp.,
Eden Prairie, MN) was modified to include custom-made fixtures which support the load
cells and pulleys. The load axis was concentric with the motor axis preventing residual
torques. The pulleys were made of Teflon to reduce friction on sutures and avoid
interference during potential sample shearing. The mechanical testing system was placed on
an isolation table (Newport, Irvine, CA) to reduce external vibrations. The WinTest 7
software (Bose Corp., Eden Prairie, MN) was used to control the biaxial system.

The sample was immersed in 0.9% saline during all tests. A flotation device (i.e., a small
piece of foam) was placed underneath the sample to balance out the weight of the sample,
hooks and suture and make it neutrally buoyant (Sacks, 2000). The sample was first
preloaded to 1 gram to ensure full contact and flatten the curvature. A built-in sine wave
frequency sweep (TuneIQ) with a load ranging from 2 to 18 grams was used as
preconditioning along both axes. After preconditioning, the sample was allowed to
equilibrate at 1 gram preload for at least 15 minutes. It was then ramped in 25 equal biaxial
load-controlled steps ranging from 2 to 18 grams representing an estimated IOP range of 5
to 45 mmHg (computed from Laplace law for a globe radius of 12 mm). The experimental
protocol is graphically outlined in Figure 3. The initial point of testing (marked by an “*” in
Figure 3) was considered as zero stress and zero strain. The ramp was repeated to measure
the normal strains along three directions using ultrasound speckle tracking: two along the
loading axes and one along an angle (~ 45°) in-between the loading axes. Measurement of
three normal strains allows the calculation of in-plane shear strains following the method of
a strain gauge rosette (Gere, 2004) (details are described in Subsection 2.4). Fifteen seconds
were allowed at each loading level for the completion of the ultrasound scans. Fifteen
minutes equilibration at 1 gram preload was allowed between the ramps.

A repeatability test was performed on three additional sclera samples acquired and prepared
in the same way as the experimental samples to examine whether re-ramping resulted in
significantly different mechanical responses.

2.3 Ultrasound speckle tracking for strain measurements
A high-resolution ultrasound system (55 MHz, Vevo 660, VisualSonics Inc., Toronto) was
used to acquire the radiofrequency (RF) data of the cross-sectional scans. The probe was
held in place using a linear precision stage (Newport, Irvine, CA). The sample was placed
within the focal zone of the ultrasound beam during all tests. The RF data was processed
using an ultrasound speckle tracking algorithm as described previously (Tang and Liu,
2012). Briefly, a cross-correlation based method was used to compute the displacement
fields comparing the reference image and the deformed image. The cross-correlation
coefficients were interpolated using spline functions to obtain sub-pixel tracking. A least-
square strain estimator (Kallel and Ophir, 1997) was then used to calculate the strain maps
within the tissue cross-section. E11 denotes the average normal strain within the cross-
section along the circumferential direction, E22 denotes that along the meridian direction,
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E33 denotes the average compressive strains along the circumferential direction, and E′33
denotes that along the meridian direction. Sample thickness was calculated from the
ultrasound data assuming a speed of sound of 1,640 m/s (Palko et al., 2011).

2.4 Constitutive modeling
Assuming small planar deformations (Sacks, 1999), the stress-strain data from each sample
was fit to a reduced Fung type strain energy function (Equation 1)

(1)

(2)

where W is the strain energy, Eij’s are the Green strains, Sij’s are the second Piola-Kirchoff
stresses, and C and Ai’s are the material constants. The interactions between the shear and
normal strains were assumed negligible according to Sacks and Sun (2003). The interactions
between the normal strains were also assumed negligible to avoid over-parameterization in
the fitting of a small number of samples.

Shear strain (E12) was found using the following equation of a strain gauge rosette (Gere,
2004):

(3)

where EN is the third normal strain along the angle θ from E11 (Figure 4).

Lagrangian stresses (Tij) were computed from the sample dimensions (gauge length and
sample thickness) and the force readings from the load cells. Second Piola-Kirchoff stresses
(Sij) were computed from the measured Lagrangian stresses (Tij) and the deformation
gradient F using the following relationship (Sacks, 1999):

(4)

where T12 = T21 = 0 (Sacks, 2000). The deformation gradient F was calculated from the
Green strains by assuming that this tensor is symmetric and that:

(5)

where I is the identity matrix.

An unconstrained non-linear minimization algorithm based on the subspace thrust region
method (MATLAB, The MathWorks Inc., MA, USA) was applied to determine the best
fitting material constants that reproduce the experimentally obtained stress/strain curves
according to Equation 2. To verify the independence from the initial guesses, the initial
value for each parameter was varied across several orders of magnitude. No dependency on
the initial guess was found for any case tested. Another minimization method, the
Levenberg-Marquardt algorithm, was also used to reprocess the data to evaluate whether the
parameter convergence was dependent on the search algorithm. R2 values were used to
evaluate the goodness of fit for each case.
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2.5 Statistical Analysis
Statistical analysis was performed using SAS 9.3 software package (SAS Institute Inc.,
Cary, NC). The average circumferential and meridian strains at several pre-selected stress
levels were compared using paired t-tests. For the repeatability test, the pooled standard
deviation for the three repeated measurements in three scleral samples was computed at a
stress level of 20 kPa and compared to the overall sample standard deviation. Paired t-tests
were used to detect if there was a significant difference between the fitted material constants
A1 and A2, as well as the products C·A1 and C·A2. The correlation between C·A1 and C·A2
was evaluated by linear regression. Sensitivity analyses were conducted to confirm the
conclusions using mixed models to account for the associations of the measures from the
same eye.

3. Results
A cross-sectional ultrasound image of the porcine superotemporal posterior sclera is
presented in Figure 5, showing the typical intrinsic ultrasound speckle patterns in sclera. The
strain images at different levels of loadings in one sample are presented in Figure 6. Within
the central region of the sample (as indicated by the rectangular region of interest), the
strains were usually homogeneous. Within the full cross-section, strains displayed some
level of heterogeneity. For example, the compressive strains (E33 and E′33) were greater in
the outer and inner layers of the sclera compared to the middle layer.

The individual stress-strain data along the meridian direction for all tested scleral samples
are shown in Figure 7a, demonstrating nonlinear responses. The average stress-strain curves
are presented in Figure 7b. The tensile strains were significantly higher in the meridian
direction as compared to the circumferential direction at stress levels of 10, 15, 20, 25, and
30 kPa (P = 0.011, 0.003, 0.005, 0.006, and 0.008, paired t-tests). Compressive strains did
not show significant differences along the two anatomical directions at these stress levels (P
= 0.065, 0.068, 0.214, 0.102, and 0.102, respectively). However, they were significantly
larger in magnitude than their respective tensile strains at all stress levels (all P’s < 0.05).

Shear strains (E12) at different loading levels were calculated from the three normal strains
following the method of a strain gauge rosette. The shear strains were small compared to the
normal strains (about 25% in average) with a large variance across samples (Figure 8). The
calculated shear stresses (S12) were also about one order of magnitude lower than the normal
stresses.

The pooled standard deviation of the measured strains in the three repeated biaxial ramp
tests (the variation of the repeated measures) was much smaller than the inter-sample
variance (the variation among samples). For example, at the stress level of 20 kPa, the ratios
between the standard deviation in all measured scleral samples and the pooled standard
deviation during the repeatability test were 6.1, 5.1, 8.2, and 8.2, for E11, E22, E33, and E′33,
respectively. Similar ratios were found at other stress levels (data not shown), suggesting
adequate agreement during three repeated biaxial ramps.

The material constants obtained from the fitting of a Fung-type model using the subspace
thrust region method are displayed in Table 1. Both search algorithms yielded the same
results (within 0.01% difference), but the Levenberg-Marquardt algorithm was substantially
slower in reaching convergence. The R2 values (goodness of fit) were above 0.99 for all
samples. Figure 9 presents a comparison of the experimental data with the model fitting in
one sample, showing excellent agreement.
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Constant A1 (circumferential) was significantly larger than A2 (meridian) (P=0.03, paired t-
test). C·A1 was significantly larger than C·A2 (477±222 kPa vs 344±123 kPa, P=0.02, paired
t-test). There was a strong correlation between C·A1 and C·A2 (R2=0.8, Figure 10).

4. Discussion
This study presented heterogeneous, nonlinear, and anisotropic biomechanical properties in
the posterior porcine sclera. Both tensile and compressive strains displayed a nonlinear
relationship with the corresponding stresses. Ultrasound speckle tracking revealed a non-
uniform strain distribution within the cross-section of the tissue samples through their
thickness. The tensile strains along the meridian direction (E22) were significantly larger
than those along the circumferential direction (E11) (P<0.05). Fitting with a Fung-type
model also showed significantly larger material constants along the circumferential direction
(P<0.05), demonstrating an anisotropic behavior of the posterior sclera in the porcine eye.

The biomechanical properties of the sclera are influenced by its biochemical composition as
well as microstructural features such as collagen fiber organization and orientation. The
difference in the tensile strains under equal-biaxial loading along the meridian and
circumferential directions, as well as the difference in the fitted material constants along
these two directions, was likely due to the preferred collagen fiber alignment along the
circumferential direction in the posterior sclera close to the optic nerve head (ONH) (Pijanka
et al., 2012; Yan et al., 2011). Circumferential arrangement of collagen fibers around the
ONH was shown to significantly reduce canal expansion (Girard et al., 2009c; Grytz et al.,
2011), which is protective of the structural stability of the ONH.

The compressive strains resulting from sample thinning during biaxial stretch were higher in
magnitude than the tensile strains, and the outer and inner layers of the sclera had larger
compressive strains than the middle layer (Figure 6). These results were consistent with
what we observed during inflation tests of porcine posterior sclera (Tang and Liu, 2012). It
is known that the outer and inner sclera has thinner and smaller collagen bundles as
compared to the middle layer of the sclera (Komai and Ushiki, 1991; Watson and Young,
2004), which may partially contribute to the through-thickness heterogeneity in compressive
strains. Other microstructural components such as proteoglycans (as well as hydration
levels) may also influence the compressive responses of the sclera (Cheng and Pinsky,
2013).

The ratios of the shear strain to normal strain were 0.25±0.23 in average. This is
approximately 3.7 times larger than what was reported for human sclera using inflation
testing (0.067±0.052) (Coudrillier et al., 2012). The inflation tests required clamping to a
pressurization chamber, while the biaxial testing allowed unrestricted shear. In addition, in
Coudrillier et al’s study, the shear/normal ratio was averaged over a circular sector around
the ONH, while the present study only tested the superotemporal quadrant which could
differ from the other quadrants (Fazio et al., 2012). Species and age differences might also
play a role.

The model fitting showed a significant difference between A1 and A2, confirming an
anisotropic behavior in posterior sclera. We found a strong linear correlation (R2 = 0.8)
between C·A1 and C·A2 (Figure 9). The slope of this regression (C·A2/C·A1) was 0.55. Girard
et al found a similar ratio of modulus between the circumferential and meridian directions in
monkey posterior sclera using an inverse finite element method combining inflation tests
and an anisotropic hyperelastic constitutive model with preferred fiber alignment (Girard et
al., 2009a; Girard et al., 2009b). Compared to the results from the biaxial testing of the
human sclera (Eilaghi et al., 2010), the stiffness of the porcine posterior sclera was about
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85% less than that of the human posterior sclera (477 kPa and 344 kPa in porcine vs. 2.9
MPa and 2.8 MPa in human). Interestingly, this comparison was remarkably similar to what
was reported in a previous study showing a 75% lower stiffness in porcine sclera compared
to in human sclera using uniaxial testing (Schultz et al., 2008). Besides biological
differences between species, the age at tissue harvest was markedly different between these
two groups. The average age of the animals used in the present study was 6 months, while
the average age of the human donors was 55.4 years in Eilaghi’s study (Eilaghi et al., 2010).
Since age is positively associated with collagen cross-linking, which largely determines the
tensile stiffness of tissue (Reddy, 2004), the older age in the human donors likely
contributed to the larger stiffness in the scleral tissue. Specifically, recent studies have
reported age-associated stiffening of human sclera shown as reduced scleral strains during
inflation tests (Coudrillier et al., 2012; Fazio et al., 2013).

Eilaghi et al. (2010) included an interaction term in their model fitting of the biaxial testing
data, and found negligible effects of the interaction between E11 and E22. Holzapfel et al.
(2000) proposed a convexity requirement for effectively fitting biaxial stress-strain data.
These requirements included that C, A1, A2, and Ai (which is the coefficient for the
interaction term) are all greater than 0 and that A1·A2 >Ai

2. We found (data not shown) that
the parameters in five out of the eight porcine scleral samples tested in this study did not
satisfy the second condition, when the interaction term was included in the fitting. These
considerations confirmed the choice of not including the interaction term in the current
model fitting.

This study is limited in several aspects. First, only three ultrasound cross-sections were
acquired in each sample. A full 3D-volume scan combined with a 3D ultrasound speckle
tracking algorithm would allow the computation of the 3D strain tensor for the full field
analysis of the mechanical response of the sclera during biaxial testing. Second, the samples
were immersed in saline for the duration of the test which was about 2 hours. This may have
resulted in some level of swelling, particularly at the exposed edges of the samples. A
previous computational study showed that the characteristics of the sample apron did not
significantly affect the mechanical behavior during biaxial testing (Eilaghi et al., 2009).
Thus, the outcome of the current study was likely not altered by the potential larger swelling
in the aprons. Third, the true material axes were unknown in the present study. Future
microstructure analysis is needed to determine preferential collagen fiber alignment in the
tested samples for a microstructure-informed interpretation and analysis of the mechanical
data. Fourth, the sclera has a natural curvature which introduces uneven pre-strains through
the thickness when it is flattened prior to biaxial testing. This heterogeneous pre-strain may
have affected the through-thickness strain distribution during biaxial loading as compared to
that during inflation.

In summary, this study has demonstrated the feasibility of combining high resolution
ultrasound speckle tracking with biaxial mechanical testing to characterize the stress-strain
response of the sclera. During biaxial tensile stretch, the porcine posterior sclera displayed
nonlinear and anisotropic mechanical properties and the circumferential direction was
significantly stiffer than the meridian direction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A schematic posterior view of the sample location (C: Circumferential; M: Meridian; ONH:
optic nerve head; S: superior; I: inferior; T: temporal; N: nasal).
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Figure 2.
Trampoline-like sclera sample mount using a pulley-suture system. The sample was
immersed in saline at room temperature during the tests. The ultrasound transducer was
placed on top of the sample with no direct contact.
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Figure 3.
Experimental protocol for biaxial testing of scleral samples.
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Figure 4.
Schematics for the strain gauge rosette.
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Figure 5.
A representative ultrasound image of the porcine posterior sclera noted with the actual
physical dimensions, showing the typical intrinsic ultrasound speckle patterns, adequate
sample flattening, and the locations of sample mount (shadows on both sides).
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Figure 6.
Strain distribution for a sclera sample at two stress levels (10 kPa and 30 kPa). Typical
region of interest for average strain analysis is shown in the bottom left subfigure.
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Figure 7.
a. Individual stress-strain responses in porcine posterior sclera along the meridional
direction during biaxial testing. The response of each sample is indicated by a type of
marker (different color is used to differentiate E33 vs E′33). b. Average stress-strain
responses along both circumferential and meridian directions.
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Figure 8.
Average shear strains for different biaxial loading levels.
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Figure 9.
Circumferential and meridian tensile stress-strain curves (i.e., E11-S11 and E22-S22) in one
scleral sample showing excellent agreement between experimental data and model fitting.
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Figure 10.
C·A1 was significantly larger than (P=0.02) and highly correlated with C·A2 (R2=0.8).
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