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Posterior vitreous detachment
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Posterior vitreous detachment
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Posterior vitreous detachment

Tractions on the retina can be induced by

eye-rotation generated oscillations

quasi-static shrinkage of the vitreous

A.Tatone - R.Repetto - A.Testa - E.Colangeli Dynamical tractions on the retina



How to best evaluate the presence or absence of vitreous
traction and how to quantitate the degree of vitreous
traction is presently not known [Sebag-1989]
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The mechanical model
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Balance principle (solid & fluid)

For any test velocity field w∫
D

b ·w dV +

∫
∂D

t ·w dA −
∫

D
T · grad w dV = 0

b bulk force per unit volume on D

t traction per unit area on ∂D

T Cauchy stress tensor
Ds Df

∂D

I

Solid Fluid
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Balance principle (solid & fluid)

For any test velocity field w∫
D

b ·w dV +

∫
∂D

t ·w dA −
∫

D
T · grad w dV −

∫
I
τ · [[w]] dA = 0

b bulk force per unit volume in D

t traction per unit area on ∂D

T Cauchy stress tensor
τ interface stress

Ds Df

∂D

I

Solid Fluid
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Balance principle (fluid)

For any test velocity field w∫
Df

bf ·wf dV +

∫
∂?Df

t?f ·wf dA +

∫
I

tf ·wf dA

−
∫

Df

Tf · grad wf dV = 0

bf bulk force per unit volume in Df

t?f traction per unit area on ∂?Df

tf traction per unit area on I

Tf Cauchy stress tensor

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Balance principle (solid)

For any test velocity field w∫
Ds

bs ·ws dV +

∫
∂?Ds

t?s ·ws dA +

∫
I

ts ·ws dA

−
∫

Ds

Ts · grad ws dV = 0

bs bulk force per unit volume in Ds

t?s traction per unit area on ∂?Ds

ts traction per unit area on I

Ts Cauchy stress tensor

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Balance principle (solid & boundary membrane)

For any test velocity field w∫
Ds

bs ·ws dV +

∫
∂?Ds

t?s ·ws dA +

∫
I

ts ·ws dA

−
∫

Ds

Ts · grad ws dV −
∫

I
Nm · gradm ws dA +

∫
∂I

f?m ·ws d` = 0

bs bulk force per unit volume in Ds

t?s traction per unit area on ∂?Ds

ts traction per unit area on I

Ts Cauchy stress tensor
Nm Membrane stress tensor
f?m traction on ∂I

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Balance equations (solid & boundary membrane)

div Ts + bs = 0 in Ds

t?s = Ts n on ∂?Ds

divm Nm + ts = Ts n on I

f?m = Nm nm on ∂I

f?m traction on ∂I

Nm membrane stress tensor
nm unit vector normal to ∂I

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Balance equations (fluid)

div Tf + bf = 0 in Df

t?f = Tf n on ∂?Df

tf = Tf n on I

bf bulk force per unit volume in Df

t?f traction per unit area on ∂?Df

tf traction per unit area on I

Tf Cauchy stress tensor

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Material characterization

Incompressibility

det F = 1

div vf = 0

Viscoelastic solid

Ts = −ps I + T̂s(F) + 2µs sym grad vs

Newtonian fluid

Tf = −pf I + 2µf sym grad vf

Neo-Hookean response

T̂s(F) = 2c0 dev(FFT)
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Inertial forces

bs = −ρs v̇s

bf = −ρf (v̇f + (grad vf )vf )
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Balance equation (fluid)

div Tf + bf = 0

bf = −ρf (v̇f + (grad vf )vf )

Tf = −pf I + 2µf sym grad vf

Navier-Stokes equation on Df

−ρf (v̇f + (grad vf )vf )− grad pf + µf ∆vf = 0
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Boundary conditions (solid & fluid)

τ = tf = −ts on I

vs = vf on I

us = ū on ∂?Ds

vf = ˙̄u on ∂?Df

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Moving grid

γ : D→ D

γs = φs

∆γf = 0
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Balance principle for the solid in the reference shape

For any test velocity field w∫
Ds

bs · ws dV +

∫
∂?Ds

t?s · ws dA +

∫
I

ts · ws dA

−
∫

Ds

Ss · grad ws dV −
∫

I
Nm · gradm ws dA +

∫
∂I

f?m · ws d` = 0

bs bulk force per unit volume in Ds

t?s traction per unit area on ∂?Ds

ts traction per unit area on I

Ss Piola stress tensor
Nm Membrane stress tensor
f?m traction on ∂I

Ds Df

∂?Ds

∂?DfI

Solid Fluid
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Balance equation for the fluid in the reference shape

div Sf + bf = 0

bf = −ρf

(
v̇f + grad vf Γ−1(vf − u̇γ)

)
det Γ

Sf =
(
−pf I + 2µ sym(grad vf Γ−1)

)
Γ−T det Γ
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Saccadic movement
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Saccadic movement
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Constitutive parameters

Nickerson et al. (2008) G ′ 10 Pa
G ′′ 3.9 Pa

Swindle et al. (2008) G ′ 3.46 ± 0.30 Pa
G ′′ 0.71 ± 0.12 Pa

(porcine samples)
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Constitutive parameters

Radius R = 0.012 m

Fluid viscosity µf = 10−3 Pa× s

Mass density ρs = ρf = 1000 kg/m3
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Boundary traction
for different values of the solid elastic modulus
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Boundary traction (vs. solid elastic modulus)

[c3 case 003]

Right

Left

c0 = 2 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 006]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 007]

Right

Left

c0 = 4 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008 b]

Right

Left

c0 = 10 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008 t]

Right

Left

c0 = 20 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 003]

Left Right

Right

Left

c0 = 2 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 006]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 007]

Left Right

Right

Left

c0 = 4 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008]

Left Right

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008 b]

Left Right

Right

Left

c0 = 10 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case 008 t]

Left Right

Right

Left

c0 = 20 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. solid elastic modulus)

[c3 case]
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Normal

Tangential

Right

Left

c0 = 2÷ 20 Pa

m0 = 20 Pa

µs = 0.5 Pa s

A.Tatone - R.Repetto - A.Testa - E.Colangeli Dynamical tractions on the retina



Membrane oscillations
for different values of the solid elastic modulus
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 003]

Right

Left

c0 = 2 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 006]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 007]

Right

Left

c0 = 4 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 008 b]

Right

Left

c0 = 10 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Membrane oscillations (vs. solid elastic modulus)

[c3 case 008 t]

Right

Left

c0 = 20 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction
for different values of the solid viscosity
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Boundary traction (vs. solid viscosity)

[c3 case 006]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.50 Pa s
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Boundary traction (vs. solid viscosity)

[c3 case 010]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.75 Pa s

A.Tatone - R.Repetto - A.Testa - E.Colangeli Dynamical tractions on the retina



Boundary traction (vs. solid viscosity)

[c3 case 011]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.00 Pa s
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Boundary traction (vs. solid viscosity)

[c3 case 011 b]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.25 Pa s
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Boundary traction (vs. solid viscosity)

[c3 case 011 t]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.50 Pa s
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Boundary traction (vs. solid viscosity)

[c3 case 006]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.50 Pa s

A.Tatone - R.Repetto - A.Testa - E.Colangeli Dynamical tractions on the retina



Boundary traction (vs. solid viscosity)

[c3 case 010]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.75 Pa s
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Boundary traction (vs. solid viscosity)

[c3 case 011]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.00 Pa s
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Boundary traction (vs. solid viscosity)

[a2 case 011 b]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.25 Pa s
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Boundary traction (vs. solid viscosity)

[a2 case 011 t]

Left Right

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.50 Pa s

A.Tatone - R.Repetto - A.Testa - E.Colangeli Dynamical tractions on the retina



Membrane oscillations
for different values of the solid viscosity
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Membrane oscillations (vs. solid viscosity)

[c3 case 006]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.50 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 010]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.75 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.00 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011 b]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.25 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011 t]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.50 Pa s
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Boundary traction
for different values of the membrane elastic modulus
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Boundary traction (vs. membrane elastic modulus)

[c3 case 001]

Right

Left

c0 = 2 Pa

m0 = 2 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 001 b]

Right

Left

c0 = 2 Pa

m0 = 5 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 002]

Right

Left

c0 = 2 Pa

m0 = 10 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 002 b]

Right

Left

c0 = 2 Pa

m0 = 15 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 003]

Right

Left

c0 = 2 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 001]

Left Right

Right

Left

c0 = 2 Pa

m0 = 2 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 001 b]

Left Right

Right

Left

c0 = 2 Pa

m0 = 5 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 002]

Left Right

Right

Left

c0 = 2 Pa

m0 = 10 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 002 b]

Left Right

Right

Left

c0 = 2 Pa

m0 = 15 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case 003]

Left Right

Right

Left

c0 = 2 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Boundary traction (vs. membrane elastic modulus)

[c3 case]
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Membrane oscillations
for different values of the solid viscosity
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Membrane oscillations (vs. solid viscosity)

[c3 case 006]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.50 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 010]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 0.75 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.00 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011 b]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.25 Pa s
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Membrane oscillations (vs. solid viscosity)

[c3 case 011 t]

Right

Left

c0 = 3 Pa

m0 = 20 Pa

µs = 1.50 Pa s
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Stress and velocity field in the solid
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Deviatoric stress and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Deviatoric stress and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Deviatoric stress and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Deviatoric stress and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Deviatoric stress and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Pressure and velocity field in the solid

[c3 case 008]

Right

Left

c0 = 5 Pa

m0 = 20 Pa

µs = 0.5 Pa s
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Comparing different PVD conformations
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Different PVD conformations
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Different PVD conformations
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Different PVD conformations
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Velocity and pressure in the fluid part of the vitreous
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Fluid velocity field
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Fluid velocity field
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Fluid stress field
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