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Abstract

Extra-ocular tendons (EOTS) transmit the oculorotary force of the muscles to the eyeball to
generate dynamic eye movements and align the eyes, yet the mechanical properties of the EOTs
remain undefined. The EOTs are known to be composed of parallel bundles of small fibers whose
mechanical properties must be determined in order to characterize the overall behavior of EOTSs.
The current study aimed to investigate the transverse Young’s modulus of EOT fiber bundles
using atomic force microscopy (AFM).

Fresh bovine EOT fiber bundle specimens were maintained under temperature and humidity
control, and indented 100 nm by the inverted pyramid tip of an AFM (Veeco Digital Instruments,
NY). Ten indentations were conducted for each of 3 different locations of 10 different specimens
from each of 6 EOTs, comprising a total of 1,800 indentations. Young’s modulus for each EOT
was determined using a Hertzian contact model.

Young’s moduli for fiber bundles from all six EOTs were determined. Mean Young’s moduli for
fiber bundles were similar for the six anatomical EOTSs: lateral rectus 60.12 + 2.69 (£SD) MPa,
inferior rectus 59.69 + 5.34 MPa, medial rectus 56.92 +1.91 MPa, superior rectus 59.66 +2.64
MPa, inferior oblique 57.7+ 1.36 MPa, and superior oblique 59.15+ 2.03. Variation in Young’s
moduli among the six EOTs was not significant (P > 0.25).
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The Young’s modulus of bovine EOT fibers is highly uniform among the six extraocular muscles,
suggesting that each EOT is assembled from fiber bundles representing the same biomechanical
elements. This uniformity will simplify overall modeling.
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Introduction

Methods

Since extra-ocular tendons (EOTSs) are manipulated by strabismus surgery for correction of
binocular misalignment, it is important to understand their mechanical properties. Although
some non-ocular tendon properties have been reported (Maganaris and Paul, 1999, 2002;
Reeves et al., 2003), mechanical properties for EOTs have not yet been defined. In the
absence of biomechanical data, the best current computational model of the biomechanics of
the extraocular muscles and orbital tissues assumes that the EOTSs are infinitely stiff (Miller
etal., 1999). This obviously unrealistic assumption might cause erroneous simulation
results, and highlights the need to obtain actual data on EOTSs. Investigators in the field have
employed various techniques to accurately determine the biomechanical properties of other
orbital tissues, including conventional tensile elongation (Collins et al., 1981; Quaia et al.,
2009a; Robinson et al., 1969; Simonsz, 1994; Yoo et al., 2009) and micro/nano indentation
(Yoo etal., 2011c; Yoo et al., 2011d) methodologies. Despite studies in some tissues (Boyce
etal., 2007; Quaia et al., 2009a; Quaia et al., 2009b; Yoo et al., 2011a; Yoo et al., 2009; Yoo
etal., 2011b; Yoo et al., 2011c; Yoo et al., 2011d), however, many material parameters of
orbital tissues have yet to be defined.

Atomic force microscopy (AFM) has emerged as a useful nanoindentation tool to determine
properties such as the elastic modulus of biological specimens (Brunner et al., 2006; Kunda
etal., 2008; Lu et al., 2006; Ludwig et al., 2008). In AFM, fine cantilevers serve as soft
nanoindenters, allowing local testing of small and inhomogeneous specimens like cells or
tissues (Collinsworth et al., 2002; Cross et al., 2008; Matzke et al., 2001; Pelling et al.,
2007; Rotsch et al., 1999; Rotsch and Radmacher, 2000). Most current formulations used to
compute mechanical parameters have been based on the Hertz model, as modified to match
experimental conditions such as indenter shape or specimen thickness (Lin et al., 2007;
Radmacher, 1997). The current project employed AFM to characterize, using the Hertzian
theoretical framework, the Young’s modulus of the fiber bundles that comprise the
fundamental building blocks of EOTSs.

Specimen Preparation

Bovine specimens were obtained fresh from a local abattoir (Manning Beef LLC, Pico
Rivera, CA). Total preparation time including transportation time for specimens averaged 60
+ 15 (SD) minutes. Figure 1 shows an EOT extraction site. All six extraocular tendons were
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extracted, and cylindrical fiber bundles were extracted from each under an optical dissecting
microscope.

Fiber bundles had thickness ranging from 16 to 20 um and the length ranging from 10 to 15
mm. Figure 2A shows a bovine EOT at low magnification.

In order to avoid substrate effect, the ends and the middle of the extracted EOT fibers were
glued to the glass bottom of a Petri dish. Ten fiber bundle specimens were prepared from
each of the six anatomical bovine EOTSs.

Nano-mechanical analysis of tendon fiber bundles using AFM

Hertz Model

Experiments were conducted using a Dimension 5000 Scanning Probe Microscope (Veeco
digital instruments, Plainview, NY) in contact mode. The spring constant of the cantilever
was determined to be 0.02 Nm™1 by fitting the first resonance of the thermally-actuated
spectrum. For distance calibration of the deflection signal, the sharpened silicon nitride
cantilever bearing an inverted pyramid tip with 35° side angle was pushed against a glass
substrate, for which zero indentation was assumed, to a known distance of 1 um.
Measurements were recorded at 37° C at 100% humidity and 1 Hz rate for 100 nm
indentation at three different locations within each specimen. Force—displacement curves
were recorded to determine the transverse stiffness (Young’s modulus, E) of tendon fiber
bundles.

The Hertzian Model approximates the specimen as an isotropic, linear, elastic solid
occupying an infinite half space. Furthermore, it is assumed that the indenter is not
deformable and that there are no additional interactions between indenter and sample. If
these conditions are met, the Young’s modulus (E) of the specimen can be determined. For
most biological tissues, the energy delivered by the indenter is not completely returned upon
withdrawal, but dissipates because of viscoelastic or plastic behavior that would also appear
as the hysteresis difference between loading and unloading regions of the force curve
(Figure 3). However, through preliminary experiments it was discovered that EOT fiber
bundles exhibited no detectable hysteresis, and thus purely elastic mechanical behavior.
Because loading and unloading phases overlapped without a hysteresis loop, it was
justifiable to use the Hertzian contact model.

Young’s moduli were calculated by converting force—displacement curves into force—
indentation curves and fitting with the Hertz model. The Hertz model assumes indentation
up to 3% of specimen thickness to be negligible in comparison to sample thickness, so that
the substrate does not influence the calculations. The equation relating force, indentation,
and Young’s modulus of the specimen is given in Eqg.1 (Lin et al., 2007).

_ E tana§2
C1-02 2 Eq-L
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where F is indenting force, &is indentation distance, E is Young’s modulus of the specimen,
vis the Poisson’s ratio, and a is the side face angle of the pyramidal indenter. More detailed
discussion on the calculation and application of this model to mechanical properties of soft
tissues can be found in previous publications (Almgqvist et al., 2004; Matzke et al., 2001;
Rotsch et al., 1997; Rotsch and Radmacher, 2000; Sneddon, 1965). For calculation of elastic
behavior, the Poisson’s ratio of the specimen was assumed to be 0.5, as is typical for soft
biological material where incompressibility is assumed. Analysis was restricted to low force
ranges resulting in shallow indentations (<100 nm) to prevent damage to the specimen
surface and to reduce any possible influence from substrate induced effects (Rotsch and
Radmacher, 2000; Stolz et al., 2004).

A total of sixty EOT fiber bundle specimens were prepared (10 specimens from each of six
EOTs) and three different locations were chosen along each fiber bundle specimen to obtain
10 force-indentation recordings per site. Most of specimens revealed behavior close to linear
albeit not perfectly. Because the Hertz model for a pyramidal indenter relates force to the
square of indentation distance, fitting to any perfectly linear result produced more errors
than fits to nonlinear results. Figure 5 shows samples of the best and worst fits of the model
to the results.

After determination of Young’s modulus from curve fitting, values of Young’s modulus was
averaged for each EOT fiber bundles and are plotted in Figure. 6.

Young’s modulus averaged over all fiber bundles from anatomical EOTs was 58.88 + 3.35.
Young’s moduli for the six different anatomical EOTs did not differ significantly as the T-
test indicated. (P > 0.25)

Discussion

Nano indentation of EOT fiber bundles analyzed within the Hertzian framework effectively
characterized the transverse Young’s modulus, a critical mechanical parameter, for bovine
EOT fiber bundles. The authors believe that the present investigation is the first to do so by
nano indentation characterization in EOT. The mean transverse Young’s modulus for fiber
bundles from lateral, inferior, medial, superior recti, inferior and superior oblique EOTs
were computed to be 58.88 + 3.35 MPa, a value that did not vary significantly according to
the anatomical extraocular muscle from which the EOTs were obtained.

Figure 7 shows previously reported Young’s modulus for a wide range of materials (Alonso
and Goldmann, 2003; Dimitriadis et al., 2002; Stolz et al., 2004; Wenger et al., 2007). Fibers
from EOT have a transverse Young’s modulus between stiff gelatin and protein such as
collagen, and significantly higher than for cells or gelatin. Since EOT fiber bundles are
comprised mainly of collagen, the observation that the Young’s modulus of EOT fiber
bundles is appreciably less than that of collagen implies a more compliant micro-structure.
Tendon fibers have been reported to have a helical microstructure that gives arise to volume
loss under axial tensile loading (Reese et al., 2010; Rigby et al., 1959). It is also generally
accepted that the helical structure of fiber bundles causes the fiber-aligned modulus to be
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one to two orders of magnitude larger than the transverse modulus (Lynch et al., 2003;
Quapp and Weiss, 1998; Yamamoto et al., 2000). The presentation determination of EOT
fiber bundle transverse Young’s modulus as one to two orders of magnitude less than the
axial modulus of collagen is thus consistent with known properties of non-ocular tendons.
The difference between transverse and axial Young’s moduli can result from an
endotendinous sheath that provides a stress shielding effect (Yamamoto et al., 2000).

Unlike other ocular and orbital tissues (Yoo et al., 2009; Yoo et al., 2011d), single fibers
from EOT exhibit much higher stiffness and purely elastic, rather than viscoelastic,
behavior. From previous investigations on viscoelastic characteristic of orbital/ocular
tissues, it was reported that Young’s modulus of most of orbital tissues does not exceed
120kPa (Yoo et al., 2011d). Perhaps the purely elastic behavior of EOT facilitates the
extreme eye movements also known as saccades, which are not only the fastest movements
achieved by any part of the body, but are regulated by neural commands that appear
optimized to minimize the time required to shift from one eye position to the next (Kirchner
and Thorpe, 2006). Saccades must be brief because vision during the flight of a saccade is
nearly impossible as saccade speed typically ranges from 300°/s to 600°/s; saccade durations
range from 20 — 200 ms (Lebedev et al., 1996). Since EOTSs are in series with the actuating
extraocular muscles, any viscous behavior of EOTs would have the undesirable effect of
damping peak saccade acceleration and prolonging the intra-saccadic period of impaired
vision. Moderately high EOT stiffness would also be desirable, since elongation under load
would dissipate the muscle force required to rotate the eye.

The highly reproducible determination of transverse Young’s modulus of EOT fiber bundles
reported in the present study not only gives us an insight to the axial stiffness of EOTSs, but
also should facilitate quantitative modeling of ocular motor biomechanics. It would be
reasonable to model all EOTs similarly, reducing the complexity of models representing
interactions among multiple extraocular muscles. Such a representation might ultimately be
represented using finite element analysis in a theoretical framework practical for graphical
simulation of quasi-static strabismus and its surgical treatment.

The current investigation employed AFM to determine the transverse Young’s modulus of
bovine EOT fiber bundles, and to demonstrate that they have negligible viscous properties.
As anticipated, the determined value of Young’s modulus for EOT fiber bundles was
significantly lower than that of collagen, suggesting that EOT fiber bundles incorporate fine
structural features that increase compliance without introducing viscosity. Since the
transverse properties of EOTs in macroscopic scale involve multi constituents such as
collagen as well as components that comprise connective tissue sheath around the EOTSs, the
value of Young’s modulus reported in current investigation does not reflect the macroscopic
properties of EOTs. However, the value reported in the current study can serve as the low
threshold for EOT transverse properties in macroscopic characterization.
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Figure 1.
Two different bovine EOTSs during extraction from a dissected orbit, illustrating their

composition from numerous thin, parallel fiber bundles. A. Superior rectus EOT has been
reflected anteriorly (upward in the photograph) over the cornea that is to the left. B. Superior
oblique EOT has been reflected laterally (downward in the photograph) away from the
sclera after fracture of the trochlea at upper right.
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I 5 mm i

Figure 2.
A. Bovine lateral rectus EOT showing horizontal grain composed of parallel fiber bundles.

B. Extracted EOT fiber bundle contacted by AFM indenter at the tip of triangular cantilever
whose shadow appears at right.
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Figure 3.
Hypothetical force-displacement curve for viscoelastic soft tissue specimens. Difference

between loading and unloading phases represents energy dissipated through viscosity.
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Figure 4.
Sample graph of loading and unloading phases of lateral rectus EOT. Loading and unloading

phases of all EOTs exhibited exactly the same behavior, indicating pure elasticity to the
limit of measurement error.
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Figure 5.

A. Best curve fitting to result. B. Worst curve fitting result that occurred when the behavior
was purely linear.
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Figure 6.
Mean Young’s modulus of fiber bundles for the 6 anatomical extraocular muscles. (N = 300

measurements each) A. Lateral rectus. B. Inferior rectus. C. Medial rectus. D. Superior
rectus. E. Inferior oblique. F. Superior oblique.
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Figure 7.
Young’s moduli for various materials [31-34], including EOT fiber bundles.
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