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Abstract—High myopia esotropia is a kind of special strabismus 

whose pathology is still uncertain. In this paper, the finite 

element analysis method is applied to examine some physiological 

hypotheses by modeling the movement of the eyeball and morbid 

extraocular muscles. The model stems from clinical data. 

Theoretical analyses are also performed to examine the effect of 

oblique pulley. Finally, postoperative eyes are simulated to 

examine the clinical operation criterion. The results show that the 

distorted initial eye position and weakness of relative muscles 

may be the main etiology. 

Keywords- finite element analysis; eyeball; modeling; high 

myopia esotropia; simulation 

I.  INTRODUCTION  

High myopia esotropia, in which the evolved eye is fixed in 
the extreme adducting position, came into notice since the 
hypothesis of “heavy eye syndrome” was proposed [1]. In 
1973, Duker-Elder-Wyber supposed that quantitative 
declination of the myofibers causes the change of orbital 
muscles [2]. In 1989, by using MRI imaging method, Demer et 
al found that with the occurrence of posterior scleral 
staphyloma, the enlarged eyeball is contacted by the orbit and 
the movement of eyeball is therefore inhibited [3]. With the 
establishment of the pulley theory, the restrictive dyskinesia is 
inferred relative to the displacement of the lateral rectus pulley. 
In the work of Kong et al in 1995 [4], the EMG examination, 
which showed spontaneous action potentials of the patients’ 
medial and lateral recti (MR and LR), excluded the palsy of LR 
as main pathogenesis. In 2003, Krzizok et al gauged the rectus 
paths of high myopia patients by MRI imaging and found that 
all the muscles have shifted in the wake of excessive axial 
elongation while the inferior shifting of LR is the most obvious 
[5]. 

Latest clinical findings have confirmed the relationship 
between the profile & paths of extraocular muscles and the 
occurrence of high myopia esotropia. In the work of Yang et al 
in 2008, LRs of the patients are found evidently down-shifted 
with the shifting magnitude related with the degree of 
strabismus and the elongation extent of the eyeball. The 
authors inferred that the esotropia is related to the decreased 

force of the extruded LR which becomes thinner [6]. The 
clinical imaging measurement by Yoshiko Aoki et al in 2003 
comprehensively described the physical characteristics: a 
prolapsing eyeball shifts LR and SR nasally; and the axial 
length of 32mm is the limit to which the position of recti and 
eyeball will begin to change. The deformation of muscles and 
eyeball is particularly severe in hypoesodeviation fixus. A 
speculation was made in this paper that once the axial length 
reaches the critical level, the orbital connective tissues cannot 
maintain the anatomical structure because of the mechanical 
compression of the elongated eyeball [7]. 

In brief, the supposed etiology lies in the changed shape 
and location of muscles, which is related to the increased 
orbital pressure because of the elongated eyeball. However, 
whether the weakness of the lateral muscle depends mainly on 
the locational change or on the configurational change is still to 
be tested. In this paper, both FEM analysis and theoretical 
mechanical calculation are applied to simulate the movement 
of the eyeballs to explore the intrinsic reason. 

Some accumulated clinical experience has promoted the 
operation for this disease. A general criterion is given for 
strabismus operation in a monograph: adjustment of 1mm for 

muscle length corresponds to 3 eyeball position change for 

MR and 2 for LR [8]. Here it is examined by further FEM 

simulation. 

The results elucidate the etiology from a new view: it 
mainly lies in the changed initial position of the eye and the 
weakness of LR due to its distorted shape, the oblique pulley 
also has some minor impact. But the process of formation of 
these abnormal features may be a complicated interaction 
which needs further study. 

II. MATERIALS AND METHODS 

The dataset was from MRI imaging of a high myopia 
esotropia patient from Tianjin Medical University. The pictures 
are in dcm format and of three directions. They are imported 
into the modeling software Mimics10.0. By using different 
masks, the eyeball, the extraocular muscles and the optic nerve 
are extracted respectively to form an intact 3D eye model. 
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Because of its coarseness, the primitive model is further 
processed with GeomagicStudio12.0 to polish it smoother, with 
some erroneous details also amended. The processed model is 
then input into the CAD software Solidworks2010 to make 
some final shape modification and then input Solidworks 
Simulation as an assembly to perform FEM analysis. 

Firstly we applied a pair of 0.03N force on the anterior and 
posterior polars of the eyeball and the acquired data are 
compared with those of Yiyi Zhou et al’s work [9] to examine 
the validity of our model. The material properties are from 
clinical data [9][11] and are shown in Table I. Then varied 
magnitude of the force is applied on the cross sections of the 
muscles to search the relationship of the force magnitude and 
rotation. The theoretically mechanical analysis excludes pulley 
obliquity as main pathology. Finally an operation is simulated 
by using FEM. 

TABLE I.  THE MATERIAL PROPERTIES 

Materials 

Properties 

Elastic 

Modulus 

( )2/ mN
 

Poisson’s 

Ratio 

Tangential 

Stiffness

( )mN /
 

Axial 

Stiffness

( )mN /

Eyeball 3,000,000 0.3 
 

 

 

 

Extraocular 

muscle 
82,000 0.4 

 

 

 

 

Tendon   83000 16000 

 

III. RESULTS AND ANALYSES 

A. The Artificial Rotation of Eyeball 

According to Lancaster’s computational theory, 1-1.75g 
forces can make eyeball rotate [9]. So first a pair of 0.03N 
outside forces is applied, which can theoretically rotate the eye 

between 7 and 10 , on the anterior and posterior polars 

respectively to simulate the adduction and abduction of both 
eyeballs. Then forces in the vertical directions are applied to 

simulate the supraduction and infraduction. The results are 
listed in Table II. 

TABLE II.  THE FEA RESULTS OF ARTIFICIAL EYEBALL ROTATION 

Rotation of the 

eyeball 

Maximal Node 

Displacement(m

m) 

Maximal Node 

Von Mises 

Stress(kPa) 

Maximal Node 

Strain(ESTRN) 

7.25

Adduction 
1.539 340.471 0.8988 

8.16

Abduction 
1.731 368.034 1.0070 

7.30

Supraduction 
1.548 348.912 0.6748 

7.39

Infraduction 
1.568 348.911 0.5758 

These data are compared with the results of Yiyi Zhou, et al 

[9]. The eyeball rotations in their model are 9.100 for 

adduction, 8.183 for abduction, 8.676 for supraduction and 

7.882 for infraduction. And their Von Mises Stresses are 

48.962kPa, 44.066kPa, 26.648kPa and 24.2255kPa. Our 
stresses are an order of magnitude larger than theirs’. And both 
in reasonable range, their degrees of rotations are larger. The 
reason may be the difference of tendon modeling. Eyeball in 
their model is directly bonded with muscles while we use 
spring elements to simulate the tendons. The characters of the 
spring elements stem from clinical measurements [11]. Stress 
concentration at the link points accounts for the higher stress 
magnitude. Tendon stiffness is larger compared with muscle, 
so resistance in our model is larger and therefore hinders the 
rotation more, which is closer to the physiological situation. 

B.  The Eyeball Pulled by Extraocular Recti 

The forces with magnitude of 0.03N, 0.05N, 0.07N, 0.08N 
and 0.1N are applied on the cross section of the extraocular 
recti respectively. Only one rectus pulled once. And the 
functional relationships of the degrees of rotation and the 
magnitude of the force for every rectus are depicted. 

 

 
Figure 1.  The displacement chart when LRs are applied with 0.03N force. 
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Figure 2.  The functional relation between force and rotation for LRs and 

MRs. 

Fig.2 depicts the rotation caused by lateral and medial recti. 
It is obvious that rotations caused by LRs are lesser than those 
caused by corresponding MRs in both orbits, with all curves 
are basically linear, which is reasonable for small-angle 
rotations. It consolidates the judgment that weakness of the LR 
plays a significant role in the pathology. Furthermore, the 
curves of both LRs are in proximity while the curve of right LR 
is apparently lower than right LR’s. In the model it can be seen 
that the right eyeball is with severe posterior scleral staphyloma 
and the muscle is deformed thinner than the left LR. The stress 
concentration happens in these thinned areas (Fig.1). In elastic 
mechanics theory, this hinders the transmission of power to the 
forward area. 
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Figure 3.  The functional relation between force and rotation for SRs and IRs. 

Fig.3 depicts the functions between vertical rotation and the 
forces on superior and inferior recti (SR and IR). The 
relationships are still linear. And the the differences between 
both eyes are ignorable for either SR or IR. The supraduction is 
smaller than infraduction given identical force magnitude. This 
partly accounts for the reason of accompanied hypotropia. 

C. TheTtheoretical Analysis of the Effect of Oblique Pulley 

In order to examine the hypothesis in Yoshiko Aoki et al’s 
supposition that the inferior shifting of the lateral rectus plays 
an important role in fixed esotropia [7], a theoretical model is 
established on theoretical mechanics. According to the clinical 
data, the pulley of medial, lateral, superior and inferior recti 
starts from 4mm, 8mm, 6mm and 6mm posterior from the 
center of the eyeball [10]. Since the path of extraocular rectus 
keeps stable posterior to its pulley and moves with the eyeball 
in front of the pulley, therefore only the recti section before the 
pulley and tendons are considered. The eyeball and the tendons 
of SR, MR and IR are simplified as a sphere and 3 parallel 
springs respectively. The center of the sphere is fixed to 
exclude translation. The coordinate system is set by point z axis 
forward, x axis horizontally rightward and y axis vertically 
downward. 

The force on LR is decomposed in y and z axes. The final 
impact is independent of the force implementing order. 
Therefore the component along y axis is considered first. It 
causes rotation around the z axis. Then the z axial component 

causes rotation around the y′axis which is the rotated y axis by 
the force component along y axis. The moment balance 
equations and coordinate transformation matrix equations are 
shown below. 

 

 

Figure 4.  The coordinate system and three supposed springs for SR,MR and 

IR 
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The meanings of the notations are listed in Table III.  

TABLE III.  NOTATIONS AND THEIR MEANINGS 

Notation Meaning 

yF
 

Force component in y axis. 

zF
 

Force component in z axis. 

1d
 

The distance from the fixed point of 
SR and IR to their pulleys. 

2d
 

The distance from the fixed point of 

MR to its pulley. 

R Eyeball radius. 

 Radians of rotation around y’ axis.  

 Radians of rotation around z axis.  

k  

( )T
zyx

 

Coordinates in the initial coordinate 

system 

( )T
zyx 111  

Coordinates in the initial coordinate 

system 
after rotation around z axis. 

( )T
zyx 111
′′′

 

Coordinates in the changed 

coordinate system after rotation 

around z axis. 

( )T
zyx 222
′′′

 

Coordinates in the changed 

coordinate system after rotation 

around z axis and
y′

axis 

( )T
zyx 222  

Coordinates in the initial coordinate 
system after rotation around z axis 

and 
y′

axis 

By exploiting Taylor expansion with the higher order 

infinitesimals ignored, the expression of α and θ  are derived 

from (1) and (2): 

kR

Fz=α
                                     (6) 

RF

dF

z

y 2
=θ

                                   (7) 

And from (3), (4) and (5) the final coordinate 
transformation is obtained: 

−−

=

z

y

x

z

y

x

αα

αα

θθ

θθ

cos0sin

010

sin0cos

100

0cossin

0sincos

2

2

2

           (8) 

Substituting (6) and (7) into (8), the final position of any 
point on the spherical surface can be solved. 

If 30

π
⋅⋅= RkFz

, which means to rotate the eye 10

horizontally, and zy FF 1.0=
, the α and θ are 6 and 0.2

respectively according (6) and (7), it’s obvious to see the effect 
of pulley obliquity is insufficient to radically change the 
eyeball position. 

D. FEM Simulation of Operation 

First the force of 1N magnitude, which is the maximum 
force an extraocular muscle can exert [12], is applied to each 
muscle. The resultant rotations are listed in Table IV. 

TABLE IV.  ROTATIONS WHEN 1N FORCE APPLIED ON EACH RECTUS 

The 

resultant 

rotation(

 

LR MR SR IR 

Left eye 34.815 54.56 42.01 48.9 

Right eye 25.097 66.1 37.35 42.62 

 

It is clear that LRs rotate the eyeball obviously less than 
corresponding MRs. The degrees of esotropia of both eyes are 

around 20 . So the morbid LRs can only rotate the eyes 

across the midline to its most extent, therefore the morbid MRs 
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are ascribed to cause the esotropia. And the difference between 
the rotation caused by SR and IR also explained the occurrence 
of hypotropia, but the rotation magnitudes are sufficient, here 
we suppose that it’s not SRs or IRs themselves that primarily 
causes hypotropia. 

 

Figure 5.  The model of postoperative eyes 

Following the operational criterion: muscle length 

adjustment of 1mm corresponds to 3 eyeball position change 

for MR and 2 for LR [8], the LRs are shortened for 4mm and 

the MRs are recessed for 4mm, as shown in Fig.5. Then 1N 
force is applied on the cross sections of LRs and the resultant 

rotation of left and right eyeball are 87.32 and 81.05

respectively. Rotation with such magnitude is sufficient to turn 
the eyeball to the lateral canthus. This simulation verifies the 
effectiveness of this operational criterion. 

IV. DISCUSSION 

According to the analyses of FEM results above, it can be 
concluded that the severe weakness of the lateral rectus is the 
main cause of esotropia and the slight weakness of superior 
rectus accounts for the hypotropia. The displaced eyeball 
primary position is also an important factor. The theoretically 
mechanical analysis excluded pulley position change as main 
etiology. We infer that muscular weakness mainly stems from 
the distorted shape which forms due to lasting contact with the 
elongated eyeball. 

However, the mechanical analysis needs further clinical 
measurement to conform. And the whole formation process of 
eye position shifting and muscle distortion needs further study. 
The changes of orbital contact condition is not the only reason 
for rectus distortion since in our model the left eye is not 
obviously elongated but its LR is also distorted and weakened, 
although not so seriously as the right LR. Here we speculate 
that there exists internal connection between the muscle 
distortion of the left and right orbits. Meanwhile, the deviation 
of eyeball from normal position and the muscle distortion may 
be a complex interactive course.  
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