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Summary 

Physics-based modeling and dynamic simulation of human eye 

movements has significant implications for improving our 

understanding of the oculomotor system. An open-source 

model of the human eye that can be used for kinematics and 

dynamics analysis is introduced. This model relies on the 

passive pulley hypothesis and is parametrized from 

physiological measurements reported in the literature. The 

model is implemented in OpenSim, an open-source framework 

for modeling and simulation of musculoskeletal systems. The 

excitation and activation patterns of the extraocular muscles are 

calculated using a closed-loop fixation controller that drives the 

model to perform saccadic movements in a forward dynamics 

manner. Consequently, such models can be used to investigate 

muscle activation patterns, analyze the kinematics and 

dynamics of various eye movements, calculate metabolic costs 

and simulate eye disorders. 

Introduction 

Clinical trials have provided knowledge on the properties of the 

Extraocular Muscles (EOMs), their line of action and the 

resistive tension of the surrounding tissues. This led to the 

implementation of computational models of the EOMs and 

orbital mechanics that provide insight for oculomotor 

biomechanics, control of eye movement and binocular 

misalignment. In order to study the neural control of rapid 

saccadic movements, these models use anatomical and 

mechanical properties of EOMs by accounting for the nonlinear 

muscle dynamics. 

Methods 

The human eye model consists of three components: the eye 

globe, six EOMs, and the connective passive tissues. The globe 

can be approximated by a solid, homogeneous and isotropic 

sphere of radius 0.012m and mass 0.0075kg. The EOMs are 

modeled based on the Millard [1] model, a Hill-type muscle 

model, which permits the parameterization of the characteristic 

curves according to the experimental measured data [2]. The 

rigid tendon assumption is used, which ignores the elasticity of 

the tendon. Moreover, the EOMs are considered parallel-

fibered muscles, thus the pennation angle is zero. The 

maximum muscle contraction velocity is calibrated in order to 

match the peak velocity of saccadic eye movement (15.7rad/s). 

Activation and deactivation delays of the muscles are in the 

range of 5ms. The proposed model relies on the passive pulley 

assumption, which states that the pulleys have fixed to the orbit 

pulley points. The passive connective tissues of the orbit apply 

a restoring force, which brings the eye back to the central 

position when the net force of the EOMs is zero 

𝝉𝑡 =  −𝑘𝒒 − 𝑐𝒒3 − 𝑑�̇�  (1) 

where 𝑘, 𝑐 and 𝑑 represent physiological constants, and 𝒒, �̇� ∈
ℝ3 the rotational coordinates and velocities, respectively.  

The fixation controller calculates the muscles’ excitation levels 

required to track a desired saccade, by minimizing the error 

between the desired saccadic trajectory and the predicted 

movement. The input parameters of the controller are the 

desired horizontal and vertical fixation angles, the saccade 

onset and velocity, and the gains of Proportional-Derivative 

(PD) tracking controller.  

Results and Discussion 

A sigmoid function is used for generating smooth saccade 

trajectories in the horizontal and vertical direction, while the 

torsional component is maintained close to zero. The output of 

the PD tracking controller has the following form 

𝒖(𝑡) = 𝑘𝑝(𝜽𝑑(𝑡) − 𝜽(𝑡)) + 𝑘𝑑 (�̇�𝑑(𝑡) − �̇�(𝑡)) (2) 

where 𝑘𝑝, 𝑘𝑑 denote the tracking gains, 𝜽𝑑(𝑡), �̇�𝑑(𝑡) the 

desired orientation and velocity at time 𝑡, and 𝜽(𝑡), 𝜽(𝑡) the 

simulated response of the model. The magnitude and sign of 

𝒖(𝑡) are used to calculate the excitation levels and determine 

which muscles are activated respectively. The experiments 

involved the alternations in the saccadic movements both in the 

horizontal and vertical direction (Figure 1) in order to examine 

the activation and deactivation patterns of the EOMs.  

 

Figure 1: Simulated saccade response performing 

abduction/adduction and supraduction/infraduction. 

Conclusions 

This study presents an implementation of a realistic oculomotor 

model representing the motility of a normal human eye that is 

based on measured physiological data. The model is designed 

to be used for kinematics and dynamics analysis, or as a tool for 

obtaining the muscle activations that generate desired eye 

movements, however it has the potential to be integrated with 

available full body models in order to analyze the relation 

between the vestibular and oculomotor systems. 
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