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Abstract—Vitrectomy combined with silicone oil tamponade is
an effective treatment for rhegmatogenous retinal detachment
(RRD). The high viscosity and surface tension of the silicone oil
make it suitable for treating large retinal tears by pressing against
the retina. However, silicone oil becomes emulsified over time as
it remains in the eye, which can cause serious complications.
Clear visual acquisitions of silicone oil-water interaction and
silicone oil emulsification progress are difficult during and after
the surgery. To help doctors and patients perceive the two-phase
interaction and emulsification progress intuitively, we propose
a physically based simulation method for intraocular silicone oil
visualization. For the visualization of immiscible silicone oil-water
interaction, we introduce a volume-incompressible Smoothed
Particle Hydrodynamics (SPH) approach to improve simulation
precision of multiphase flow coupling. A diffusion model based on
volume fraction is proposed to visualize emulsification progress.
Additionally, we combine our method with cohesion and surface-
minimization driven surface tension model to describe the high
surface tension of silicone oil. Experiments show that our scheme
can obtain a precise pressure gradient near phase boundary
and perform noticeable mixing effect that evolves over time.
Our method has the advantage of higher accuracy than other
visualization methods, and has the potential to help doctors make
decisions and estimate surgical outcomes.

Index Terms—Medical visualization; Rhegmatogenous retinal
detachment; Silicone oil tamponade; Multiphase flows simulation
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I. INTRODUCTION

Rhegmatogenous retinal detachment (RRD) is characterized
by retinal tears with fluid accumulating between separated
retinal neurosensory layer and retinal pigment epithelium
layer. Pars Plana Vitrectomy (PPV) combined with silicone
oil tamponade has become one of the major treatments as the
primary repair for RRD, as shown in Figure 1.
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Fig. 1. Procedure of PPV combined with silicone oil tamponade. Left: original
condition of rhegmatogenous retinal detachment: liquid (a) accumulates
behind the retina tear (b). Middle: silicone oil tamponade with vitreous body
being removed after reattaching the retina (c). Right: silicone oil emulsification
(d) over time.

Silicone oil is a popular kind of intraocular filler [I]
for RRD for its relative safety and preferable optical and
mechanical properties. However, silicone oil becomes emul-
sified in the vitreous chamber over time, impairing the oper-
ation’s effectiveness and causing various complications such
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as proliferative vitreoretinopathy, recurrent retinal detachment,
intraocular inflammation and secondary glaucoma.

As the emulsification process within the vitreous chamber
is difficult to fully observe in reality, developing a computer
simulation method to visualize silicone oil condition can help
to better understand the process. Potential uses of such a vi-
sualization system include making demonstrations to patients
or students, and simulating real surgeries to assist doctors to
make decisions about quantifying silicone oil needed to be
filled and the time to remove it.

Currently, there is a lack of simulation and visualization
methods for silicone oil emulsification. We propose a physics-
based visual simulation method for the silicone oil-water
two phase interaction and emulsification after silicone oil
tamponade. In summary, the main contributions of our method
are:

e a two-way coupling framework for volume-
incompressible fluids that is capable of handling
various density ratios between silicone oil and water;

« a surface tension model that incorporates the effects of
cohesion and curvature forces to minimize surface area;

o a multiphase mixture model based on volume fraction
scheme for the simulation of mixing states between
silicone oil and water.

II. RELATED WORK
A. Silicone Oil Tamponade and Emulsification

In 1929, Gonin first realized that sealing the retinal tear
is the key to the treatment of retinal detachment. In 1962,
Cibis et al. [2] first applied silicone oil as a vitreous substitute
in retinal detachment surgery. In the 1970s, Machemer [1]
invented closed vitrectomy, which removes the vitreous body
and then injects filler such as silicone oil, in order to recover
the eye volume, separate the retina from adhering membranes,
and smooth the detached retina.

Silicone oil emulsification refers to a process where silicone
oil droplets separate from the main silicone oil bubble and
diffuse into the eye tissue [3]. Silicone oil emulsification
can cause several complications. If the silicone oil droplets
enter the anterior chamber, they will affect the metabolism
of aqueous humor, and adhere to the corneal endothelium,
causing corneal decompensation, and other corneal diseases
[4] [5]. Emulsified silicone oil can also cause proliferative
vitreoretinopathy, recurrent retinal detachment, intraocular in-
flammation, secondary glaucoma and other diseases [6]. In
addition, long-term retention of silicone oil in the eye can
induce complicated cataracts, reduce choroidal thickness, and
cause retinal degeneration [7].

B. Physics-based Fluid Simulation

Physics-based fluid simulation uses physical rules to sim-
ulate fluids visually and realistically, which can model the
interactive behaviour of water and silicone oil within the eye.

The Smoothed Particle Hydrodynamics (SPH) approach is
a physics-based fluid simulation method using particle-based
fluid representation and numerical time integration [8], which
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is good at capturing fluid details. Becker et al. [9] proposed
Tait equation-based Weakly Compressible SPH (WCSPH)
method. Subsequently, implicit iterative SPH solvers [10]
[11] were proposed to enforce the incompressibility of the
fluid. The state-of-the-art SPH solver, Divergence-Free SPH
(DFSPH) [12], contains two iterative solvers: a divergence free
solver and a constant density solver.

For multiphase simulation involving interactions and mixing
between two or more kinds of liquid (e.g. silicone oil and
water), Miiller et al. [13] introduced the diffusion equation.
The concept of volume fraction [14] and corresponding mixing
models [15] were introduced to better capture miscibility and
were integrated into an iterative SPH solver [16]. Helmholtz
free energy [17] has been used to improve the mixing behavior;
and conservative phase field equations [18] were used to
achieve higher Reynolds number and density ratios.

III. PHYSICS-BASED SIMULATION OF SILICONE OIL
EMULSIFICATION AND DIFFUSION

To simulate the multiphase fluid interaction between silicone
oil and water during silicone oil tamponade process, the
motion of fluids, the surface tension effect, and diffusion due
to emulsification all need to be considered.

We first introduce a volume-incompressible SPH method
that derives pressure fields according to volume incompress-
ibility instead of density, which avoids the numerical error
that results from non-uniform density fields of the multiphase
flow. Secondly, we model cohesion and curvature force to
simulate the effect of surface tension between the two phases.
Thirdly, we introduce a volume fraction-based multiphase
mixture model to simulate the diffusion between water and
emulsified silicone oil. The simulation procedure is listed in
Algorithm 1.

A. Pressure Model for Incompressible Multiphase Fluid

1) SPH Fluid Simulation: The SPH method discretizes
continuous medium into computable macro particles [19]. It
approximates any continuous field value A(x;) (abbreviated
A;) at the position x; of a given particle ¢, from the values
A; of all neighboring particles j within the support radius h,
shown in Figure 2, as:

PIW (i — 1), (1)
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Fig. 2. Schematic diagram of the SPH approximation

Authorized licensed use limited to: Univ of Science and Tech Beijing. Downloaded on January 16,2023 at 04:20:44 UTC from IEEE Xplore. Restrictions apply.



In Eqn. (1), m; and p; represent mass and density of j; and
W (x; — x;,h) (shortened as W;;) is a cubic spline function
called the smoothing kernel [12].

However, in multiphase simulations where the particle mass
is non-uniform, numerical error would occur when approxi-
mating the density p using the traditional Eqn. (1). Inspired
by [20], we establish the volume-incompressible multiphase
SPH method by substituting m;/p; with the particle’s volume
V;, and reform the SPH discretization as:

A=A VW,

J

2

We then define a coressponding notion called ’compression
rate” I' to represent the extent to which the particle is com-
pressed:

0
r, = V7 =3 Vo, 3)
J
where ViO is the rest volume, which is the particle’s actual
volume without any compression.
Since only W;; is a non-constant function with respect to
x; in Eqn. 2, the gradient of A; can be straightforwardly
approximated as:

VA; =Y AV, VW 4)

J
As for the Laplacian operator, we apply the same approximate
form as in [19].

In physics, the motion of incompressible fluid flow is
governed by the Navier-Stocks equation, as:

—Vp + uV?v + pg, (5)

"Dt ~
where p is the dynamic viscosity, p is the pressure, v is the
fluid velocity, g is gravity acceleration, D/Dt presents the
material derivative.

In terms of computing the pressure gradient Vp, our method
is similar to DFSPH [12]. We first assume that the pressure is
proportional to volume change:

174%
Vpi =V (ki (Vi = Vi) = iV D 5 VWi, (6)
j J

where r; is an unknown rigidity coefficient. Then, we implic-
itly solve the pressure so that the pressure force makes every
particle non-compressed.

B. Silicone Oil-water Surface Tension Modeling

To depict the strong surface tension of the silicone oil, we
apply the cohesion force model and a curvature force that
minimizes the surface area within each phase [21].

The curvature force aiming at minimizing surface area, from
particle j to particle ¢, is:

Feur —

]

(7

where 7 is the normal to the surface of the given phase, and ~y
is the surface tension coefficient denoting the magnitude of the

—yms; (nl - n])7
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Algorithm 1 Silicone oil emulsification and diffusion simula-
tion solver
Input: Scenario initialization

set up global attributes: phase rest density pg, dynamic
viscosity p, surface tension coefficient -y, convection term C,,
and diffusion term D,,

initialize discretized particles’ attributes: particle location
at time ¢: x(t), velocity v(t), volume fraction «(t), and rest
volume V°
Volume-incompressible computation

compute compression rate I’ Eqgn. 3)

compute pressure force —Vp Eqgn. (6)

compute particle acceleration Dv /Dt Eqn. ()
Surface tension modeling

derive surface normal Eqn. (8)

compute curvature force F¢“" Eqn. (7)

compute cohesion force F¢°" Eqn. (9)

update particle acceleration Dv /Dt + (F4" + Fe) /m
update particle position
Multiphase mixture visualization

compute interphase momentum term Fy Eqn. (11)
compute drift velocity v{ Eqn. (12)
update volume fraction oy Eqgn. (13)

update particle mass m
Output: Particle state of the next time step

update particles’ attributes after simulation time step
spanned At: location x(t + At), velocity v(t + At), volume
fraction «(t + At), mass m(t + At)

surface tension. The normal to the surface can be calculated
using the color field: ¢; =}, V;W;;. Fluid particles located
on the surface, due to a lack of neighbors, have smaller color
field values c than those with full neighbors. The surface
normal can be obtained with the color field gradient using
Eqn. (4):

n;=hVe;=hy V;VWy. (8)

J

The second term, cohesion force, is expressed as the mutual
attraction between the particles representing the same fluid
phase. The attraction depending on the distance between
particles is:

T; — &y

T

Feoh —

i C (|; — ;1) (€))

where C(1) is a normalized spline function for cohesion force
(refer to [21]).

C. Volume Fraction Mixture Model for Visualizing Silicone
Oil Emulsification

1) Volume Fraction Scheme: For the emulsification and
diffusion effect between silicone oil and water, we introduce a
volume-fraction based diffusible multiphase mixture model. In
this model, each particle can carry multiple phases, and each
phase occupies a fraction oy, of the particle’s volume, where &
labels the phase, and satisfies ), ax, = 1, as shown in Figure
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3. According to the Local Equilibrium Assumption (LEA)
[22], all phases are thoroughly mixed within each particle.
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Fig. 3. Particles with mixed phases. (a) Relationship between volume fraction

vy, phase velocity vy, and mixture velocity v; (b) The relationship between
vy, v, and drift velocity v

The velocity at the volume center of each particle can be
expressed with the mixture velocity: v; = >, oy, vy,, Where
vy, is the phase velocity of phase £ within particle ¢. The rest
density of each particle satisfies p? = >k Ok, Pis Where py
is the rest density of each fluid phase. The drift velocity is
v,i_ = vy, — v;, describing the relative velocity of each phase
to the volume center of the particle.

2) Dynamic Model for Multiphase Flow: We incorporate
the multiphase mixture model from [22]. In the multiphase
model, each phase k in the particle ¢ has an interface momen-
tum source Fj,, that affect the phase velocity:

D’Uk

Ok, Pk, Dtl = ay, (—pr, + 1 V>?0;

(10)
+ Pk 8 — pki’vgi ’ v)’uki + Fki7
which satisfies >, Fj, = 0 because of the conservation of
momentum inside each particle.
By summing up Eqn. (10) for all phases, we can derive the
relationship between the velocity of each particle and that of
every single phase inside each of it according to [22]:

Dv;
Fki = Q; (pki _pi) <g_ D;) .

From Eqn. (10) and Eqn. (11), the relationship between drift
velocity and particle motion can be further established as:

Dvi  py,—pi [ Du
&€ Dt )

Dt Pk;
3) Volume Fraction Update Mechanism: For each time
step, the update of volume fraction involves a control factor
and a diffusion item:

g, = ag, At (—C’mV . (aki'ugi) + V2 (Dmaki)) ,

(1)

(12)

13)

where C,, and D,, are parameters that respectively control
inertial drag and diffusion.

IV. EXPERIMENTS

In order to verify the effectiveness of our method, we first
conduct an immiscible two-phase dambreak experiment to
show the two-phase coupling effect. Next, we demonstrate
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miscibility with a miscible ink drop scene. Finally, we perform
a realistic simulation of silicone oil tamponade and emulsifi-
cation on an eye model.

The experiments are run on a computer with 16 GB RAM,
an 8-core Intel® i7-9700 CPU at 3.00 GHz, and an Nvidia
RTX 2080 SUPER GPU with 8.0 GB VRAM. The 2D
simulation framework is written with the Taichi [23] language
and runs on CUDA. For the 3D eye model experiment,
we write a CPU-based simulation algorithm with C++ and
OpenMP, using Eigen as mathematical library. We use the
surface reconstruction method introduced in [24] to generate
3D meshes from particles, and Blender for offline rendering.
Table I summarizes the experiments, which shows the number
of particles used in each experiment, and displays the time
cost of the experiments.

TABLE I
EXPERIMENT INFORMATION.

Scene Figure(s) Particles Time*
Two-phase coupling Figs. 4, 5 116K 2.1
Ink drop Figure 6 237K 55.9
Silicone oil tamponade Figure 7 90K 354
Silicone oil emulsification =~ Figure 8 89K 168.9

*average time to run one second of simulation (minutes)

(c) Volume-incompressible SPH

Fig. 4. Two-phase coupling experiment.

A. Two-phase Coupling Experiment

The experiment in Figure 4 verifies the superiority of the
volume-incompressible SPH method to the traditional WCSPH
and DFSPH methods. The two fluid phases are respectively
colored yellow and blue with a density ratio of 1 : 2. Diffusion
and surface tension are disabled. In the experiment, two blocks
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of fluid, each consisting of one phase, fall freely into the
container to interact with each other.

From Figure 4, it can be seen that in WCSPH, the yellow
phase’s surface is unstable. Moreover, due to the poor pressure
handling at the phase interface, WCSPH and DFSPH gener-
ate unnatural thin artifacts, and cause an excess of bubbles
where surface tension should not be present. Our volume-
incompressible method avoids these problems and shows
smoother coupling details, indicating a more stable pressure
calculation between phases.

Figure 5 shows the statistics about efficiency and conserva-
tion of energy of different methods. Firstly, Figure 5 shows
the time consumption of running one frame of simulation. It
can be seen that the efficiency of our method is similar to
DFSPH, and about two times better than WCSPH. Secondly,
Figure 5 pictures the evolution of the ratio of total mechanical
energy of all particles, showing the percentage of mechanical
energy remaining compared to frame 30. The total mechanical
energy decreases over time due to viscosity and numerical
dissipation. Our method retains the most mechanical energy,
meaning our method has less numerical dissipation, and thus
a better numerical accuracy.

- == WCSPH
0.5
= === DFSPH

09
Ours

0.85

08

% of mechanical energy retained
(pu0ods) owrely 10d oW UOHB[MWIS

4]

frame

Fig. 5. Comparison of the time consumption per frame of simulation and
mechanical energy between WCSPH, DFSPH and our volume-incompressible
SPH.

This experiment shows that our method can efficiently
simulate the two-phase coupling between silicone oil and
water, and has better simulation accuracy than the WCSPH
and DFSPH methods.

B. Ink Drop Experiment

The experiment in Figure 6 simulates the diffusion process
of a red ink droplet falling into water and demonstrates the
diffusion effect in our method.

Ink and water are respectively colored red and white, with
a density ratio of 2 : 1. The top row has no diffusion, while
the middle and bottom row set the diffusion coefficient D,,
at 0.003 and 0.005 respectively to control the diffusion rate.
As can be seen in Figure 6, the larger D,, is, the more rapid
the diffusion process is.

This experiment shows that our multiphase mixture model
can effectively simulate diffusion effects, with a controllable
diffusion rate.
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Fig. 6. Ink drop experiment. Top row: no diffusion. Middle row: diffusion
parameter Dy, = 0.003. Bottom row: D,, = 0.005

C. Silicone Oil Tamponade and Emulsification Experiment

This experiment simulates the silicone oil tamponade op-
eration and the postoperative silicone oil emulsification. The
experiment is performed on an eye model shown in Figure
7 (a); and the content of the eye during the simulation is
displayed in cross section. Density of water and silicone oil
are respectively set at 1.000 g/mL and 0.963 g/mL. The
surface tension coefficient v and diffusion parameter D,,, are
intuitively set at v = 3 and D,,, = 0.01 to model the strong
surface tension and slow emulsification of silicone oil.

We first simulate the silicone oil tamponade in Figure 7
(b), (¢). In the simulation, silicone oil (white) is injected into
the vitreous cavity filled with water (blue) after vitrectomy.
The silicone oil and water are set to be non-diffusible during
this process since the surgery’s duration is too short for any
visible emulsification to happen. Here we also demonstrate
the surface tension effect. In Figure 7 (b), there is no surface
tension, i.e. surface tension coefficient v = 0, while in Figure 7
(c), surface tension is enabled for silicone oil, which exhibits
a realistic bubble-like shape, correctly modeling the surface

(©
Fig. 7. Silicone oil tamponade experiment. (a): eye model used; (b) no surface
tension; (c) surface tension coefficient v = 3.
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tension effect.

Next, we turn the eye model to correspond to the prone
position after surgery, and enable diffusion for the surface
tension scene. The result is shown in Figure 8. In this ex-
periment, we can see that the silicone oil is slowly emulsified;
and the emulsified silicone oil gradually diffuses into the water.
With this simulation, we can estimate the state of silicone oil
emulsification within the eye.

Fig. 8. Silicone oil emulsification experiment.

V. CONCLUSION

To help people better understand the process of silicone
oil tamponade and silicone oil emulsification, we present a
simulation and visualization method for the interaction and
emulsification between silicone oil and water during and after
silicone oil tamponade. We propose a volume-incompressible
multiphase fluid simulation framework to simulate silicone oil-
water coupling, use cohesion and curvature force to achieve
surface tension effects, and introduce a volume fraction-
based mixture model to realize the simulation of silicone oil
emulsification in the intraocular cavity. Experiment results
show that our method can effectively and stably realize the
simulation and visualization of silicone oil-water coupling,
surface tension, emulsification and diffusion.

Our simulation method can be used to demonstrate silicone
oil tamponade and its complications, and to predict the emul-
sification state of silicone oil in the intraocular cavity after
surgery. Further research can consider the varying physical
properties of different types of silicone oil, and the patient’s
intraocular condition, to determine the simulation parameters
for individual cases.
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