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Abstract

In this work, we reveal the flow dynamics of Vitreous Humour (VH) gel and

liquid phases during saccadic movements of the eye, considering the biofluids

viscoelastic character as well as realistic eye chamber geometry and taking into

account the saccade profile. We quantify the differences in the flow dynamics

of VH gel and liquid phases using viscoelastic rheological models that are able

to model the VH shear rheology, considering different amplitudes of saccadic

movements (10◦, 20◦, 30◦ and 40◦). For this purpose, the computational fluid

dynamics (CFD) open source software OpenFOAM® was used. The results

portray a distinct flow behaviour for the VH gel and liquid phases, with inertial

effects being more significant for the VH liquid phase. Moreover, the Wall Shear

Stress (WSS) values produced by the VH gel phase are more than the double

of those generated by the VH liquid phase. Results also show that for different

amplitudes of eye movement both the velocity magnitude in the vitreous cavity

and the shear stresses on the cavity walls rise with increasing saccadic movement

displacement.
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1. Introduction

The human eye has one of the fastest muscles in the body, being able to produce

rotations of 40 degrees in approximately 100 ms [1]. In the different situations

of daily life, the eyes are able to produce different, voluntary or involuntary,

movements. Saccadic eye movements are the most common movements of the eye.5

They are very quick ballistic movements produced by both eyes simultaneously

and in the same direction when fixating an object [2, 3, 4]. In fact, the eyes

are never completely at rest, because they are constantly producing saccades.

How these movements affect the dynamics of the eye’s fluids is not yet fully

understood.10

The majority of the eyeball, more specifically the space between the lens and

the retina, is filled with Vitreous Humour (VH) fluid, a transparent gelatinous

avascular structure [5, 6, 7, 8, 9], which exhibit non-Newtonian rheological

behaviour [9]. The major constituents of the biofluid are long collagen fibrils

suspended in patterns of hyaluronic acid or hyaluronan (HA) molecules and15

others glycosaminoglycans (GAGs), which surround and stabilise water molecules.

This fluid is only produced during the embryonic stage and is not replenished

throughout the entire life of a person [10]. It is known that as a consequence

of ageing and/or some diseases the VH becomes progressively liquefied [11],

with the corresponding rheological properties varying during lifetime. Many of20

the eye’s diseases are directly or indirectly associated with the morphological

changes of this biofluid with age, and consequent changes in its flow behaviour

and performance [12, 13].

Over the years, several studies regarding VH flow behaviour have been performed

using numerical, analytical, or experimental approaches. Table 1 presents a25

summary of the key points of those studies. In the late 1990’s, David et al. [14]
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presented both analytical and numerical solutions for a time-dependent motion

of the VH during saccadic motion of the eye. The authors studied analytically

the motion of a viscoelastic fluid, and also tested numerically the case of a

Newtonian fluid. The vitreous cavity was simulated as a perfect sphere and30

a sinusoidal function was used to represent the saccadic movements. In 2005,

Repetto et al. [15] presented an experimental study of the VH motion induced

by saccadic eye movements (see the key points of the study in Table 1). The

authors considered VH as a Newtonian fluid, and the eye as a perfect sphere.

Despite the simplifications assumed, both David et al. [14] and Repetto et35

al. [15] studies were critical starting points to understand the flow patterns

during saccadic movements. In the following years, Repetto et al. [12, 16]

and Stocchino et al. [13, 17] performed analytical and experimental studies,

respectively, of the dynamics of the VH induced by saccadic movements. The eye

models were created based on the same assumptions as in [15], but an improved40

non-spherical shape was considered to resemble the real vitreous chamber. Their

results showed that the non-spherical shape of the cavity generates flow fields

and stresses on the boundary that are significantly different from those generated

in the case of motion within a sphere, with vortices forming in the area of the

lenses indentation, which the authors believed might play a role in the generation45

of retinal detachments. Abouali et al. [18] analysed saccadic movements with

a range of amplitudes from 10 to 50◦. Their eye model had the size of the

real human eye, with a radius of 12 mm and different degrees of indentation

resembling the lenses shape in the anterior part of the eye. All the studies

mentioned so far helped to increase our understanding of the flow dynamics50

of the biofluid during saccadic eye movements, and/or provided insights to

understand the importance of considering the lenses indentation. However, all

of those works were performed using Newtonian fluids, while it is known that

both VH phases exhibit viscoelastic rheological behaviour [9] and that their

rheology is closely related to its functionality in the eye. Therefore, assuming55

that the biofluid has a Newtonian rheology is an oversimplification that can lead

to significant differences in terms of the predicted flow behaviour during saccadic
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eye movements.

The first studies about eye movements considering fluids with viscoelastic prop-

erties were published in 2011 [19, 20]. However, both studies considered the60

eye as a sphere. The study of Meskaukas et al. [20] showed that the maximum

velocity inside the eye cavity can be twice the maximum wall velocity, and that

resonance effects related with the viscoelasticity of the fluids generate larger wall

shear stresses, and could be relevant for the occurrence of retinal detachment.

Those results were later corroborated by Isakova et al. [21], who predicted the65

same trend using an analytical approach, and also by Bonfiglio et al. [22] who

also obtained similar results based on an experimental study. Modarreszadeh

and Abouali [23] focused on providing a reliable numerical procedure for the

study of VH as a viscoelastic substance and under oscillatory movements. The

open-source software OpenFOAM® was used and the viscoelastic solver devel-70

oped by Favero et al. [24] was adapted to handle dynamic meshes. As their

focus was to provide a reliable numerical tool, their paper presents mostly solver

validations, and only preliminary results of the VH behaviour, considering a

Giesekus model for the VH gel phase and a Newtonian liquefied phase under

sinusoidal movement with frequency of 10 rad/s and amplitude of 3%, were75

presented.

In summary, there is a body of research work on the flow behaviour of vitreous

humour. However, most of the studies rely on a variety of simplifications (e.g.

simplified eye geometry, assumption of VH as a Newtonian fluid, considering

sinusoidal movements) that may lead to significant differences in the flow be-80

haviour when compared with the real VH in the eye. Additionally, to the best

of our knowledge, there are no numerical studies that consider the viscoelastic

behaviour of the VH liquid phase, as it is usually simulated as a Newtonian fluid

[25, 19, 23].

The aim of this study is the numerical investigation of the flow behaviour of85

VH using adequate viscoelastic rheological models that are able to model the

VH behaviour, using a geometry that is a better approximation of the vitreous
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humour chamber and real saccade profiles, to obtain a better insight about the

flow dynamics of VH during saccadic movements. The remainder of the paper

is organised as follows: the next section presents the numerical methodology90

used and the solver validations performed; the results are then presented and

discussed; finally, the main conclusions are summarised in the last section.
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2. Methodology

2.1. Eye model

The eye geometry used in the simulations was based on the real eye shape95

and size of an adult Human eye [30]. According to Encyclopaedia Britannica

Macropedia: Sensory Reception [31], the dimensions of the eye are reasonably

constant, with a variation of one or two millimetres between individuals, and

with a vertical diameter of about 24 mm. The geometry was drawn with the

3D CAD design software SolidWorks® v.15 and the dimensions considered are100

shown in Fig. 1.

(a) (b)

(c) (d)

Figure 1: Computational model of the vitreous cavity: (a) 3D view; (b) side view; (c) front

view; (d) midplane view based on section A-A presented in (c). All the dimensions are in

millimetres.
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(a) (b)

Figure 2: (a) Angular displacement and (b) angular velocity of the saccadic eye movements

under study.

2.2. Saccadic Movements

Saccadic movements are defined based on the saccade amplitude A, the saccade

duration tD, the peak angular velocity vp and the acceleration time tp. The

fifth order polynomial equation presented by Repetto et al. [15], based in the105

experimental measurements from Becker [32], was used in this work to define the

saccadic movements, and detailed information can be found in the supplementary

material. The angular displacements under study are between 10◦ and 40◦. The

saccadic movement profiles, as well as the angular velocities related with each

degree of displacement, are shown in Fig.2. The values of the saccade duration110

tD and the acceleration time tp for each degree of displacement are presented in

Table 2.

Table 2: Values of the saccade duration tD and the acceleration time tp for each degree of

displacement under study.

Angular displacement (◦)

10 20 30 40

tp (s) 0.0225 0.03 0.035 0.0375

tD (s) 0.05 0.075 0.1 0.1250
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2.3. Constitutive models

In this investigation, the experimental rheological data measured in our previous

work [9] was used for the selection of viscoelastic model parameters. Those115

experiments were performed using VH collected from New Zealand white rabbit

specimen, which previous studies have shown to be a good pharmacokinetic

model of human VH [33, 34]. The Giesekus model was used to fit the rheological

behaviour of both the VH liquid and gel phases. This model was originally

developed to describe the nonlinear response of polymeric solutions [35]. However,120

it has been proven suitable for gel-like solutions and it has subsequently been

used in several studies to model their rheological behaviour [36, 37, 38, 39]. Due

to the complex characteristics of the VH phases, several modes were required to

reproduce the fluids behaviour: a 3-mode Giesekus model was able to accurately

capture the experimental VH gel phase rheological data, while a 4-mode Giesekus125

model was used to fit the VH liquid phase rheological behaviour.

For the multimode Giesekus model, the shear viscosity is given by [40]

η(γ̇) = ηs +
∑
k

ηp,k(1 − fk)2

1 + (1 − 2αk)fk
(1)

where the function fk of mode k is given by

fk =
1 −Xk

1 + (1 − 2αk)Xk
with X2

k =

√
1 + 16αk(1 − αk)(λkγ̇)2 − 1

8αk(1 − αk)(λkγ̇)2
(2)

The storage and loss moduli in SAOS are given by

G′ =
∑
k

ηp,kλkω
2

1 + (λkω)2
(3)

G′′ = ηsω +
∑
k

ηp,kω

1 + (λkω)2
(4)

where k is the mode index, varying from one to the number of modes used in the

model, ηs and ηp,k are the solvent and polymer viscosities of mode k respectively,130

9



(a) (b)

Figure 3: Average storage and loss moduli as function of angular frequency, and shear viscosity

as function of shear rate at T = 37 ◦C for (a) the gel phase of VH and the fit with a 3-mode

Giesekus model, and (b) liquid phase of VH and the fit with a 4-mode Giesekus model. The

experimental data is taken from [9].

λk is the relaxation time of mode k, ω is the angular frequency and αk is the

nonlinear parameter of mode k that is related with the anisotropy of the drag

between the flow and the polymer segments [41]. Fig. 3 shows the experimental

VH data and the data fit with the multimode Giesekus model for both the gel

and liquid phases. Note that, for the liquid phase, G′ is higher than the G′′135

for the range of frequencies presented, which is considered a gel-like behaviour.

However, we refer to it as liquid phase for consistency with previous works [9].

The coefficients for each mode of the model are presented in Table 3. The density

considered for both phases was 1006 kg/m
3

[11].

2.4. Numerical method140

The open-source finite-volume code OpenFOAM® version 2.2.2 was used to

solve the governing equations with the no-slip boundary condition applied in

the whole eye surface, in a Cartesian coordinate system. A second-order implicit

backward scheme was used to discretise the time-derivatives. To ensure the

velocity-pressure coupling in a segregated way, the semi-implicit method for145

pressure-linked equations-Consistent (SIMPLEC) algorithm was selected. The

10



Table 3: Giesekus model parameters used to fit the rheological data of VH gel and liquid

phases.

Gel phase

mode 1 mode 2 mode 3

λk (s) 35 2 0.2

ηp,k (Pa s) 45 1.7 0.2

ηs (Pa s) 0.05

αk 0.5 0.5 0.5

Liquid phase

mode 1 mode 2 mode 3 mode 4

λk (s) 35 2 0.2 0.01

ηp,k (Pa s) 6 0.2 0.035 0.006

ηs (Pa s) 0.0007

αk 0.5 0.5 0.5 0.5

convective terms of the governing equations were discretized with the Convergent

and Universally Bounded Interpolation Scheme for the Treatment of Advection

(CUBISTA) [42], for both the momentum and constitutive equations. A zero

pressure gradient normal to the walls was assumed. The log-conformation tensor150

reformulation was used to solve the constitutive equation, which is known to

increase numerical stability [43, 44, 45].

2.5. Governing equations

For the cases under study, the whole eye model is moving as a solid body, with

a prescribed motion, guaranteeing that the mesh does not suffer any topological155

change. In order to include the effect of the dynamic mesh, the convective terms

in the governing equations needed to be corrected with the grid velocity. In this

moving mesh framework, the continuity equation for an incompressible fluid can

11



be written as

O · u = 0 (5)

where u is the velocity vector with components ux, uy and uz in the x, y and z160

cartesian directions, respectively.

The Cauchy momentum equation can be written as

ρ

[
∂u

∂t
+ O · u(u− ug)

]
= −Op+ O · τ + ρg (6)

where ρ is the fluid density, p the pressure, t represents time, ug refers to the

velocity at which the grid is moving and g is the acceleration of gravity.

The space conservation law (SCL) needs to be satisfied to ensure mass conserva-

tion,
d

dt

∫
V

dV −
∫
S

ug · ndS = 0 (7)

where V and S represent the volume and surface of the grid.165

In order to solve the momentum equation, the extra-stress tensor τ constitutive

law has to be calculated. For viscoelastic fluids, the flow history is important,

due to the memory of the fluid, and the total extra-stress tensor was split in

a polymeric contribution τp and a solvent contribution τs: τ = τs + τp. The

Newtonian solvent contribution is given by170

τs = ηs(Ou + OuT) (8)

while the the viscoelastic extra-stress τp is computed based on the Giesekus

equation, which for mode k is given by

τp,k + λk
O

τp,k + αk
λk
ηp,k

(τp,kτp,k) = ηp,k(Ou + OuT) (9)

12



(a) (b)

Figure 4: Computational mesh used: (a) surface mesh; (b) cut of plane z = 0.

where ηs and ηp,k are the solvent and the polymer viscosity of mode k con-

tributions, respectively, λk is the relaxation time of mode k, and
O

τp,k is the

upper-convective time derivative of τp,k, defined as
O

τp,k =
∂τp,k

∂t + u · Oτp,k −175

τp,k · Ou− OuT · τp,k [45].

2.6. Computational Mesh

To ensure accuracy of the CFD results, different levels of mesh refinement and

different time steps were tested. The geometry was split in seven different blocks:

a cube in the middle and six blocks around the central cube that meet the surface180

of the eye geometry. Meshes with 20, 40 and 80 cells per block and in each

direction, with an additional refinement in the cell adjacent to the wall (area with

higher gradients) were tested. The velocity profiles, along the vitreous cavity,

at different times of the saccadic movement were compared and no significant

differences were found between the results obtained with the meshes with 40185

and 80 cells per block (see supplementary material), therefore the mesh with

40 cells in each direction was chosen (see Fig. 4). The origin of the coordinates

system is in the centre of the cube in the middle of the geometry. All the cells

are hexahedric and the total number of cells was 476 800 for the mesh used.
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(a) (b)

Figure 5: Computational mesh used in the validation case of a sphere filled with a Newtonian

fluid: (a) surface mesh; (b) mesh in the plane z = 0.

Two different time steps were tested, ∆t = 10−4 s and 10−5 s. Since no meaning-190

ful differences in the velocity profiles between these two time steps were observed,

the time step ∆t = 10−4 s was chosen in all the remaining simulations.

2.7. Solver validation

2.7.1. Case 1: Sphere filled with a Newtonian fluid

David et al. [14] presented an analytical solution for Newtonian fluid motion of195

a sphere during oscillatory and saccadic movements. That model was used by

Repetto et al. [15] and Abouali et al. [18] to validate their setups. Both used a

spherical cavity with a radius of 40.8 mm, filled with glycerol. In this study, the

same geometry, fluid and saccadic movement profile were chosen for validation:

a saccadic movement with an amplitude A = 40◦ and a period tD = 0.247 s was200

applied to a Newtonian fluid with a kinematic viscosity of 8.19x10−4 m2/s and

a density of 1260 kg/m3. The mesh used in this test is shown in Fig. 5, and

consists of 56 000 cells split in 7 blocks.

The good agreement between the velocity magnitude profiles obtained and the

theoretical profiles are shown in Fig. 6.205
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Figure 6: Comparison between theoretical (from [14, 15, 18]) and numerical velocity magnitude

Umag obtained in the present work for a saccadic movement with A = 40◦ and duration

tD = 0.247 s.

2.7.2. Case 2: Sloshing cylinder filled with a viscoelastic fluid

In order to validate the numerical procedure for the flow dynamics of VH

driven by saccadic movements, Modarreszadeh and Abouali [23] studied different

geometries when subjected to sinusoidal oscillations. Different rheological models

were tested in order to validate the methodology proposed for linear and non-210

linear regimes. A simulation with a 2D cylinder with a radius of R = 0.012 m,

oscillating with amplitudes A = 20◦ and with a constant angular velocity of

ω = 10 rad/s, corresponding to a period tD = 0.6283 s, was performed in this

work and compared with the results presented by Modarreszadeh and Abouali

[23]. The VH was modeled with a 2-mode Giesekus model (see [23]), based on215

the rheological characteristics presented by [7], and a density ρ = 1000 kg/m3

was used.

The 2D mesh used in this test is shown in Fig. 7 and consists of 11 200 cells.

The results presented here were taken after 200 oscillation cycles, after the flow

field reached the periodic state: after n = 200 cycles, ttD = ntD = 125.6640 s,220

t0.175tD = ntD + 0.175tD = 125.7740 s, and t0.25tD = ntD + 0.25tD = 125.8211 s.

The results of the tangential velocity profiles for the midline (y = 0) of the cylinder

15



Figure 7: Computational mesh used in the validation with a 2D cylinder filled with a viscoelastic

fluid modelled with a 2-mode Giesekus model.

(a) (b)

Figure 8: Comparison of (a) the tangential velocity profile and (b) the average wall shear stress

magnitude profile obtained in this work and the results of Modarreszadeh and Abouali [23] for

a 2D cylinder oscillating with an amplitude of A = 20◦, and a constant angular velocity of

ω = 10 rad/s.

oscillating with amplitudes A = 20◦ for the three different times mentioned above

and the average WSS magnitude over an entire oscillating cycle are presented in

Fig. 8.225

The tangential velocity profiles obtained in this work show a good agreement

with those obtained by Modarreszadeh and Abouali [23]. The average WSS

magnitude in the wall of the 2D cylinder obtained in this work also shows the

same profiles as in [23], with a maximum difference of about 0.8%.
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3. Results and discussion230

This section analyses the differences in the velocity magnitude and wall shear

stress (WSS) of both VH phases, when subjected to different saccadic movement

amplitudes, A = 10, 20, 30 and 40◦.

3.1. Velocity field

The velocity contours in the midplane z = 0, of VH gel and VH liquid phase when235

the vitreous cavity is subjected to different degrees of movement, A, are presented

in Fig. 9 and Fig. 10, respectively. The vitreous cavity rotates anti-clockwise

around the z-axis. With the increase of the saccadic movement amplitude, A,

the angular velocity applied in the vitreous cavity walls also increases (see Fig.

2) and, consequently, the velocities reached in the vitreous cavity increase. The240

momentum diffusion across the vitreous cavity also increases, and the more

considerable differences between different degrees of movement can be found in

the VH gel phase (see Fig. 9): for times t = tD and t = 2tD, the portion of VH

gel that exhibits very little deformation (in the centre of the cavity) decreases

significantly with the increase of the saccadic amplitude, A, which is due to the245

higher elastic effects (higher Weissenberg number) observed at higher amplitudes,

causing an increase of the fluid memory effects. VH gel phase is a network

composed of collagen and HA molecules, and when subjected to deformation

the molecules adjust their conformation. With time, this rearrangement will

eventually cause degradation of the collagen molecules for higher deformations,250

which can lead to the appearance of VH liquid phase.

The VH liquid phase has a lower viscosity compared to the VH gel phase, which

means that the diffusive time scale (tdiff = ρD2

η ) is higher and for the initial

times, t = 0.1tD and t = tp, the velocity gradients occur primarily close to the

walls (see Fig. 10). However, for t ≥ tD the flow pattern changes significantly:255

for t = 2tD and an amplitude of 40◦ the fluid velocity magnitude reaches a
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Figure 9: Velocity magnitude contours on plane z = 0 for saccadic movements with amplitudes

A = 10◦, 20◦, 30◦ and 40◦, at times t = 0.1tD, t = tp, t = tD and t = 2tD, for VH gel phase.

maximum value around 0.06 m/s, which is more than half of the maximum

velocity reached at the walls at t = tp.

It is possible to observe that for times t = 0.1tD and t = tp, right behind the

lens indentation, a region where the velocity magnitude is close to zero (in fact260

there is a recirculation of fluid in that area) is formed for both VH gel and

liquid phase, being more pronounced in the gel phase. The lens indentation

significantly changes the flow patterns in the area behind it. Therefore, it is

important to use a geometry that replicates the vitreous chamber geometry as

closely as possible to avoid misleading results.265

The analysis of different z-planes (not presented here) parallel to the one repre-

sented in Fig. 9 and Fig. 10 showed that in general, for the fluids under study,

the velocity profiles follow similar trends to those observed in the central plane.
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Figure 10: Velocity magnitude contours on plane z = 0 for saccadic movements with amplitudes

A = 10◦, 20◦, 30◦ and 40◦, at times t = 0.1tD, t = tp, t = tD and t = 2tD, for VH liquid

phase.
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Figure 11: Velocity component Uy over time for VH liquid and gel phases at the point with

coordinates (-11,0,0) mm during a saccadic movement with amplitude A = 40◦.

For t > tD there are considerable velocity gradients inside the vitreous cavity. It

was expected that due to memory effects of the viscoelastic fluids, soon after the270

vitreous cavity stops moving, the VH would flow back in the opposite direction

of the imposed movement (recoil). The velocity component Uy over time at

the point with coordinates (-11,0,0) mm is presented in Fig. 11. There is no

change in the sign of the velocity Uy for the VH liquid phase, which means the

flow keeps its original direction, indicative of lack of significant memory effects275

(inertial effects are stronger than elastic effects). For the VH gel phase, the

sign of the velocity Uy changes at t/tD = 1.24, showing a memory effect as the

direction of the flow is reverted (elastic effects are dominant).

3.2. Wall shear stress

The wall shear stress on point P, WSSp (see Fig. 1b), over time, and of the WSS280

contours for VH gel phase are presented in Fig. 12 and Fig. 13, respectively, for

different amplitudes. Point P is located in the posterior position of the vitreous

chamber (point with coordinates (-12,0,0) mm) and corresponds to a position

close to the centre of the macula. The WSSp for different amplitudes follows the

same trend: with the increase of the imposed amplitude, the first peak of the285

WSSp occurs earlier and the corresponding values are higher (the WSSp peak
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Figure 12: Wall shear stress on point P (see Fig. 1b) for saccadic amplitudes of A = 10◦, 20◦,

30◦ and 40◦, for VH gel phase.

for a movement of A = 40◦ is 5 Pa, while for A = 10◦ is 3.9 Pa); the second

peak occurs for t ≈ tD and again larger saccades lead to higher values of WSS.

For t > tD it is possible to observe that for the larger saccades the WSS in the

macula region decreases faster, and interestingly for t = 2tD it is close to zero for290

a movement with an amplitude of A = 40◦. That observation finding is better

seen in Fig. 13, since for t = 2tD it is possible to observe considerable WSS in

the centre of the lens indentation for A = 10, 20 and 30◦, but not for A = 40◦.

Analysing Fig. 13, it is also possible to observe that for all the tested amplitudes

the maximum WSS values are reached in the centre of the lens indentation.295

The WSSp over time, and the WSS contours for VH liquid phase, for different

amplitudes of movement, are presented in Fig. 14 and Fig. 15, respectively.

For t < tD, and for the different saccadic movement amplitudes, the WSSp

time variation follows the same trend as described for the VH gel phase. After

t = tD, WSSp starts decreasing, but for t = 2tD the value is still not close to300

zero. For t = tp, VH liquid phase presents higher WSS values in the region of

the lens indentation but in a non-symmetrical way due to the larger inertial

effects observed in this fluid (see Fig. 15).

Comparing both fluids, VH gel phase shows higher values of the average WSS
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Figure 13: Wall shear stress contours on the vitreous cavity for saccadic amplitudes of A = 10◦,

20◦, 30◦ and 40◦, at times t = 0.1tD, t = tp, t = tD and t = 2tD, for VH gel phase.

Figure 14: Wall shear stress on point P (see Fig. 1b) for saccadic amplitudes of A = 10◦, 20◦,

30◦ and 40◦, for VH liquid phase.
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Figure 15: Wall shear stress contours on the vitreous cavity for saccadic amplitudes of A = 10◦,

20◦, 30◦ and 40◦, at times t = 0.1tD, t = tp, t = tD and t = 2tD, for VH liquid phase.

and the WSS at the macula region, and WSSp reaches a peak between t = 0.1tD305

and t = tp, except for the VH liquid phase when subjected to a saccade with

an amplitude of A = 10◦, where the maximum WSSp occurs after t = tp. For

all the saccadic amplitudes tested, the maximum WSS generated by the VH

gel phase are always more than twice the ones generated with the VH liquid

phase (see Fig. 13 and Fig. 15): in the centre of the lens indentation and for310

a movement with A = 40◦, the VH liquid gel phase reaches a maximum WSS

value of approximately 8.5 Pa, while the VH liquid phases reaches 3 Pa.

In a previous work [9] we showed that VH phases present significant elastic

properties, with the gel phase presenting a stronger elastic behaviour than the

liquid phase. It is believed that the properties of the VH gel phase are the315

closest representation to those of the VH in its natural environment. This work

shows that the rheological differences between VH liquid and gel phase produce
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significant differences in the flow behaviour of the fluids. Based on Repetto et

al. [12], medical literature suggests that retinal detachment (RD) occurrence

and progression is related to a mechanical phenomena. The stresses generated320

between the fluid and the retina are key to keep the retina in its proper position.

The decrease of the elastic properties with the liquefaction process of the VH

can contribute for the appearance of diseases as retinal detachment (RD), retinal

tears (RT) and macula degeneration [46, 47]. The VH liquid phase shows WSS

values much lower than VH gel phase, which may explain the increase of cases325

of RD and RT with VH liquefaction.

4. Conclusions

The main goal of the present work was to characterise the flow behaviour of the

VH gel and liquid phases for different amplitudes of saccadic eye movements,

taking into account their viscoelastic character and considering realistic eye330

chamber geometry and saccade profiles. To the best of our knowledge, this work

is the first numerical study that simulates the liquefied VH as a viscoelastic

fluid. Furthermore, the study aims to quantify the differences in the flow

behaviour between VH liquid and gel phases for different amplitudes of saccadic

eye movements. We used numerical simulations with complex rheological models335

that properly reproduce the viscoelastic VH gel and liquid behaviour measured

experimentally [9].

The elasticity and the viscosity of the VH liquid phase are lower than those of the

gel phase and consequently the numerical results show distinct flow behaviour.

The most important differences are the fact that inertial effects are more relevant340

for the VH liquid phase and the WSSp produced by the VH gel phase is more

than the double of the values generated by VH liquid phase: for a saccadic

movement with an amplitude A = 40◦, the VH gel phase can reach WSSp of

5 Pa, while the maximum WSSp obtained for the VH liquid phase was 2.1 Pa.

This difference may play an important role in understanding RD pathologies345
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and macula degeneration, and proposing new therapeutics.

This work provides new insights on the flow behaviour of the different phases

of VH. Here we consider that the vitreous cavity is filled with the liquid phase

or with the gel phase on its own. However, during liquefaction of VH, both

phases coexist inside the vitreous cavity. Further work using multiphase solvers350

would give new information on how both phases interact during saccadic eye

movements.
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