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Abstract

The adhesion between the extraocular muscles and the sclera affects eye movement. The
contact and pull-off tests and finite element simulations were used to study the extraocular
muscle-sclera adhesion and its variation with eye movement in this research. The effect of the
adhesion on the eye movements was also determined using equilibrium equations of eye motion.
The contact and pull-off tests were performed using quasi-static and non-quasi-static unloading
velocities. Finite element models were developed to simulate these tests in cases with high
unloading velocity which could not be achieved experimentally. These velocities range from the
eye's fixation to saccade movement. The tests confirmed that the pull-off force is related to the
unloading velocity. As the unloading velocity increases, the pull-off force increases, with an
insignificant increase at the high ocular saccade velocities. The adhesion moment between the
extraocular muscles and the sclera exhibited the same trend, increasing with higher eye movement
velocities and higher separation angles between the two interfaces. The adhesion moment ratio to
the total moment was calculated by the traditional model and the active pulley model of eye

movements to assess the effect of adhesion behavior on eye movements. At the high ocular

1


mailto:guohongmei@tyut.edu.cn

27

28

29

30

31

32

33

saccade velocities (about 461 deg/s), the adhesion moment was found to be 0.53% and 0.50% of

the total moment based on the traditional and active pulley models, respectively. The results

suggest that the adhesion behavior between the extraocular muscles and the sclera has a negligible

effect on eye movements. At the same time, this adhesion behavior can be ignored in eye

modeling, which simplifies the model reasonably well.

Keywords: Adhesion behavior, Extraocular muscle, Eye Movement, Viscoelasticity, Finite

element.
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1. Introduction

During the eye movement, the extraocular muscle (EOM) regulates the rotation of the eyeball,
leading to an inevitable contact and separation process between the surface of the sclera and the
EOM, which results in adhesive interactions. Previous studies have investigated the material
properties of EOM along the length direction (including strength, tangent modulus, and toughness),
but have neglected the properties in the thickness direction of the EOMSs and the adhesion
properties between the sclera and the EOMs [1-5].

The adhesion behavior of biological tissues is commonly assessed using contact and pull-off
tests, where a rigid indenter is brought into contact pressed into the test material, and subsequently
separated [6-8]. Dai et al. investigated the adhesion behavior of facial skin using contact and pull-
off tests, revealing variations in adhesion behavior under different moisture conditions [9].
Similarly, Zhu et al. conducted contact and pull-off tests on silicone hydrogel contact lenses while
on the cornea, demonstrating that different lens materials affected the lens-cornea adhesion
differently [10]. In a more recent study, contact and pull-off tests were employed to determine the
adhesion behavior between the retina and the vitreous, which was identified as a significant factor
contributing to rhegmatogenous retinal detachment [11].

The theoretical foundation of contact and pull-off tests can be traced back to the early
research conducted by Kendall and colleagues, specifically the Johnson-Kendall-Roberts (JKR)
model [12-14]. The JKR model primarily describes the contact mechanics between two elastic
solids or an elastic solid and a substrate of another material, where under the influence of Hertzian
contact pressure, adhesive forces are generated and result in a necking-like deformation in the

contact region, thereby increasing the contact area. According to the JKR model, contact stresses
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gradually approach infinity at the contact edge, and the resulting pull-off force during separation is
given by P,y o =—1.97RAy | where R denotes the radius of the indenter while Ay
represents the work of adhesion. The elastic behavior of adhesive contacts can also be

characterized by the Tabor parameter £ [15], which can be expressed as

1/3
B RAy?
“o B

where E” = [(l—vf )/E1 +(1—v22 )/EZJ_1 is the equivalent elastic modulus (E,, v; and E,, v,
denote the elastic modulus and Poisson’s ratio of the two contacting elastic spheres, respectively)
and Z, represents the equilibrium distance. As reported in earlier research, the JKR model is valid
for cases in which p > 5, a condition that applies to this study [16].

Soft materials can be broadly categorized as either elastic or viscoelastic. The JKR theory is
primarily applicable to elastic soft materials. However, the analysis becomes more complex when
dealing with viscoelastic materials due to the consideration of velocity dependence.

In cases of viscoelastic materials, even when unloading velocity approaches zero, the JKR
theory can still be utilized to evaluate their behavior. This theory gains importance when studying
the adhesion between two viscoelastic materials during separation. Under specific conditions, an
increase in velocity-induced adhesion is observed due to the velocity-dependent properties
inherent to viscoelasticity, which are absent under quasi-static conditions [17-19]. This
phenomenon has been well-documented across various viscoelastic materials, highlighting the
influence of strain rate [20, 21].

Notably, Muller's work highlights that when viscoelastic spheres come into contact with a

plane, pull-off forces can significantly exceed the thermodynamic predictions from the JKR theory,
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and this discrepancy exists even at minimal separation velocities [22]. Steady fixation velocities

are less than 2 deg/s (26 mm/min), smooth pursuit tracks moving targets at velocities below 70

deg/s (911 mm/min), and the peak saccade velocity is up to 600 deg/s (7806 mm/min) [23, 24].

Since the velocities of some eye movements may be outside the quasi-static velocity range (higher

than 30 mm/min), these movements may surpass the applicability limits of the traditional JKR

theory [24-26]. Therefore, it is necessary to adopt the JKR-like viscoelastic model in this study to

accommodate the velocity dependence due to the tissue’s viscoelastic behavior.

In this context, Afferrante and Violano conducted a significant study using a JKR-like test

between an optical spherical glass lens and a viscoelastic rubber substrate [27]. They developed an

analytical solution based on the JKR theory, offering insights into the detachment of a rigid sphere

from a viscoelastic substrate [28]. This solution provides a nuanced understanding of viscoelastic

adhesion behavior by presenting applied load and contact penetration as functions of the contact

radius, thus enabling a more accurate representation of velocity dependent viscoelastic detachment.

In addition to theoretical analysis, the finite element method serves as a valuable tool for

simulating interfacial adhesion. For instance, He conducted finite element simulations to

investigate the detachment of a spherical indenter from an elastic film [29]. This study identified

the key factors governing interfacial instability modes and proposed methods to hinder such

instabilities. Jiang developed a finite element model to explore the contact between a

polydimethylsiloxane (PDMS) stamp substrate and a spherical viscoelastic adhesive indenter [30].

The study showed that the rate dependence became more pronounced at higher unloading

velocities. Afferrante and Violano investigated classical Hertzian contact adhesion using a finite

element approach, incorporating adhesive interactions described by the Lennard-Jones potential
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and viscoelastic behavior described by a standard linear solid model [31, 32]. Their study revealed
a significant velocity dependence of the adhesion force.

The effect of the adhesion behavior of the EOM to the sclera on eye movements can be
assessed by modeling eye movements. In the study of eye movement models, the perception of
eye movement was changed by the discovery of the pulley, a connective tissue of the EOM
bonded to the orbital wall, the presence of which altered the path of force on the EOM. Currently,
two common models are used in eye movement modeling: the traditional (non-pulley) model and
the active pulley model. In the traditional model, the EOMs are constituted by several key points:
the insertion point, the tangent point, and the origin point (the end where the EOM is attached to
the bony orbit) [33]. Demer et al. proposed the active pulley hypothesis, which views the location
of the pulley as a functional origin for eye movements, with the functional origin moving with the
eye during eye movements [34]. Many reviews have described active pulley behavior and
emphasized that pulleys are the functional origin of EOM [35-38]. In this study, the EOM
behavior in the thickness direction was determined in compressive stress-relaxation tests. The
study also quantified the adhesion behavior between the EOM and the sclera using experimental
and finite element analysis methods. The effect of this adhesion on eye movement was then
quantified by calculating the ratio between the adhesion moment, and the total moment using the

traditional model and the active pulley model.

2. Materials & methods

2.1 Specimens preparation

A total of 180 porcine eyes, of animals aged between 6 and 8 months, were procured from a

6
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local slaughterhouse and promptly transported to the Laboratory of Soft Tissue Biomechanics,

Taiyuan University of Technology, within 24 hours post-mortem. The eyes were placed in an ice

pack during transport, preventing dehydration and tissue decay. At room temperature, the EOMs

were dissected from each eye using scissors and forceps, and subsequently cut into strips with

dimensions of (24.3 £3.4 mm) %< (10.2 £2.2 mm) < (2.5 0.5 mm). In making an EOM specimen,

the fat was carefully removed and the membrane on the surface of the EOM was preserved. We

chose the portion of the sclera posterior to the EOM insertion point for scleral specimen

preparation, which was positioned between the anterior and equatorial portions of the sclera. The

sclera was cut into a specimen twice the radius of the indenter with surgical scissors. The circular

sclera specimens are shown in Fig. 1. The indenter was dipped in glue and bonded to the sclera,

and the excess of the scleral specimen was cut off. Before conducting the contact and pull-off tests,

the thickness at the center of the sclera specimens was measured three times using a laser

displacement sensor (LK-H050, Keyence Corporation). The thickness of the sclera was recorded

as 0.55 £0.23 mm.

Fig. 1. The shape and size of the porcine sclera tissue specimens. Scale bars are labeled in the

lower right corner of the figure. Scleral specimens bonded at indenter radii of (a) 1 mm, (b) 1.5

mm, and (c) 2 mm are shown.
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2.2 Contact and pull-off tests
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Instron 5544
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Fig. 2. The adhesion behavior between the sclera and the EOMSs. (a) The EOMs responsible for
controlling eye movements include the lateral rectus (LR), medial rectus (MR), superior rectus
(SR), and inferior rectus (IR) muscles, as well as the superior oblique (SO) and inferior oblique
(10) muscles. The inset provides a visual representation of the adhesive interaction hypothesis
between the sclera and EOMs during eye movements. (b) Schematic of Instron 5544 testing

machine. The illustration is a partial enlargement of the specimen. (i) Contact between the scleral
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tissue-wrapped indenter and the EOM in the contact and pull-off tests. (ii) Contact between the

flat-ended indenter and the EOM in the compressive stress-relaxation tests. (c) A diagram outlines

the contact and pull-off test procedure, including (i) the loading phase, (ii) maximum compression

force, (iii) pull-off force, and (iv) separation. (d) The adhesion force-displacement diagram of a

typical specimen, with an unloading velocity of 6 mm/min. (e) A schematic diagram illustrates the

different phases of the contact and pull-off test. (f) Experimentally captured images depict the

various phases of the contact and pull-off test. The scale bar is labeled in the lower right corner.

The EOMs responsible for controlling eye movements include the lateral rectus (LR), medial

rectus (MR), superior rectus (SR), and inferior rectus (IR) muscles, as well as the superior oblique

(SO) and inferior oblique (10) muscles. Physiologically, the EOMs wrap around the sclera, with

adhesive interaction between the two tissues due to their viscoelastic nature (Fig. 2.a). To

investigate the adhesion behavior between the sclera and the EOMs at room temperature, contact

and pull-off tests were conducted.

The contact and pull-off tests were performed using an Instron 5544 (Instron, Boston, USA)

testing machine, equipped with a load cell with 5 N capacity and 0.001 N accuracy (Fig. 2.b). In

preparation, the sclera specimens were glued onto spherical indenters with radii of 1 mm, 1.5 mm,

and 2 mm. The test process then commenced as follows:

(i) The scleral tissue-wrapped indenter moved towards the EOM tissue at a velocity of 1

mm/min until contact was established.

(ii) The scleral tissue-wrapped indenter was pressed into the EOM to achieve a maximum

indentation of 0.1 mm. The force corresponding to this displacement is referred to as the preload

force. Subsequently, the scleral tissue-wrapped indenter was pulled away from the EOM with
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unloading velocities that included quasi-static velocities of 0.5, 1, 6, 18, and 30 mm/min; and non-

quasi-static velocities of 42 and 300 mm/min. The number of EOM specimens used in the above

experiment is shown in Table 1.

Table 1. Number of EOM specimens with different unloading velocities for contact and pull-off

tests.

Indenter 0.5 1 6 18 30 42 300

radius mm/min - mm/min - mm/min mm/min - mm/min - mm/min - mm/min

1 mm 31 28 30 29 27 31 27
1.5mm 35 25 28 29 30 32 28
2mm 26 30 26 27 29 28 29

(iii) As the scleral tissue-wrapped indenter detached from the EOM, peeling occurred at or
near the maximum adhesive force (Pull-off force Fpu”,oﬁ ).

(iv) Finally, the scleral tissue-wrapped indenter completely separated from the EOM, and the
force measured by the sensor returned to zero.

The entire experimental process was carefully observed and documented using a charge-
coupled device (CCD) for image acquisition. Fig. 2.c shows a schematic diagram of the contact
and pull-off tests including the four steps described above.

Data collection started when the gap between the sclera and the EOM was 0.1 mm, and the
indenter was then displaced towards the EOM specimen for 0.2 mm leading to a maximum
indentation of 0.1 mm, before reversing the loading direction. Fig. 2.d shows the adhesion force-

displacement diagram of a typical specimen, with an unloading velocity of 6 mm/min.
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Furthermore, to evaluate the effect of air exposure duration on the EOM-sclera adhesion

behavior, EOM strips were acquired and divided into two groups — with 30 specimens each — one

with 15 min exposure, and one with 30 min exposure — both groups were subjected to an

unloading velocity of 0.5 mm/min. Exposure time refers to the time from the dissection to the end

of the test, corresponding to the entire procedure of strabismus surgery. The number of EOM

specimens used in the above experiments is shown in Table 2.

Table 2. Number of EOM specimens with different exposure times for contact and pull-off tests.

Indenter radius Exposure time 15min Exposure time 30min
1 mm 31 25
1.5mm 35 28
2 mm 26 23

In all tests, two parameters were of particular interest: First, the Fpu”,oﬁ at stage (iii), which
prevented the EOM-sclera separation; Second, the work of adhesion, Ay, defined as the work
required per unit area to separate the two tissues from initial contact to infinite separation. This
parameter is crucial in characterizing the strength of adhesion between the two tissues. To
determine Ay, the adhesion energy, U , was obtained first by integrating the attraction region of
the behavior curve (gray area in Fig. 2.c). Subsequently, U was divided by the contact area to
determine Ay . Fig. 2.e presents a schematic diagram illustrating this process, while Fig. 2.f

shows images of the contact and pull-off test.
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2.3 Compressive stress-relaxation test

In this study, uniaxial compressive stress-relaxation tests were conducted on porcine EOMs,
where the EOMSs were subjected to compressive loads along the thickness direction. The EOM
specimen did not slide on the test bench during the test. A total of 14 EOM specimens were tested
using an Instron 5544 tester. A flat-ended indenter with a diameter of 5 mm was used at 1 mm/min
to compress the specimens with a compressive strain of 10%. The schematic diagram of a flat-
ended indenter compressed into the EOM is shown in Fig. 2.b. After the ramp loading phase, the
compression was held constant for 500 seconds to allow the specimens to stress-relaxation. Each
specimen was tested only once. Considering the elevated levels of strain, such as that applied in
our tests, can result in permanent tissue deformation, no preload was applied. Additionally, a

humidifier was used throughout to make sure that the tissue did not dehydrate.

2.4 Theoretical Analysis

2.4.1 JKR-like viscoelastic model

In the seminal work by Johnson, Kendall, and Roberts, an analytical closed-form solution
was developed to characterize adhesive contact between a rigid sphere and an elastic, soft half-
space [12]. The JKR theory provides straightforward expressions that establish relationships
between the applied load F , indentation displacement ¢ , and contact radius & . However, in the
context of viscoelastic materials, an equivalent solution does not exist, necessitating the utilization
of numerical or semi-analytical methods to address the problem [28].

When the approach and retraction phases are performed under quasi-static conditions, the

viscoelastic substrate behaves as an elastic medium. For an elastic substrate, F and ¢ can be
12
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determined in terms of & by JKR theory

* 43
F =% ERa _J8rE'aAy 1)

2
5= [T @)
R E

where E” is the equivalent elastic modulus, Ay is the work of adhesion, which depends on the

adhesion properties of the contact interface, and R is the radius of the indenter.

In the presence of a viscoelastic substrate, the process of detachment involves the occurrence
of viscous dissipation. Gent and Schultz introduced the concept of an equivalent work of adhesion
Ay to account for this dissipation [39]. An empirical relationship known as the Gent-Schultz
law is often used to describe crack propagation, which is similar to the separation process between
the sclera and the EOM. The Ay, was found to be dependent on the velocity of loading and is
typically expressed as a function of the contact line velocity v, =—da/dt [40, 41]. This
dissipation function is characteristic of viscoelastic materials and is not influenced by the

geometry of the contact. These observations can be explained by the following empirical equation.

Ay = Ay{l{\vl—ij } @)

The crucial point to note is that the effective adhesion energy relies on the crack front
velocity, denoted as the characteristic velocity v* and the power-law exponent N, which can be
determined through experimental measurements [19, 22, 39]. It is important to highlight that the
exponent N is not a universal value but varies depending on the viscoelastic modulus [22, 42].
Generally, values for N typically range from 0.1 to 0.8 [43]. However, some arguments have been

put forward suggesting that it is linked to the distribution of characteristic relaxation times within
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the viscoelastic material [44].

To accurately characterize the detachment behavior, it is necessary to determine the precise

parameters of the contact line velocity V, and the contact radius @. Considering that the pulling

velocity is denoted as V =—do / dt, the derivative da/do can be numerically calculated by

solving a differential equation given by Muller [22], while Violano et al. estimated da/d¢ from

the JKR solution [45].

-1
v, = (ﬁ— ”A{j @

Due to the difficulty of experimental measurements, Eq. (4) was used to calculate the
approximate value of V.. The Ay can be initially estimated by substituting V, into Eq. (3).
Inspired by a similar approach proposed by Barthel and Roux, for the effects caused by the
viscoelastic energy of the EOM at different velocities in this study, the F and ¢ in the
viscoelastic substrate can be determined while the Ay, was used to replace the Ay in the Egs. (1)
and (2) [43]. For a rigid indenter wrapped with scleral tissue, the radius is R=r +h, where r is
the radius of the indenter and h is the thickness of the sclera. The equivalent elastic modulus of

the indenter wrapped with scleral tissue and the EOM substrate becomes

1

E* = |:(1_ V:dem )/ESCIera + (1_VI§OM )/EEOM :|7 . Therefore,

4 E*a® —
F 3R —[87E"a’Ay,, (5)

2 2raA
e ®

when V, tends to O, the above equation will change to the form applicable to quasi-static, i.e., Egs.

(1) and (2).
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To make the results more generalizable, all dimensional parameters were converted to
dimensionless parameters. The dimensionless forms were proposed by Lin and Violano, that is,
F=F/(37RA7 ), $=0[3r°ar2RI(2E2)] . 4=alR. Afy =47 /(ER),
ﬁpu"_oﬁ = Founoft /(37TRA}/eff ) U, =V_/V', and thus \j =\/ /v [28, 46].

Therefore, the above relationships can be rewritten as

F= gé“ — [878°A7,, 7)
5=8"- m ©)

In Eq. (7), the first term is the dimensionless Hertzian contact pressure, while the second is

the dimensionless Kendall interface adhesion force.
2.4.2 Wiechert Viscoelastic Model

Most biological tissues, including the EOM, exhibit viscoelastic properties. To characterize
the viscoelastic behavior of the EOM, the Wiechert model was selected [2]. This model employs a
superposition of linear combinations of multiple spring-damper units (Fig. 3), allowing for the
separation of transient elastic behavior from long-term viscoelastic behavior. This approach
enables an accurate description of the stress-relaxation behavior of the material and facilitates the

use of finite element analysis.
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Fig. 3. Schematic diagram of the Wiechert viscoelastic model.

N
N

When utilizing the Abaqus software, it becomes essential to employ the Prony series
formulation, which involves considering multiple characteristic times z; (i =12,.., N). In this
formulation, the time-dependent relaxation modulus E(t) is expressed in terms of the Prony

series [47]:

E(t)=E, —= 9)

The relaxation modulus of the EOM in the time-dependent relaxation modulus E(t),
normalized by the initial modulus E, =E_ /(1_2::19“)’ can be expressed using the Prony
series E(t)/E,=1-Y " g, (l—e_t”i )

For the Abaqus software, when a viscoelastic model is defined in the time domain, the
following parameters need to be provided as input: g; (normalized Prony coefficients for shear
behavior), K; (normalized Prony coefficients for volumetric behavior), and 7; (relaxation times of
the Prony series). Abaqus assumes that g; and K; are independent of each other. In this particular

study, the volume changes in the material are not taken into account, so the K; values will be

16



293 omitted [48]. The specific values for g; and 7; are presented in Table 3.

294 Table 3. The relevant parameters of the finite element model.

Model Material model  Density Material parameters
Indenter Elastic 7.85 g/cm?® E =200 GPa, v=0.3
Sclera Elastic 1.076 g/cm?®[49] E =11.2 kPa, v =0.47 [This work]
E =4.34 kPa, v =0.47
Elastic 0,=0.25, 7,=1.72s )
EOM 1.060 g/cm? [50] [This work]
Prony g,=0.23, 7,=23.945s

0,=0.27, 7,=276.17s

295

206 2.5 Finite element model

297 Based on the experiments in the previous sections, a finite element model was constructed
298 ysing the commercial Abaqus software, as illustrated in Fig. 4.a. The radius of the spherical rigid
299 indenter is I and the thickness of the sclera is h. The total radius of the scleral tissue-wrapped
300 indenter is R =r-+h. The indenter was set as a rigid body according to the experiment, and then
301 the "Tie" was used to bind the indenter to the scleral tissue. The scleral tissue was characterized by
302 3 linear elastic model, while the EOM was assumed to follow both a linear elastic constitutive
303 model and a viscoelastic constitutive model based on the Prony series. Specific parameters are
304 shown in Table 3. The model was created using axisymmetric four-node elements (CAX4RH).
305 The indenter radius was set to 1 mm, and the thickness of the sclera model was assumed to equal
306 the average experimental value of 0.55 mm. In the EOM model, the dimension along the x-axis is
307 half the width of the experimental EOM with a size of 5 mm, and the dimension along the z-axis is
308 the thickness of the experimental EOM with a size of 3 mm.

309 The descent of the indenter continued for 0.2 mm, resulting in & of approximately 0.1 mm.
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Upon reaching this value of the §, the indenter reversed its direction of travel while adopting the

bilinear cohesive zone model (CZM) depicted in Fig. 4.b [51, 52].

(a) (b)
A O-n
O-n,max __________ )
g :
8 .
2 :
£ Ko
O 5,;’0 5n,max 5
Separation !

Fig. 4. Schematic diagram of the contact model between the scleral tissue-wrapped indenter and
the EOM. (a) Finite element meshing diagram. (b) Model of the bilinear cohesive zone between

the two contact surfaces used to simulate the finite element model.

In the finite element simulations, the scleral compressive elastic modulus in the thickness
direction was derived from the results of the uniaxial compression test on porcine sclera in vitro,
which are presented in Table 3. The details of this experiment are described in the Supplementary
Material. The compressive elastic modulus of the EOM in the thickness direction was obtained
from the indentation phase of the compressive stress-relaxation test, specifically before the
relaxation occurs. This elastic modulus was determined by analyzing the experimental results

using the model proposed by Sneddon and shown in Eq. (10) [53].

e F—) )
2a0

where F is the applied load, v is the Poisson's ratio, & is the contact radius, and § is the
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indentation displacement.

To simulate the adhesion behavior between the sclera and the EOM at different separation
velocities, the unloading velocities in the finite element simulation were set to the experimental
values of 0.5, 1, 6, 18, 30, and 42 mm/min, as well as eye saccade velocities of 300, 3000 and
6000 mm/min. The adhesion behavior was primarily determined by the bilinear criterion of the
work of adhesion, specifically the area under the cohesion zone model curve (Fig. 4.b). However,
the exact shape of the cohesive zone model has negligible influence on the overall adhesive
response as long as the area under the cohesive zone model curve remains constant [54].

In this study, it was assumed that the adhesion between the scleral tissue-wrapped indenter
and the EOM specimen was simultaneously and independently present in the normal and
tangential directions. Under the interaction module, the cohesive behavior was selected in the
contact property option. The stiffness value of K was set to 20 MPa/mm in the normal direction
and the other two tangential directions, respectively, with the "any slave nodes experiencing
contact” option.

The damage criterion adopted in the interaction module was set to "maximum separation”,
with values of 5n10 was set to 9 X 10> mm. Evolution of specify damage was controlled by energy,
and the fracture energy parameter was calculated using Eq. (3) to determine the equivalent work of
adhesion at velocities of 300, 3000, and 6000 mm/min. At a velocity of 0.5 mm/min, the
equivalent work of adhesion was set to 1.3 X107 J/mm?. Other parameter settings are shown in the
Supplementary Material.

The contact area was meshed using a local seed size of 0.01 mm, while other areas of the
EOM were meshed using unidirectional encrypted seeds with a minimum size of 0.01 mm and a
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maximum size of 0.2 mm. The sclera was also locally seeded in the contact area with a size of
0.01 mm, while other areas used global seeds with a size of 0.2 mm. When the number of
elements in the finite element model was tripled, the error caused by increasing the number of
elements was 3.6%. From the above results, it is indicated that the finite element meshing is
reasonable and the resulting error can be accepted.

The models assumed that the nodes at the bottom boundary of the EOM were completely
fixed, while the nodes on the symmetry axis were restricted in the perpendicular direction of the
symmetry axis. Two analysis steps were defined for the model, both of which were defined as
viscous steps. The contact and pull-off process observed experimentally between the scleral tissue-

wrapped indenter and the EOM was simulated using the displacement control methods.

2.6 Eye Movement Model

During eye abduction, both the active contraction force of the LR and the passive force of
MR are essential in maintaining the mechanical balance of the eye [55]. Therefore, this study
focuses on calculating the active moment of the LR (M, ) and the passive moment of the MR
(M pa) Dy using the traditional model and the active pulley model. The active pulley model differs
from the traditional model by considering the pulley of the EOMs. Setting the center of the eye at
point O as the (0, 0) point, OXYZ was defined as the stationary coordinate system, and OX'Y'Z’
was defined as the body axes system of the eye. Fig. 5.a illustrates the initial position of the key
points for the LR, with the origin point M, (-34.00, -13.00, 0.60), tangent point T, (-8.12, 9.39,
0.58), pulley P, (-11.00, 10.02, -0.50), and insertion point |, (6.50, 10.08, 0.00). Similarly, the

initial position of the key points for MR are M, (-30.00, -17.00, 0.60), T, (1.82, -12.30, 0.12),
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P, (-5.00, -14.40, -0.60), and |, (8.42, -9.65, 0.00) [33, 55-57]. Capital letter subscripts are used
to differentiate the different EOMs. The corresponding translation relations for the coordinates of
the active pulley can be derived from the study of Demer et al [34]. The coordinate points on the

eye before and after the eye rotation can be converted by Eq. (11).

X cos @ cos sin @ cos ¢ —sing X'
y |=| cos@singsiny —sin@cosy  cos@cosy +sindsingsiny  cospsiny || Y (11)
z sin@siny +cos@singpcosy  sin@sinpcosy —cosdsiny  cosecosy || Z'

Where the rotation angles @, @, and ¥ represent the rotation angles around the OZ, OY, and OX
axes, respectively. During eye abduction, the rotation angles ¢ and ¥ are equal to 0< The
updated geometry of the LR is related to the abduction angle @ (Fig. 5.b). In the traditional model,
the new tangent point S; was obtained by substituting the coordinates of the new insertion point
I; and origin point M, into Eqg. (12). In the active pulley model, the new tangent point was
obtained by substituting the coordinates of the new insertion point |, and the new pulley P’ into
Eq. (12).

X +yi+zt =R

XXy + Yr Yy 212 = R (12)

(YMZ| —ZyY, )XT +(yMXI —XuZ )yT +(XMyI —YuX )ZT =0
Where R, represents the radius of the eye, with a mean value of 12.43 mm used in this study.

When the LR actively contracts, the abduction of the eye will occur. Based on the hypothesis

proposed by our research group, the separation of the EOM from the sclera during eye abduction
can be likened to the crack propagation in the adhesion region between the sclera and the EOM
towards the muscle insertion point on the sclera. This propagation occurs at an equivalent

separation angle of &, which corresponds to the eye abduction angle @. Different eye movement
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velocities correspond to different velocities of crack propagation, and the separation between the
sclera and the EOM occurs more rapidly during rapid eye movements. The adhesion region during
eye movement is the area between the tangent points on the sclera and the EOM before and after
movement. Consequently, in the JKR model, the contact arc length between the sclera and the
EOM is approximatively represented by | that corresponds to the arc length between the tangent
points on the sclera. Furthermore, the adhesion force between the sclera and the EOM was
assumed perpendicular to T,S, (Fig. 5.c). The separation angle & can be approximatively

described as

a=(1/R,)/(180/ x) (13)
(a) (b) (©
F,, Active Force
Muscle
Contraction
Ml Ml g
The Primary Position Abduction @ F,, Adhesion Force

Fig. 5. Adhesion influences eye motion. (a) The reference coordinate system OXY depicts the
primary position of the eye, where O represents the center of the eye, and M, T, P, and |;
correspond to the origin, tangent, pulley, and insertion points of the LR, respectively. Detailed
coordinates of the EOM are provided in Supplementary Material. (b) Schematic diagram
illustrating the EOM in contact with the sclera after the abduction. The rotated coordinate system
is denoted as OX'Y', with 1, P,, and T, transformed into I, P, and T,', respectively, as the

eye is rotated by an angle of @. S, represents the new tangent point. (c) lllustration of adhesion
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between the sclera and the EOM. The active force F,, separates the EOM from the sclera at an
angle of &, creating an adhesion region between the two separated interfaces. The resultant force
within the adhesion region is denoted as the adhesion force F,,. The chord | represents the
distance between the old tangent point T," and the new tangent point S, . The adhesion force acts
perpendicular to T,'S, and the length of the arm for the adhesion moment created by this force is

approximately one-sixth of |.

The mechanical equilibrium within the intraocular system relies on the characteristics of
orbital tissues and EOMs. The balance of the eye is maintained by the passive moment of MR
the adhesive moment of the

denoted as M the active moment of the LR denoted as M

pa> ac !

sclera and the EOM denoted as M, , and the resistive moment provided by other tissues in the
orbit denoted as M, . Based on previous studies conducted by our research group, the coordinates
of each key point of the EOMs before and after eye movement are combined with the equivalent
rotation angle of the eye [56, 58]. Subsequently, the force exerted by each EOM during the three-
dimensional movement of the eye can be determined using Eq. (14), which governs the balance of
eye movement.
M,.-M,;-M_,-M,=0 (14)
According to a previous study, in Eqg. (14), the resistance moment M, =12.430K R, the
limiting stiffness K,=1.245 mN/deg and the active moment M. = F,. xR, , where F,. denotes
the active force of the LR [59, 60]. The adhesion moment M, = F,, x1/6, where F,, denotes
the adhesion force. We use the maximum adhesion force (pull-off force) when calculating the

adhesion moment. In addition, to calculate the effect of the adhesion moment on eye movements,

we calculated the adhesion moment ratio to the total moment, which can be expressed as the ratio
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of M4 to the summationof M., M ., M, and M, .

According to the relevant literature, The formula for the passive momentis M , =F xR,

where F,, can be obtained from Eq. (15) [61].

Fpa:b%AL3+c%AL2+diAL (15)

In Eqg. (15), the MR cross-sectional area A, =17.4mm?, the initial length L,=39.4mm, the
length change AL =L —L,, L is the length of the MR after the corresponding eye rotation. The

b, C,and d are constants, where b =23.9, C=8.4, and d =0.8, respectively [56].
2.7 Velocity Conversion Relationship

Different units of velocity were used to describe the corresponding results. The specific

velocity conversion relationship is shown in Table 4.

Table 4. Velocity conversion relationship.

Unloading velocity Dimensionless velocity Eye movement velocity
(mm/min) v (deg/s)

0.5 4 0.04
1 7 0.08

6 42 0.5

18 127 14

30 212 2.3

42 297 3.2
300 2119 23
3000 21186 231
6000 42373 461
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2.8 Statistics

The experimental data obtained in this study were presented as mean = standard deviation
(s.d.). The statistical analysis was evaluated using a one-way analysis of variance (ANOVA)
subjected to an LSD test using SPSS v.26.0 (SPSS Inc., Chicago, IL, USA). For experimental
groups with different velocities, Tukey's post-hoc test was used to distinguish the differences. A

probability value (p) of less than 0.05 was considered indicative of statistical significance.

3. Results

3.1 Experimental results of adhesion behavior between

EOMs and sclera

Fig. 6 shows the analysis of the dimensionless equivalent work of adhesion AV as a
function of the dimensionless unloading velocity \/ . The figure shows the indenter radius and the
average contact radius. The results show that A7 is velocity dependent at contact radii at the
sub-millimeter level with an indenter radius of 1 mm. With an indenter radius of 1.5 mm, the
contact radius is between sub-millimeter and millimeter-level thresholds, and A7 is some
velocity dependent. In addition, the results showed that there is velocity dependence between
quasi- and non-quasi-static velocities (e.g., \/ =212 and \/ =297), regardless of whether the
contact radius is sub-millimeter or millimeter. In the subsequent analysis, we took the case with

the indenter radius of 1 mm as an example.
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Fig. 6. Analysis of the dimensionless equivalent work of adhesion Ay, as a function of the
dimensionless unloading velocity V . The experimental data and their dispersion are presented
through box plots. Ay, were measured at each v using a one-way ANOVA (** indicates p <
0.01 and *** indicates p < 0.001, respectively; and signed by n.s indicate no statistical differences
among the groups with p > 0.05). Differences between values with different lowercase letters were
significant (p < 0.05). Identical letters on the same box plots are statistically similar. The figure
represents experimental results with an indenter radius of (a) 1mm (contact radius is 0.7 mm), (b)
1.5mm (contact radius is approximately 1.0 mm), and (c) 2mm (contact radius is approximately

1.2 mm). (d) Significance analysis of different radius indenter.

To enhance the generalizability of the results, all important parameters were transformed into

dimensionless parameters. Fig. 7 illustrates the experimental dimensionless contact line velocity
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\7c plotted against the relative increase in the work of adhesion (A}/eff —A;/)/A]/. The best fit
trend curve by Eq. (3), whose parameters were N= 0.368 and y* = 0.00236 mm/s, will then be

normalized, indicated by the red line. The results demonstrate a correlation between

(A}/eff —A;/)/A;/ and V_, suggesting that the velocity dependence cannot be neglected in

[ L
considering the adhesion of viscoelastic materials.
25 T T T T T T

*  Experiment >

Eq. (3)

20

[
(=]
T

0 1000 2000 3000 4000 5000
v,

Fig. 7. Experimental dimensionless contact line velocity V. versus relative increase in the work of
adhesion (A;/eff —A;/)/A}/. The blue dots were obtained from the experimental contact radius
a, while the red line was theoretical predictions based on Eq. (3), where the parameters of the
fitted curve are chosen as N=0.368 and y* = 0.00236 mm/s.

In addition to the aforementioned results, the adhesion behavior of the EOM was examined
under various durations of air exposure, with a velocity of 0.5 mm/min. The analysis revealed no
significant difference (p > 0.05) between the specimen groups exposed to air for 15 and 30

minutes (Fig. 8).
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indicates no statistically significant difference between groups, representing p > 0.05).
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3.2 Numerical estimations of adhesion behavior between

EOMs and sclera

3.2.1 Model validation

The finite element setup was the same as in the experiments. The finite element results were

compared with the experimental results to validate models. Fig. 9.a illustrates the relationship

between the dimensionless penetration depth 5 and adhesion force F for the tests at various

velocities (\7 =4,7,42,127, 212, 297, and 2119), while Fig. 9.b displays the relationship between

A

5 and F obtained using the finite element simulations at different velocities. The force-

displacement curves during unloading differ from those during loading due to viscoelastic energy
dissipation during the separation of the sclera from the EOM. As the unloading velocity increases,
the pull-off force between the sclera and EOM increases, along with an increase in the pull-off

force corresponding to the separation displacement. From Fig. 9.a, it is observed that

A

dimensionless pull-off force F,, . increases by 135% when V increases from 4 to 212 in the

experiments. Moreover, when V increases from 212 to 297, the corresponding increase in

pruufoﬁ is 18%. As V further increases from 297 to 2119 (614% increase), pruufoﬁ only

increases by 37%.

Fig. 9.b also shows that in the finite element simulation, as \/ increases from 4 to 212,

pru”_oﬁ increases by 166%. Similarly, when \/ increases further from 212 to 297, the

A

corresponding increase in F,, . is 7%, which is similar to the increase observed experimentally.
According to the FEM prediction, when \/ increases from 297 to 2119 (614% increase), F

pull—off

only increases by 23%. A further inspection of the § - F behavior obtained numerically and

29



508

509
510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

experimentally shows trend consistency in most values considered of \/ , Fig. 9.
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Fig. 9. Model validation of adhesion behavior between sclera and EOM at different unloading

velocities. (a) Contact and pull-off test of dimensionless indentation displacement 5 and adhesion
force F curves between the sclera and EOM at different unloading velocities, where the different
color curves correspond to v =4,7,42, 127, 212, 297, and 2119. (b) Finite element simulation of

A A

o and F profiles between the sclera and EOM at different unloading velocities.

3.2.2 Numerical estimations results

In this section, finite element results on the adhesion between the sclera and the EOMs were
presented. A loading scheme, resembling the experimental setup, was implemented in the finite
element model. The nephograms of normal stress corresponding to \/ =42 were selected for visual
representation (Fig. 10). The deformation pattern of the EOM model is very similar to the
experimentally captured images.

The analysis involved four steps:

(i) Initially, the axisymmetric scleral tissue-wrapped indenter gradually approached the EOM.
At this stage, the two interfaces were not in contact, resulting in no generation of normal stress on

the surface of the EOM.
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(if) The indenter was then pressed to a predefined maximum value of 0.1mm, leading to the

generation of the maximum negative normal stress on the EOM.

(iii) While maintaining the contact area, the indenter was lifted upwards at different velocities.

This means that the previously contacted area was not allowed to separate until the pull-off force

was reached. Once the pull-off force was reached, the separation of the EOM from the scleral

interface began.

(iv) The indenter continued to be lifted until the two surfaces were completely separated.

However, due to the viscoelastic nature of the EOM substrate, residual stresses persisted for some

time even after the separation was achieved.
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535 Fig. 10. Normal stress results for the EOM near the contact area in each stage of the finite element
536 simulation, showing only the results for the axisymmetric system in the x-z plane.

537 Fig. 11 shows the contact stress pressure distribution between the sclera and the EOM at
538 (different phases of loading and unloading. Fig. 1l.a illustrates the dimensionless force-

539 displacement curve between the sclera and the EOM. Fig. 11.b presents the normalized stress

540 (distribution on the surface of the EOM, with the horizontal axis representing I'/ Rz and the
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vertical axis representing the normalized normal stress o, / O, max - The phases of loading and
unloading represented by the roman numerals in Fig. 11.a and Fig. 11. b correspond to each other.
The O, nax IS Observed at the edge of the contact region between the sclera and the EOM, with a
value of 3.49X 10 MPa. Fig. 11.b reveals that as the interface gradually separates, the maximum
normal stress shifts from the edge towards the center of the contact area. The stress distribution on
the EOM surface aligns with the findings from previous finite element simulations and is

consistent with the assumptions of classical theory [12, 31].
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Fig. 11. Analysis of the results of the adhesion behavior between the sclera and the EOM. (a)
Dimensionless adhesion force-displacement plots for specimens with an unloading velocity of 6
mm/min in the experiment, in which the roman serial numbers indicate the different stages of the
adhesion process in the finite element simulation. (b) The contact pressure distribution over the
contact area of the EOM at different stages of the finite element simulation.

Fig. 12.a illustrates the relationship between § and E for the finite element simulations at
different velocities, which additionally predict velocities of \7 = 2119, 21186, and 42373. From
the figure, it is evident that as \/ increases from 2119 to 42373 (1900% increase), pruufoﬁ
increases 51% times, indicating a relatively inconsiderable increase. Fig. 12.b presents the

variation of the experimental and finite element pruufoﬁ with \/ . Box line plots show the
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experimental data and their scattering, and big red dots indicate the finite element results using the

average work of adhesion calculated by Eq. (3) as the input parameter.
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Fig. 12. Analysis of adhesion behavior between sclera and EOM at different unloading velocities.

(a) Finite element simulation of dimensionless indentation displacement 5 and adhesion force F

curves between the sclera and EOM at different unloading velocities, where the different color

curves correspond to V =4, 7, 42, 127, 212, 297, 2119, 21186, and 42373. (b) Variation of

experimental and finite element dimensionless pull-off force lfpu"foff with dimensionless
unloading velocity V . Box line plots show the experimental data and their scattering, and big red
dots indicate the finite element results using the average work of adhesion calculated by Eq. (3) as

the input parameter.

3.3 Biomechanical properties of the EOM along the

thickness direction

The force-displacement curves obtained from compressive stress-relaxation tests conducted
on the EOM along the thickness direction are presented in Fig. 13.a, and the plot of normalized
relaxation modulus against time is depicted in Fig. 13.b. The mean value is represented by the red

line, while the shaded region corresponds to the standard deviation of measurements. The
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576  elasticity modulus of the EOM along the thickness direction was determined through fitting using
577  Eg. (10), resulting in a value of 4.34 +2.34 kPa (average fit R? = 0.934).

578 To generate data applicable in the finite element software Abaqus, the Prony series was fitted
579  to the normalized relaxation modulus curves (Fig. 13.c). The parameters of the second-order Prony
580  series (curve fit R? = 0.989) were obtained as follows: @, =0.40, 7, =5.39s, g, =0.30, 7, =
581  156.60s. Additionally, the parameters of the third-order Prony series (curve fit R? = 0.999) were
582  determined as follows: Q,=0.25, 7,=1.72s, g, =0.23, 7, =23.94s, §,=0.27, and 7,=276.17s.
583  The above material parameters are organized in Table 3. Fig. 13.c shows the results of the least
584  squares regression method used to fit the EOM specimens to the Prony series at a 10% strain level,

585 indicating that the third-order Prony series provides a better fit.
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587  Fig. 13. Analysis of EOM compressive stress-relaxation tests. The red line represents the mean
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value of the experimental curve, and the shaded area indicates the standard deviation. (a)
Compressive stress-relaxation tests were conducted on EOM specimens along the thickness
direction. (b) Variation of normalized relaxation modulus with time for EOM specimens at a 10%
strain level. (c) Least-squares regression fitting of Prony series to EOM specimens at a 10% strain

level.

3.4 Adhesion moment

Through the calculation of the equilibrium equation of eye motion, it becomes evident that
the separation angle o exhibits a linear increase with the increment of the eye abduction angle &
(Fig. 14.a). The results show the adhesion moments for the traditional model and the active pulley
model, as well as the adhesion moment ratio to the total moment for both models. The adhesion
moment also shows an increase in correlation with both the eye abduction angle and the velocity
of separation of the EOM from the sclera (Fig. 14.b and Fig. 14.c). Additionally, the adhesion
moment between the sclera and the EOM experiences an augmentation as the eye undergoes
abduction, resulting in a corresponding rise in the adhesion moment ratio to the total moment (Fig.
14.d and Fig. 14.e). In the traditional model, the adhesion moment ratio to the total moment was
0.002% to 0.01% at V =0.04 deg/s for eye abduction angles within the range of 5°to 35<
However, the adhesion moment ratio to the total moment in the range of 5°to 35<of eye
abduction was approximately 0.08% to 0.53% when V =461 deg/s. The maximum adhesion
moment increased from 0.76 mN-mm to 36.2 mN-mm. In the active pulley model, the adhesion
moment ratio to the total moment was 0.002% to 0.01% at V =0.04 deg/s for eye abduction angles

within the range of 5°to 35< However, the adhesion moment ratio to the total moment in the
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range of 5°to 35<0f eye abduction was approximately 0.09% to 0.50% when V =461 deg/s. The

maximum adhesion moment increased from 0.83 mN-mm to 33.8 mN-mm.
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4. Discussion

Previous studies often neglected the contact behavior between the sclera and the EOMs.
However, the adhesion behavior between the scleral tissue-wrapped indenter and the EOMs was
observed in the contact and pull-off tests conducted in this paper. The adhesion force-displacement
trend of EOM-scleral tissue adhesion (Fig. 9.a) aligns with the adhesion force-displacement curve
observed in facial adhesion experiments conducted by Dai et al. [9]. According to Muller's
description, the pull-off force varies with the unloading velocity, with higher unloading velocities
resulting in higher pull-off forces [22]. Moreover, the area enclosed under the force-displacement
curve increases as the unloading velocity increases, indicating that the work of adhesion also
increases with the unloading velocity.

Furthermore, contact and pull-off tests were performed using indenters with radii of 1 mm,
1.5 mm, and 2 mm at various unloading velocities (Fig. 6). In a previous study, it was also
observed that variations in indenter radius at the sub-millimeter and millimeter levels caused
differences in the work of adhesion [62]. This sensitivity of the sub-millimeter contact radius to
size may be the source of the difference in results. In addition to the differences caused by indenter
size, between quasi-static and non-quasi-static velocities, the dimensionless equivalent work of
adhesion Afeﬁ for the indenters is also statistically different. Therefore, if adhesion behavior

under the high eye movement velocity is to be considered, the viscoelasticity of the tissue should
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be taken into account.

To investigate the impact of the duration of EOM exposure to air on adhesion behavior,

experiments were performed with different exposure times. Clinicians typically perform EOM

surgery for approximately 30 minutes [63]. The exposure time was divided into 15-minute and 30-

minute groups, and the results in Fig. 8 showed no significant differences between these two

groups.

In combination with the results of the experiments and the finite element model in this study,

it was observed that the pull-off force between the sclera and the EOM gradually increased with

the increase of unloading velocities (Fig. 9). However, the rate of increase in the pull-off force

diminished at higher unloading velocities. Despite the different materials studied, Jiang et al.

found similar trends in their finite element simulations of contact between viscoelastic stamps and

spherical transfer elements [30]. Han et al. effectively revealed the adhesion rates of articular

cartilage tissues at various unloading velocities through experimental studies [21]. Naraghi et al.

report a simple method for extending the range of controlled adhesion of a stamp, which can be

achieved by adjusting the thickness of the elastic layer and the separation rate [64]. Das et al.

conducted a comprehensive investigation on the adhesion behavior of polyacrylonitrile nanofibers,

focusing specifically on its dependence on the velocity of unloading [65]. Their findings revealed

a consistent and progressive improvement in the apparent adhesion as the unloading velocity

increased. These findings are in line with the results obtained in this study.

In this study, we determined the elastic modulus and viscoelastic parameters of the EOMs

along the thickness direction through compressive stress-relaxation tests. When the EOMs

regulate eye movements by active contraction and passively stretched, and the force direction of
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the EOM is mainly along the length direction. For this reason, many scholars have focused on the

tensile elastic modulus of the EOM along the length direction, for example, Jeong et.al set the

elastic modulus of the EOMs to 0.09 MPa in finite element modeling [66]; Schutte et al. used a

value of 40 kPa as the elastic modulus of the EOMSs input into the finite element model [60]. The

EOM wraps around the eyeball, causing the EOM and sclera to squeeze against each other.

Therefore, the elastic modulus of the EOM along the thickness direction is particularly important

in analyzing the adhesion between the sclera and the EOMs in this work. Up to now, there are few

reports about the compressive modulus of the EOM. Therefore, the compressive modulus of the

EOMs was tested in this study and was found to be 4.34 kPa.

When considering the viscoelastic properties of the EOM itself, there are two fundamental

linear viscoelastic modeling approaches: the Maxwell model and the Voigt model [67]. The

Maxwell model predicts relaxation behavior and describes how a material returns to equilibrium

after being deformed by external disturbances. However, it is unable to accurately predict creep,

which refers to the tendency of a material to undergo permanent deformation under a constant

force. On the other hand, the Voigt model effectively describes creep but is less proficient in

predicting relaxation [2]. Nonetheless, neither of these models adequately captures the viscoelastic

properties of the EOMs. To address these limitations, we ultimately opted for the Wiechert model,

which is constructed as a linear combination of multiple springs and buffers, offering a more

comprehensive representation of the EOM’s viscoelastic behavior.

The elastic modulus of the sclera has been reported a lot recently, but not what was needed in

this study. Many researchers focused on the tensile elastic modulus of the sclera. For example,

Nguyen et.al measured the tensile modulus of the human sclera to be 2.5 MPa in 2020 [68]. In
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2021, Park et.al found that the tensile elastic modulus of the human sclera varied in the anterior,

equatorial, and posterior portions of the sclera, which resulted in a tensile modulus of

approximately 30.8 MPa in the anterior sclera, 17.7 MPa in the equatorial portion of the sclera,

and 13.3 MPa in the posterior portion of the sclera [69]. In the same year, Hatami-Marbini et al.

reported that the equilibrium tensile modulus of the porcine sclera was 3-7 MPa [70]. Although

several researchers had also measured the compressive elastic modulus of the sclera along the

thickness, not about the sclera between the anterior and equatorial position of the eye, mainly

studying the posterior sclera. For example, in 2009, Mortazavi et.al determined the compressive

modulus of the human and porcine peripapillary sclera to be 1.1 kPa and 3.9 kPa, respectively [71].

In 2014, Worthington et al. measured the compressive modulus of the posterior porcine sclera to

be approximately 35 kPa [72]. In 2021, Brown et al. derived from unconfined compression

experiments that the average compressive stiffness of the porcine sclera near the optic nerve head

was 10 kPa [73]. The scleral compressive modulus between the anterior and equatorial portions

measured in this study was approximately 11.2 kPa, which is in the same order of magnitude as

previously reported compressive moduli.

In this study, a 2D axisymmetric finite element model was developed to simulate the

interaction between a scleral tissue-wrapped indenter and the EOM. The model considered the

viscoelastic properties of the substrate and employed the JKR-like viscoelastic model to calculate

the equivalent work of adhesion in the 2D simulation. However, it should be noted that the JKR-

like viscoelastic model assumes the substrate to be a half-space, whereas the EOM is not of

infinite thickness. To address this, we set a very small indentation displacement and concluded,

based on Shull’s description of finite thickness, that the substrate thickness does not significantly
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impact the experimental results under the conditions of this study [74].
By comparing the finite element results with the experimental data, it is found that the

dimensionless indentation displacement 5 and adhesion force F of both have the same trend.

The dimensionless pull-off force F « Of finite element calculations were within the range of

pull —of
experimental scatter, confirming the accuracy of the model in describing the interfacial bond and
the viscoelastic properties of the EOM (Fig. 12.h).

In this study, the approximation of the indenter's unloading velocity was based on the
separation velocity between the sclera and the EOM. This unloading velocity was then utilized to
determine the magnitude of the equivalent work of adhesion, which was subsequently
incorporated into the equilibrium equation of eye movement to calculate the adhesion moment
(Fig. 14.b and Fig. 14.c). The analysis aimed to assess the impact of the adhesion moment on eye
movement.

Since there is no previous report about the in vivo measurement of the adhesion behavior
between the LR and the sclera, we chose to verify the active force of the LR. Collins et al.
measured the active force of the LR in humans during surgery and reported values of 316.5 mN
when the right eye was abducted at an angle of 15°and 487.4 mN at 30<of eye abduction [59]. In
our study, the calculated active force of the LR at quasi-static velocities was within the range of
234.8 mN to 236.9 mN at 15<of eye abduction and 473.9 mN to 482.4 mN at 30 °of eye abduction.
The consistency between our calculated values and the previous reports verifies the accuracy of
our results.

In this paper, several limitations need to be addressed in future studies. Firstly, due to the

difficulty in obtaining human tissues, parameters obtained from porcine eyes were used to analyze
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the human oculomotor model. This results in a potential bias in the obtained results.

Furthermore, it is important to acknowledge that the adhesion area between the sclera and the
EOM contains other tissues such as body fluids and fat in actual oculomotor processes. These
additional factors may potentially influence the measurement of adhesion work and could be
considered in future investigations. Additionally, in the finite element modeling process, a 2D
axisymmetric model was used to improve the computing efficiency.

Lastly, for the contact and pull-off tests, we used in vitro EOMs. However, in the physical
situation, the muscle would remain active and the muscle tension would counteract some of the
adhesion forces. Also, the dryness and humidity of the muscle differed from the in vitro conditions.
The adhesive behavior between the sclera and the EOM in the physical situation is not fully
understood and requires further study.

Addressing these shortcomings will contribute to a more comprehensive understanding of the
oculomotor system and the adhesion behavior between the sclera and the EOM in realistic

physiological conditions.

5. Conclusion

During eye movements, adhesion between the sclera and the EOMs occurs. This study aimed
to understand the adhesion between the porcine sclera and the EOMs at different velocities. At the
saccade velocities, the adhesion moment was found to be 0.53% and 0.50% of the total moment
based on the traditional and active pulley models, respectively. Although the adhesion effect is
increasing at high eye movement velocities, the effect on eye movements remains minimal.

According to the results of the study, the effect of adhesions between the sclera and the EOMs on
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eye movement can be ignored. Knowledge of the adhesion behavior between the sclera and the
EOMs can supplement a portion of the unknown quantities in the equations of eye movement,
resolving the contradiction between the number of equations and the mismatch of unknown
quantities. Furthermore, when this adhesion behavior is considered in eye modeling, it can be
ignored, thus simplifying the model reasonably well.
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