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Abstract Reported mechanical properties of orbital con-
nective tissue and fat have been too sparse to model strain—
stress relationships underlying biomechanical interactions
in strabismus. We performed rheological tests to develop a
multi-mode upper convected Maxwell (UCM) model of these
tissues under shear loading. From 20 fresh bovine orbits, 30
samples of connective tissue were taken from rectus pul-
ley regions and 30 samples of fatty tissues from the pos-
terior orbit. Additional samples were defatted to determine
connective tissue weight proportion, which was verified his-
tologically. Mechanical testing in shear employed a tribo-
rheometer to perform: strain sweeps at 0.5-2.0Hz; shear
stress relaxation with 1% strain; viscometry at 0.01 —0.5 571
strain rate; and shear oscillation at 1% strain. Average
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connective tissue weight proportion was 98% for
predominantly connective tissue and 76% for fatty tissue.
Connective tissue specimens reached a long-term relaxation
modulus of 668 Pa after 1,500s, while corresponding val-
ues for fatty tissue specimens were 290 Pa and 1,1005s. Shear
stress magnitude for connective tissue exceeded that of fatty
tissue by five-fold. Based on these data, we developed a multi-
mode UCM model with variable viscosities and time con-
stants, and a damped hyperelastic response that accurately
described measured properties of both connective and fatty
tissues. Model parameters differed significantly between the
two tissues. Viscoelastic properties of predominantly con-
nective orbital tissues under shear loading differ markedly
from properties of orbital fat, but both are accurately reflected
using UCM models. These viscoelastic models will facili-
tate realistic global modeling of EOM behavior in binocular
alignment and strabismus.

Keywords Biomechanics - Cow - Extra-ocular muscle -
Oculomotor mechanics - Pulley - Strabismus

1 Introduction

The mechanical properties of extraocular tissues are attract-
ing increasing experimental interest of investigators inter-
ested in ocular motility. Detailed mechanical characterization
of these tissues is crucial to quantitative understanding of
strabismus, the pathological misalignment of the eyes. How-
ever, approaches to characterize biosolids have varied among
investigators, with some treating soft tissues as discrete sys-
tems composed of simplified springs and dampers (Bilston
et al. 1998; Bilston and Thibault 1996; Lanir 1979; Liu and
Bilston 2000; Shoemaker et al. 1986), while others treat them
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as time dependent continuous elastic systems(De Hoff 1978;
Fung 1967; Pinto and Fung 1973; Yoo et al. 2009). Prior
studies, including those of Robinson et al. (1969), Collins
et al. (1981), Simonsz 1994 and Yoo et al. (2009), have
appreciated some active and passive behavior of extraocu-
lar muscles (EOMs), but biomechanical characterization of
orbital connective tissue and fat has been largely neglected
in the field of ocular motility. A rare exception has been
the study of bovine retrobulbar tissue by Schoemaker et al.
(2006), which nonetheless did not differentiate orbital fat
from connective tissue. Biomechanical properties of orbi-
tal connective tissue have been typically neglected or arbi-
trarily assumed in simulation studies of extraocular
mechanics.

Discovery of the orbital pulley system motivated efforts to
clarify the mechanical properties of the orbital connective tis-
sues. Imaging studies in monkeys (Miller and Robins 1987)
and humans (Simonsz et al. 1985) demonstrated that rec-
tus EOM bellies, rather than taking shortest distance paths,
instead have paths that are largely stable in the orbit over
the full range of gaze directions (Miller 1989). In secondary
and tertiary gazes, rectus and inferior oblique EOM paths
are sharply inflected at locations coinciding with connec-
tive tissue rings encircling the EOMs into which the
orbital layer EOM fibers insert (Demer et al. 2003). These
connective tissue rings, consisting of densely woven collagen
reinforced by elastin, are termed the pulleys. Rectus pulleys
are located posterior to the globe equator in Tenon’s fascia
(Demer et al. 1995) and mechanically coupled to the orbi-
tal walls and adjacent pulleys via connective tissue bands or
ligaments. These connective structures are uniform among
most individuals and are composed of collagen, elastin, and
sometimes also smooth muscle (Kono et al. 2002). While
there is fat distributed among the EOMs posterior to the
globe and pulley system, the relative contributions of pul-
ley tissues versus fat to orbital biomechanics remain poorly
delineated.

From the point of view of biomechanics and solid mechan-
ics, a material is said to be comprehensively defined when
its constitutive relation is characterized by a mathematical
equation describing the material behavior (Fung 1993). In
contrast to tensile force or deformation perpendicular to the
surface of a material, shear is defined to be a force or dis-
placement parallel to the surface of a material. Both tensile
and shear characterization are required for complete under-
standing of a material and can be specified by constitutive
equations. A constitutive equation is a relation between two
physical quantities that is specific to a material and approx-
imates that material’s response to external forces. In struc-
tural analysis, constitutive relations relate applied stresses or
forces, to strains or deformations.

Although biomechanical properties of sclera and asso-
ciated connective tissue have been previously investigated
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(Bellezzaetal. 2003; Downs et al. 2003, 2005), there has been
no prior effort to develop constitutive relations that would
accurately predict stress, the internal force, induced by strain
(displacement) in the orbital connective tissue system, which
consists of dense collagenous connective tissue, embedded
in orbital fat compartments having three-dimensional (3D)
shapes. Such accurate constitutive mechanical models are
required for implementation of a valid finite element (FE)
model of the EOMs and orbit. As a first step toward FE
simulation, it is necessary to develop a mechanical model
that realistically predicts strain-dependent and time-depen-
dent behavior of each significant tissue in the orbit.

Most biological tissues exhibit stress—strain behavior
depending upon time and prior history in a manner resem-
bling viscoelastic materials (Bilston et al. 1998; Galford and
McElhaney 1970; Viidik 1966). Typically, soft tissues exhibit
two important features: hyperelasticity and viscosity (Bilston
et al. 1998; Fung 1993). Hyperelastic materials are defined
as nonlinearly elastic, isotropic, incompressible, and having
properties generally independent of strain rate (Beatty 1987;
Miller and Chinzei 2002; Weiss et al. 1996. Time-dependent
mechanical behavior, often reflected in mechanical hyster-
esis, is termed viscosity, a prominent feature of all soft tis-
sues that leads to energy dissipation during deformation. Due
to significance of viscoelastic characteristics in physiologi-
cal functions of biosolids, much effort has been devoted to
characterize nonlinear viscoelastic properties of soft tissues.
Various theoretical models have been developed to describe
tissues such as artery (Holenstein et al. 1980), brain
(Bilston et al. 1998; Estes and McElhaney 1970; Galford
and McElhaney 1970; Mendis et al. 1995; Miller and Chinzei
1997; Pamidi and Advani 1978), heart muscle (Huyghe et al.
1991; Maynewman and McCulloch 1998; Pinto and Fung
1973; Pinto and Patitucci 1980), kidney (Farshad et al. 1999;
Nasseri et al. 2002; Schmidlin et al. 1996), liver (Liu and
Bilston 2000), ligament (Lin et al. 1987) and tendon (Johnson
et al. 1996; Pradas and Calleja 1990), skin (Chaudhry et al.
1998; Lanir 1979), and spinal cord (Bilston and Thibault
1996; Chaudhry et al. 1998). Despite varying approaches,
these theoretical models have successfully captured gross
mechanical behavior that is influenced by mutually interact-
ing structural components.

With widespread availability of great computing power,
FE models, which represent continuous solids in discrete
form by a finite number of elements, have become efficient
tools to simulate complex 3D, nonlinear deformations of
viscoelastic biomaterials. Nevertheless, FE models depend
upon constitutive properties to such a strong extent that even
modest errors in assumed mechanical properties can invali-
date simulations. For instance, inappropriate application of a
dynamic shear modulus in a static FE model would result in
unrealistic results. Dynamic mechanical properties of a solid
system are derived from vibratory loading conditions where
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inertial effects are not negligible. Since solids under dynamic
loading tend to stiffen, moduli measured under oscillatory
conditions tend to be higher than those measured under sta-
tic conditions. Such misapplication of dynamic mechanical
properties in a static FE analysis would clearly result in unre-
alistically high predicted stresses and unrealistically low pre-
dicted deformations.

Since both orbital connective tissue and fat exhibit non-
linear time-dependent responses inconsistent with a linear
viscoelastic model, the present study employed a nonlin-
ear differential constitutive equation for brain tissue devel-
oped by Bilston et al. (2001). As proposed in Nasseri et al.
(2002); Bilston et al. (2001) and Phan-Thien et al. (2000),
the model incorporates a nonlinear damping function mod-
ification on a coupled multi-mode convected Maxwell model
with hyperelasticity, known as a Mooney-Rivlin elastic
response.

The current study aimed to characterize the shear vis-
coelastic behaviors of orbital fat versus connective tissues
through separate measurements of viscometry, stress relaxa-
tion, and dynamic testing. While complex extraocular struc-
tures such as pulleys would obviously have asymmetrical
gross mechanical properties at the macroscale due to varia-
tions in overall size and shape, this investigation assumes that
tissues are composed of isotropic material at the intermedi-
ate scale of the specimens tested. Of course, the intermediate
scale isotropy assumption could nevertheless be consistent
with connective tissue composed variably or randomly ori-
ented collagen fibrils, for example, at the molecular scale.
The resulting constitutive relationships for orbital connective
tissue and fat are described in constitutive laws convenient
for implementation in software packages that would permit
FE modeling of orbital mechanics.

Fig. 1 Location of the pulley tissue specimen, denoted by oval, in
quasi-coronal histological section from a left anterior orbit as if from
the front. Masson trichrome stain, 10 mm thick section. Collagen stains
blue, and muscle stains red. a Low magnification. SR superior rectus

10 mm

2 Methods

A preliminary anatomical study was performed on the bovine
orbit to permit selection of specimens for mechanical study.
One formalin-fixed orbit of an adult cow was removed en
bloc from the skull with the periorbita intact, embedded in
paraffin, serially sectioned at 10 mm thickness in the quasi-
coronal plane perpendicular to the long axis of the orbit as
described elsewhere (Demer et al. 1995, 1997; Kono et al.
2002, 2005; Miller et al. 2003; Oh et al. 2001a,b. Sections
were mounted on gelatin-coated glass slides, and stained
with Masson trichrome stain. Although this processing dis-
solves away lipid, fat location can be inferred by the presence
of thin membranes and nuclei of adipocytes. As described,
sections were stained with Masson trichrome, which stains
collagen blue, striated muscle red, and smooth muscle
purple.

Fresh heads of adult cows were obtained from a nearby
abattoir. In the laboratory, orbits were carefully dissected to
extract EOMs and connective tissues. Transport time from
abattoir to laboratory was approximately 30 min; the addi-
tional time required to dissect the tissues averaged 15min.
Predominantly connective tissue specimens were obtained in
the anterior orbit from a broad band connecting the lateral
rectus and superior rectus pulleys (Fig. 1). This structure was
appropriately large and uniform for study and has grossly uni-
form characteristics of connective tissue. Fat specimens were
obtained from the superolateral part of the deep orbit between
the retractor bulbi and superior rectus muscles (Fig. 2). This
region is readily accessible via dissection and has grossly
uniform characteristics of fat.

After dissection, predominantly connective tissue and
fatty tissues were maintained in lactated Ringer’s solution

o B AN
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muscle. LR lateral rectus muscle, IR inferior rectus muscle, SO superior
oblique muscle, /O inferior oblique muscle, RB retractor bulbi muscle,
LG lacrimal gland. b High magnification. The elliptical shape in the
figure shows where the connective tissue specimens were extracted
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Fig. 2 Location of the fatty tissue specimen, denoted by oval, in quasi-
coronal histological section from a left posterior orbit viewed as if from
the front. Masson trichrome stain, 10 mm thick section. Collagen stains
blue, and muscle stains red. SR superior rectus muscle, LR lateral rec-

at 37°C. For characterization of the specimens, a torsional
rheometer (AR 2000; TA Instruments Inc., New Castle, DE)
was used to carry out strain sweep, stress relaxation, viscom-
etry and dynamic tests.

Since precise specimen preparation was needed to reduce
edge effect during testing, specimens were carefully cutinto a
disc shape 2 mm thick and 20 mm in diameter. After extrac-
tion of fat and predominantly connective tissue specimens
having arbitrary shapes, specimens were cut into uniform
slabs 2mm thick by a slicer containing a series of silicon
disc blades (Equal Z; Advanced Building and Fabrication,
Chino, CA). Using a custom machined punch, slabs were
then cut into 20 mm diameter discs, equal to the diameter of
the rheometer’s upper rotating plate.

Also, in order to prevent high variability, which is often
encountered in mechanical characterization of biological
materials (Barbenel et al. 1973; Buchtal and Kaiser 1951;
Jenkins and Little 1974), environmental conditions were opti-
mized through physiologic temperature and humidity con-
trol. Constant irrigation with lactated Ringer solution at 37°C
was applied not only during specimen preparation but also
during the experiments; specimens were maintained on the
rheometer at 37°C, with a corn oil seal applied to the edge to
prevent evaporative dehydration. This configuration is shown
in Fig. 3.

To assess the possibility of slipping of upper plate over
specimens during testing, preliminary experiments were car-
ried out with and without sand paper affixed to the rotating
upper plate. Sand paper has much greater friction than the
rotating plate itself, so if the presence of sand paper had
altered the findings, it would have been concluded that the
specimen was slipping against the mobile plate in the absence
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tus muscle , SO superior oblique muscle, MR medial rectus muscle, /R
inferior rectus muscle, RB retractor bulbi muscle, ON optic nerve. The
ellipse indicates where fatty tissue specimens were extracted. a Low
magnification. b High magnification

Lower Fixed Plate with Temperature Control

Fig. 3 The specimen was compressed between lower fixed plate and
upper rotating plate. To prevent moisture loss, oil was applied around
the specimen while physiologic temperature was maintained

of sandpaper. Since results were similar with and without
sandpaper on the rotating plate, experiments reported here
omitted sandpaper in order to reduce calibration time and
edge effects.

Preconditioning establishes a standardized initial condi-
tion for the tissue and is considered essential for accurate
and repeatable mechanical measurements of most biologi-
cal tissues (Fung 1972; Johnson et al. 1996; Nasseri et al.
2002; Pinto and Fung 1973; Woo et al. 1980). From pre-
liminary experiments, it was determined that 5-8 cycles at a
slow strain rate was sufficient to reach stability in hystere-
sis response. All specimens were preconditioned in this way
before testing.
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2.1 Preliminary differentiation of predominantly
connective tissue specimens and fatty tissue specimens

Preliminary anatomical studies were performed in orbits not
subjected to biomechanical testing. From preliminary dissec-
tions, it was determined that tissue between the retractor bulbi
and rectus EOMs had less connective tissue and more fat than
tissue near the presumed location of the pulleys. Dissection of
multiple specimens confirmed the highly stereotypic nature
of this specialization. Sixty specimens (30 of predominantly
connective tissue from the pulley region, and 30 fatty tissue
specimens from deep retrobulbar region between EOMs and
retractor bulbi) were weighed before and after immersion in
acetone for 10days to extract the fat.

2.2 Histology

To validate the acetone extraction results, additional connec-
tive and fatty tissue specimens not subjected to acetone were
examined histologically. Such preparation requires elution
of fat using organic solvents. Representative samples were
dehydrated in solutions of alcohol and xylenes, embedded in
paraffin, and serially sectioned at a 10 mm thickness. Care
was taken to achieve uniform, simultaneous staining of sec-
tions. Digital light micrographs in 24-bit color were made
using a microscope (ES800N; Nikon, Tokyo, Japan) fitted with
a digital camera (D1X; Nikon, Tokyo, Japan).

2.3 Strain sweep oscillation tests

To determine the limit of linear viscoelasticity, strain sweep
oscillation was performed. Five preconditioned specimens
were tested at each of four different frequencies: 0.5, 1.0,
1.5, and 2.0 Hz. To define possible nonlinearities, oscillations
were conducted at constant frequency with varying strain
amplitude from 0.1 to 150%. Unlike the conventional solid
mechanical definition, strain here is defined as excursion of
the circumference of the disk-shaped specimen divided by
its thickness (Schoemaker et al. 2006). Within limit of linear
viscoelasticity, dynamic properties such as complex shear
modulus, elastic modulus, loss modulus and viscosity (G*,
G’, G”, h) remain constant. Beyond the limit of linear vis-
coelasticity, dynamic properties change as material behavior
becomes nonlinear.

2.4 Stress relaxation tests

To be able to characterize the time-dependent behavior of the
tissue, the decay in stress at constant strain was recorded as
a function of time. In a relaxation test, strain should ideally
be imposed as rapidly as possible in order to approximate
the instantaneous elastic response and then maintained con-
stant while the corresponding stress induced in the tissue

decreases with time. For each specimen type, 15 relaxation
tests were performed using 1% fixed strain amplitude and
0.02 s rise time. Samples were 20 mm in diameter and 2 mm
thick. Relaxation modulus, defined as the ratio of shear stress
to imposed strain, was measured for 2,000s. From stress
relaxation test results, elastic and viscous stress parameters
were extracted using nonlinear least square fitting.

2.5 Constant shear rate (viscometry) tests

For each specimen type, stress in 20 different samples was
observed subjected to four different constant shear rates:
0.01, 0.05, 0.1, and 0.5s~L. From the viscometry results,
damping function parameters were determined in the same
manner that elastic and viscous parameters were extracted
from stress relaxation data.

2.6 Small-amplitude oscillatory motion (dynamic testing)

Storage and loss moduli G’and G’ were determined as func-
tions of frequency over the range 0.01-20Hz. Strain was
fixed at 1%, the limit of the linear viscoelastic region that
had been determined from strain sweeps. Fifteen specimens
of predominantly connective tissue and 15 of fatty tissue
were tested. Since the ratio of loss modulus to storage mod-
ulus indicates the amount of strain energy lost relative to the
energy stored per cycle, dynamic testing can validate pre-
dictions of models derived from both stress relaxation and
viscometry. Results of dynamic tests were compared with
predicted values from a model described below.

2.7 Viscoelastic modeling

As appropriate to specimen geometry, we employed the vis-
coelastic framework developed by Nasseri et al. (2002) and
Phan-Thien et al. (1997). Specimens were modeled as
homogenous and isotropic. This was reasonable since the
potential degree of anisotropy is unknown for both types
of specimens, and the orientation of microstructures within
specimens is so irregular that specimens resemble isotropic
material at the macroscale.

As derived in the Appendix, the j-th mode of viscoelastic
stress evolves in time. The equations to be established are

N
SW=Sn=nf G+ LM M
="

for stress relaxation modulus with n; being viscosity and
A;j being relaxation constant of mode j. f is the damping
function, yy is the strain amplitude and G is an arbitrary
constant to be found.
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Shear stress as a function of constant shear rate y is given
by:

N

Sn=f{Gevt+ D njy (1—e /™) ©)
j=1

Elastic and loss moduli are respectively in the forms of:

N 2
A . .
G' =G+ 1 3)
= (1+eh?)
N
G’ = Z _eni )

242
o (1+wjkj)

for frequency w. All required parameters can be extracted
from Eqgs. 1 and 2 by nonlinear least square fitting to exper-
imental results from stress relaxation and viscometry. Equa-
tions 3 and 4 are used to validate model predictions. Further
theoretical details are included in the Appendix.

3 Results
3.1 Quantitative tissue composition

Based on acetone extraction, the average connective tissue
weight proportion of predominantly connective tissue was
98% =+ 1.2%, but was 76% =+ 1.2% for fatty tissue from the
retrobulbar region. For convenience, specimens with weight
proportion of 98% will be considered “connective tissue,”
while the mixture that yielded 76% mass proportion of con-
nective tissue will be considered “fatty tissue.”

3.2 Histology

Figure 4 shows Masson’s trichrome stained histological
sections of connective tissue (A) and fatty tissue (B) spec-
imens. As seen in Fig. 4a, connective tissue stains darker
blue, indicating more collagen. As seen in Fig. 4b, fatty tis-
sue specimens contained less blue staining collagen and more
numerous fatty voids. From consistent evidence provided by

Fig. 4 Micrograph of
connective tissue and fatty tissue
stained with Masson trichrome.
a Blue staining collagen was
dense in connective tissue, but
conspicuously less dense in fatty
tissue b
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acetone extraction and histology, it was obvious that com-
positions of connective tissue and fatty tissue specimens dif-
fered substantially.

3.3 Strain sweep oscillation testing

Values of elastic and loss modulus for both connective (Fig. 5)
and fatty (Fig. 6) tissue were maximal at low strain fre-
quency and decreased logarithmically with increasing strain
and were generally higher for lower frequency strain sweeps.
An exception was that the elastic modulus at 1.5 Hz for fatty
tissue was higher than at 2.0 Hz. The objective of strain sweep
oscillation testing was to determine the linear region for strain
in each specimen type to determine suitable test conditions
for subsequent experiments. As shown in Figs. 5 and 6, con-
sistent linear regions of both elastic and loss moduli were
observed for both connective and fatty tissue. Dynamic prop-
erties of both connective and fatty tissue specimens were
linear below approximately 0.01 strain, but properties
changed nonlinearly for greater strain. Therefore, the strain
linear viscoelastic limit for both connective and fatty tissue
specimens was taken to be 0.01.

3.4 Stress relaxation testing

Figure 7 shows the average relaxation modulus G g as a func-
tion of time for 15 connective and fatty tissue specimens
each. The relaxation modulus for connective tissue reached
an asymptote of 668 Pa after 1,500s (Fig. 7a), while for fatty
tissue a lower asymptotic value of 290 Pa was reached at
shorter time of 1,100 s (Fig. 7¢). Peak relaxation modulus val-
ues for connective tissue and fatty tissue also differed mark-
edly. Values for peak relaxation modulus after initial ramp
loading were 7,067 4+ 692.6 Pa (Fig. 7b) and 5,319 £ 632.8 Pa
(Fig. 7d) for connective and fatty tissue, respectively. This
indicates that connective tissue is stiffer than fatty tissue.

3.5 Viscometry

Figures 8a, b show stress—strain curves on log-log scales at
different shear rates for connective and fatty tissue speci-
mens, respectively. Each line represents the mean of five trials
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Fig. 5 Strain sweep oscillation data demonstrating average elastic
modulus (G’) versus strain at four different frequencies (0.5, 1.0, 1.5
and 2.0Hz), for 5 specimens at each frequency. Region LR represents

Pulley Tissue

the region of linear viscoelasticity, up to 0.01 strain. Connective (a)
and fatty (b) tissue specimens exhibited linear viscoelasticity at all four
frequencies

Fatty Tissue
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Fig. 6 Strain sweep oscillation data for 20 specimens demonstrating average loss modulus (G'’) versus strain at four different frequencies (0.5,
1.0, 1.5 and 2.0Hz). Region LR represents the region of linear viscoelasticity, up to 0.01 strain. a Connective tissue. b Fatty tissue

at a different shear rate. Since the response after the mate-
rial fails is uninformative, the data after the onset of slip are
truncated in the plots. As can be seen in Fig. 8a, b, there was
a trend increasing stress with increasing shear rate. The peak
stress in each curve represents rupture stress. It can be seen
in Figs. 8 and 9 that there was accretion of rupture stress with
increasing shear rate. Rupture strains, the strains correspond-
ing to rupture stresses, remain roughly constant for all four
different shear rates in Fig. 8. Connective tissue exhibited
more than three-fold higher stress than the fatty tissue.
Curves in Fig. 9a, b represent same shear stress versus
strain data plotted in Fig. 8, but as functions of time at four
different shear rates. Similar to the behavior in Figs. 8a, b,
and 9a, b also illustrate an increase in the rupture stress
with increasing shear rate. Failure also occurred earlier with

higher strain rates (Fig. 9a, b), consistent with the finding that
rupture strain was essentially constant over all shear rates.

3.6 Parameter extraction

From stress relaxation and viscometry data for connective
and fatty tissues, parameters needed to assemble constitu-
tive models of each were extracted by means a nonlinear
least square fitting method (MATLAB version 6.5, The Math-
works, USA). The extracted parameters are listed in Table 1.

Since a multi-mode UCM model requires extraction of
multiple parameters from experimental results, it was impor-
tant to assess the fitted parameters statistically to assure that
the curve fitting method was robust. Data from each of the
15 trials for each tissue type were randomly assorted into
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Fig. 7 Mean stress relaxation Connective Tissue Fatty Tissue
data for 15 predominantly
connective tissue samples, 8{ A 81 C
plotted on both linear (a) and
semi-logarithmic (b) scales. 7 7
Mean stress relaxation data for gl:
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five subgroups of five samples each from connective tissue,
and a similar five subgroups from fatty tissue. The param-
eter extraction algorithm was applied to each subgroup, so
that each parameter for each tissue type was computed five
times from a different data subset. This bootstrap method
permits estimation of the variability of each fitted parameter
by a conventional standard deviation and allows compari-
son with the overall fit that was obtained by averaging the
15 trials before fitting (Table 1). For each of the n.’s and
ny’s, maximum variations from the overall fit were 12.9
and 13.4%, respectively. Values for damping function, elastic
and viscous stress parameters all fell within 8.9% of param-
eters extracted from the overall fit. Parameters (1’s) for fatty
tissue differed significantly from parameters for connective
tissue (P<0.02, Table 1).

As seen from stress—strain curves in Fig. 8a, b, both the
connective tissue and fatty tissue models generally predicted
the data well. However, there were modest disparities
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between predicted and experimental values at the highest
and lowest strain rates. Figure 9a, b compares both models’
predictions of stress versus time with experimental values.
For shear rates 0.05 and 0.1 s~ !, the connective tissue model
agrees within 1.8 and 1.4% of mean experimental values,
respectively. For shear rates 0.01 and 0.5s~!, model values
are within 8.2 and 8.6% of experimental values. Model pre-
dictions and experimental data for fatty tissue are shown in
Fig. 9b. For shear rates 0.01, 0.05 and 0. 1 s predicted val-
ues are within 9.8% of experimental data.

3.7 Dynamic tests

To validate the model assembled from parameters extracted
from previous experiments, dynamic tests were carried out
on 15 connective tissue and 15 fatty tissue specimens. The
experimental values and predicted values from the assembled
model agree well for both connective tissue and fatty tissue
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Fig. 9 Mean shear stress of 5 samples as a function of time for
shear rates of 0.01, 0.15 0.10 and 0.50(1/s). Solid symbols repre-
sent experimental data, while open symbols represent model val-
ues. Shear stress increased with shear rate, and specimens failed

specimens. However, with increasing frequency, model pre-
dictions deviate increasingly from experimental values. Also,
as seen in Fig. 10a, b, the loss moduli for connective tissue
and fatty tissue were similar, while the elastic modulus for
connective tissue was about double that of fatty tissue.
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faster at higher shear strain rates since all comparable specimens

failed at similar strain. Error bars have been omitted for clarity.
a Connective tissue. b Fatty tissue

4 Discussion
Simplifications are inevitable in biomechanical modeling.

This study assumed homogeneity and isotropy of
specimens—that is, that samples have uniform composition
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Table 1 Modeled tissue parameters

Connective tissue

Fatty tissue

P values for n's

Viscoelastic stress parameters (+SD)

Ae = 0.001
A = 0.01

A3e = 0.5

Ae = 1.0

Ase = 5.0

Aee = 10.0

Ae = 25.0

Ase = 250.0
Ao = 500.0
Aoe = 1,000.0

Damping function parameters

e =29.5£2.6
e = 0.41 +£0.050
'3, = 0.60 &= 0.035

Me = 15.740.50
Me =25.142.22

Me = 2.50 +0.20 x 10?
Nae = 270+ 0.22 x 10?
nse = 8.61 +0.35 x 102
nee = 1.254+0.082 x 103
e = 7.46 +0.32 x 10°
nge = 4.97 +0.40 x 10*
n9e = 9.12 4 0.60 x 10°
noe = 1.35 £0.099 x 10*

P.=20
ne =6.54+0.33
me = 0.440 £ 0.020

Ay =0.1 ny=15£0.0 4.61 x 1077
Aar = 0.01 nf = 10.3 £0.097 9.76 x 1073
A3f = 0.1 My =25.640.49 1.49 x 1073
hay =05 naf =754%0.77 3.10 x 1073
Asp =10 nsf = 3.76 £ 0.080 x 107 2.55 x 107°
Ao =5.0 Nef = 6.17 £0.14 x 102 5.65 x 1073
A7p =250 mf = 5.0640.090 x 103 430 x 1073
Agy =250.0 nsf = 6.16£0.16 x 10* 2.07 x 1072
Xos = 500.0 nof = 2.0340.034 x 103 1.23 x 107
Aoy = 1,000.0 mos = 1.20+£0.092 x 10*  1.83 x 1072

[if=2.15£0.18 x 10
Iyp =0.374£0.016
I35 = 0.060 & 0.0032

Py =2.0
ny=6514+0.33
my = 0.43540.020

Elastic and viscous stress parameters

Gpe = 8.59+£0.43 x 102 a.=0 Gps =3.08£0.16 x 10° ar=0
ge = 0.002 K. =0.01 qr = 0.002 K;=0.01
A Connective Tissue B Fatty Tissue
—_ 10000 - — 10000 -
d [
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Fig. 10 Observed and predicted elastic (G”) and loss (G’) moduli for
connective (a) and fatty (b) tissues. Experimental values average 15
trials. Predicted elastic modulus agrees within 13% of experimental

and that their mechanical properties are the same in all direc-
tions. On the macroscale applicable to relatively large
tissue samples, these simplifying assumptions seem reason-
able, but both assumptions would inevitably fail at the some
fine scale, for example at the scale of bundles of individual
collagen fibers in a hydrated glycoprotein matrix. At the pres-
ent time, anisotropic models would be too complex to imple-
ment. The present study also assumed a linear viscoelastic
relaxation modulus, which also seems a reasonable starting
point for quantitative modeling. Hooke’s Law is a descrip-
tion of linear elastic behavior, in which deformation is line-
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values for both connective and fatty tissue. Predicted loss modulus val-
ues match data well at lower frequencies but at high frequencies deviate
from experimental values by up to 45% for connective tissue

arly proportional to deforming force. The QLV formulation
further assumes hyperelasticity, which allows a nonlinear
(neo-Hookean) relationship between force and deformation.
The QLV formulation is commonly employed in biomechan-
ics, because it matches uniaxial data well and gives a linear
Hookean response (Mendis et al. 1995) when higher order
terms are omitted from the strain energy potential (Miller and
Chinzei 1997).

Although the mathematical derivation is more compli-
cated, multi-mode UCM is a modern rheological formula-
tion that describes shear behavior of a viscoelastic material
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based upon Maxwell relaxation and strain energy (Nasseri
et al. 2002; Phan-Thien et al. 1997). Except for EOMs them-
selves, extraocular tissue geometry is unsuitable for uniaxial
testing, and UCM models cannot describe the strain-time
inseparability of soft tissue under low strain (Bilston et al.
2001). The UCM formulation assumes isotropy and homoge-
neity, an approach used by Bilston et al. (2001) and Nasseri
etal. (2002) that was considered appropriate for current study
since the potential anisotropy and homogeneity of extraocu-
lar tissue are unknown. This is a reasonable initial approach,
since well-established multi-mode UCM models are often
used to describe constitutive properties in rheological stud-
ies of other biomaterials. For example Nasseri et al. (2002),
characterized pig kidney using a multi-mode UCM model
that closely matched observed data.

The connective and fatty tissue models developed in the
current study combine a multi-mode UCM formulation to
represent viscoelastic characteristics, with the response of a
Mooney-Rivlin material, and an extension of Hooke’s Law
for a large deformation to characterize hyperelasticity. The
sum of the elastic and viscoelastic contributions is then mod-
ified by a strain-dependent damping function. As confirmed
by viscometry and dynamic testing, each mechanical model
for connective and fatty tissues makes accurate general pre-
dictions based upon only single parameter set derived from
a subset of experimental data. In each case, the damping
function reduces to unity at infinitesimal strain, at which
each model reduces to a multi-mode Maxwell model with
shear rate-dependent viscosity. The multi-mode UCM mod-
els, based on parameters derived from nonlinear least square
fitting to both stress relaxation and a subset of viscometry
data, predicted elastic and loss modulus to within 13% of
experimental values. Predicted shear stress values for differ-
ent shear rates during viscometry were within 12% of experi-
mental values. These findings present study demonstrate that
multi-mode UCM is a reasonable formulation for predicting
shear stress, elastic modulus, and loss modulus over a broad
range of shear rates and strain levels in connective and fatty
tissue of the bovine orbit.

Values obtained from dynamic testing of both elastic mod-
ulus and loss modulus observed here for orbital fatty tissue
are similar to those reported by Schoemaker et al. for an
unspecified mixture of orbital fat and connective tissue of
calves (Schoemaker et al. 2006); these investigators did not
attempt to separate fatty from connective tissue. In the pres-
ent study, all 10 viscoelastic stress parameters fitted to fatty
tissue differed significantly from those for connective tissue.
Itis notable that both elastic and loss modulus values for con-
nective tissues observed here exceeded corresponding values
for fatty tissues by two-fold (Fig. 10a, b), so Schoemaker et al.
presumably tested fatty rather than connective tissue. Pulley
tissue, which is highly collagenous and sparsely deposited
with fat, generates higher dynamic moduli and high shear

stress values than predominantly fatty tissue. Rupture stress
and sheer stress values were three- and five-fold higher for
connective than fatty tissues, respectively. From the results,
it can be inferred that bovine orbital connective tissue, which
contains 98% nonfat tissue by mass, is mechanically stiffer
than fatty tissue having 76% nonfat composition.

Since both physical and mathematical definitions of shear
relaxation modulus and strain in the current study differ
from conventional tensile definitions used in solid mechan-
ics, direct parameter comparisons of current shear models
with conventional tensile data would be inappropriate. How-
ever, some relative trends are comparable. Differences in
elastic constant, G g between connective tissue and fatty tis-
sue shear models indicate that connective tissue is stiffer,
since it has a higher elastic constant. Furthermore, the stiffer
connective tissue has a greater relaxation time constant than
does fatty tissue. Although quantitative agreement should not
be anticipated for the foregoing reasons, a two time constant
(T,) logarithmic quasi-linear viscoelastic equation as used
for tensile characterization of human sclera was fitted to the
current relaxation data for comparison of reported 7¢s. In
human sclera Downs et al. (2005), found a long 7, of 183 +
82s, which is comparable with the current value of 198 &= 16
s for fatty tissue; the long time constant for early glaucoma
eyes of 252 + 107 s was comparable with that of connective
tissue at 245 &+ 13s. Possibly due to the difference in mag-
nitude and rate of imposed ramp strain, current values of the
short T,.s for connective and fatty tissue differed markedly
from that reported for human sclera (Downs et al. 2005).
Alternatively, the difference in short 7, might also reflect a
real biomechanical difference between softer orbital tissues
and sclera.

In summary, we report oscillatory and viscometric shear
data on bovine orbital connective tissue and fatty tissue. The
data were used to build constitutive models consisting of both
hyperelastic and viscoelastic contributions. The viscoelastic
component was modeled by a multi-mode UCM model tem-
pered by a function representing strain softening behavior
and partial failure. Multi-mode UCM models for connec-
tive and fatty tissue both accurately predicted shear and nor-
mal stress in shear flow. The present study demonstrates that
the multi-mode UCM formulation is a good biomechanical
description of the shear behavior of both orbital connective
and fatty tissue. However, for a complete characterization,
behavior under tensile loading should also be studied and
modeled as future efforts. Parameters of models from the cur-
rent study differ significantly between predominantly fatty
deep orbital tissue versus predominantly collagenous con-
nective tissues that are believed to comprise the orbital pulley
system. While the current bovine mechanical parameters may
not be identical to those of humans, it is likely that human
fatty orbital tissues correspondingly differ from human orbi-
tal connective tissues. The mechanical parameters reported
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in the current study are suitable for implementation in widely
used commercial FEA software that may be directly applied
to orbital biomechanical simulations. The strikingly different
mechanical properties of orbital fat versus connective tissues
demonstrated here should be considered in such simulations.
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Appendix
Viscoelastic modeling

Total stress for a viscoelastic solid consists of elastic and
viscoelastic contributions:

S=S8g+ Sy (€))

where Sg is elastic stress and Sy is viscoelastic stress. As
described by Nasseri et al. (2002), Treolar’s special form of
rubber-like elasticity (Treloar 1975) was employed in this
study:

G
Sg = f (1. 1) [ (s —aB—l)] @)

where B is the Finger strain tensor, a deformation tensor
commonly used in describing nonlinear fluid motion; f is
a damping function of the strain invariants defined below;
I, = trB, I, = % (I} —trB?); and Gg and a are con-
stants (Treloar 1975). Viscoelastic stress is described by an
UCM model that is modified by f, the damping function of
invariants /1 and I». According to Phan-Thien et al. (1997),
viscoelastic stress can be modeled by a differential form:

Sy =f (I, 1) Y SY 3)
J
where
. dsv) . .
s +)»j (I, I) [7 — LS — S(j)LT}

=2n; (L) D @

with A ; the relaxation constants, L = VoT, where v is the
velocity and V is a del operator, J, the second invariant of
strain rate tensor, D the strain rate tensor, n; = GjA; is
the viscosity of mode j =1, ..., N, and G; is the rigidity
modulus of mode ;.
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The damping function was taken from Phan-Thien et al.
(1997):

f D) = (14?7 exp [~ (o] (5a)
with
x(,h)=BL+(0—B) L -3 (5b)

where p, m, B, 'y and I', are constants.

Specimens were initially at rest between two parallel plates
for relaxation testing. With rise time set to 0.02 s, a constant
shear rate yp = 0.1s~! lasting only for brief time interval &
was imposed at time # < 0.02s. The sample had undergone
a total strain of magnitude yy = 0.1¢ by time ¢t = 0.02s. For
time t > 0.02s, the shear rate was zero. During this time,
measurement of subsequent decay of the shear stress was of
interest. Ignoring the initial ramp-up, the elastic shear stress
is given by

Sk = fGew 6)

while the viscoelastic contribution for each mode j obeys the
following equations:

. )’) i
S+ 2812 =0, SO = v (M
J
Solving the above ordinary differential equation yields,
nj —t/A;
Sy = L yoe /M ®)
Aj

gives the total shear stress as

N
Nj —t/n;
S =S =nfGe+> LML ©)
="

From the results of relaxation tests, above Eq. 9 was charac-
terized.

Three prominent phenomena can be observed in simple
shear flow with constant shear rate y: the accretion of shear
stress, attainment of peak stress, and finally specimen rup-
ture. As suggested by Nasseri et al. (2002), a good approxi-
mate solution can be obtained by treating f (y)as if it were
a constant in Eq. 3. This leads to

N

Sp=f{Geyt+ > njy (1—e %)L, (10)
j=1

which was characterized through viscometry data.

By determining the dynamic properties, the relaxation
modulus can be calculated, or the dynamic properties can
be calculated from measured dynamic properties, since all
flows at small strains are considered equivalent and interre-
lated (Nasseri et al. 2002; Phan-Thien et al. 1997) . Imposed
strainin small strain oscillatory flow is simply y = y sin wt,
where the strain amplitude ) << 1. The shear stress then is



Viscoelastic properties of bovine orbital connective tissue

913

S = G'yy sinwt + n'wyg cos wt. When f approaches unity,
the dynamic properties are given by the constitutive model

N 2
G'=Gr+>. WA (11a)
; (1 + wzkz)
j=l i*i
N wn;
G’ = / 11b
(o) "
j=1 i
(11¢c)

These Eq. 11a—c were used to validate the model assembled
from the several different types of experiments.
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