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Abstract: The air pu test is a non-contact method used in dierent areas to investigate the

material behaviour or the biomechanical properties of biological tissues such as skin, cornea, and
soft tissue tumours and also to study fruit rmness or meat tenderness. For the human eye, having
a valid and fully coupled numerical simulation of the air pu test is very helpful and can greatly
benet to reduce a lot of time and cost of experimental testing. The gab in research in this area
is considering the uid structure interaction eect between the cornea, the air pu and the eye
internal uid. The simulation of the air pu test on the human eye is a Multi-physics problem
which means; coupling between dierent numerical models and solvers with dierent governing
equations and exchanging the data between them during the solution. A Computational Fluid
Dynamics (CFD) model has been generated for an impinging air jet of maximum velocity of 168
m/s over a time span of 30ms and a coupling between the CFD model and the Finite Element
(FE) model of the human eye has been successfully achieved for accurate simulation of the Fluid
Structure Interaction (FSI) eect on the human eye cornea deformation.
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Introduction

The human eye contains a viscoelastic uid called vitreous humour and has a pressure called Intraocular
pressure (IOP), which gives the eye its spherical shape. This pressure is crucial and is very important to
understand everything related to it. There are a lot of ocular diseases connected directly or indirectly to
IOP, if it's deviated from its normal values. Some of these diseases are Glaucoma, Ocular Hypertension
and Retinal Detachment. Glaucoma is one of the ocular diseases which develops when the eye internal
uid cannot drain properly and the intraocular pressure builds up. This can result in damage to the optic
nerve and the nerve bres from the retina and early diagnosis is very important as any damage to the eyes
cannot be reversed. Accurate measurement of the intraocular pressure (IOP) is essential in management
of Glaucoma and diagnosis of other diseases. The two most common types of Glaucoma are Open Angle
Glaucoma (OAG) and Angle Closure Glaucoma (ACG). In 2010, more than 44.7 million patients are diseased
with OAG and 15.7 million patients with ACG. The numbers are expected to increase in 2020 to 58.6 million
OAG patients and 21 million ACG patients [1].
The gold standard of IOP measurement and the most widely accepted method is the Goldmann applanation tonometery (GAT), developed in the 1950s [2]. It is based on the force measurement required to atten
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or applanate the cornea surface to estimate the IOP value. However, the GAT measurement is aected by
the biomechanics of the cornea such as corneal thickness (CCT), material properties and curvature (R).
The contact tonometry involves direct contact between the device and the cornea. However, the noncontact tonometry uses a rapid air pulse to applanate or atten the cornea and the IOP is measured by
detecting the force of the air jet at the moment of applanation. CorVis-ST and Ocular Response Analyser
(ORA) are two devices use this concept in the IOP measurement. The aim of this study is to improve the
accuracy of the IOP measurements by considering the uid structure interaction eect between the cornea,
the air pu and the eye internal uid through a parametric study of numerical models and their comparisons
with the clinical data.
Numerical simulation, if it's Computational Fluid Dynamics (CFD) or Finite Element Analysis (FEA),
is a very important tool in biomechanics scientic research as it can give better understanding for unseen
behaviour or save time and eort of experimental testing for running parametric studies or extracting material
properties. For the air pu test simulation, numerical methods are the core of the work and understanding
the dierent governing equations and dierent solvers is essential. The air pu test simulation consists of
three pillars:

• Finite element and material model for the eye based on accurate topography and geometry.
• CFD turbulence modelling of the air pu impinging at the cornea.
• The FSI coupling between the two models.

1.1 Impinging jet basic theory
The basic theory of the CFD impinging air pu is the round jet diusion and impingement theory. The
impinging jets have dierent variety of important applications such as cooling and drying, they are also
representative models for the jets in vertical take-o and landing aircrafts and rockets or in the simulation
of the atmospheric microbursts. The ow characteristics of impinging jets depend on dierent parameters,
such as jet orice diameter, nozzle to impingement surface distance, jet connement, radial distance from
stagnation point, angle of impingement, surface curvature & roughness, nozzle exit geometry and turbulence
intensity [3], [4], [5]. By studying the air pu and its ow characteristics, it has been found that it's a
turbulent jet with Reynolds number (23702.26) which means that we need to simulate highly disturbed ow
with turbulent eddies and vorticities. The jet split into 3 regions; the "free" jet region, the impingement or
stagnation region, and the wall-jet region, see Figure 1.

Figure 1: Impinging jet dierent regions.
Reynolds Averaged Navier-Stokes equations (RANS) are the governing equations for the CFD model,
simply they represent the mass and the momentum conservation in dierential form in the three dimensions.
These equations will simulate the ow, but we still need an appropriate turbulence model to resolve and
capture the large and small eddies. Abaqus-CFD has 3 dierent models, "Spalart-Allmaras" as a one equation
RANS model, "RNG and Realizable K-ε models" and "K-ω model" as a two equations RANS model.
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1.2 Aeroelasticity
Aeroelasticity deals with the combined features of uid dynamics and solid mechanics. There are many
applications based on this part of science such as aircraft's wing design, turbo-machinery, bridges and
skyscrapers design, electric transmission lines, articial heart valves, respiratory mechanics and is considered
as the foundation of the modern biomechanics. In most of the aeroelasticity applications, it's normally
assumed that the external loading acting on a structure is, in general, independent of the deformation of
that structure and this was the assumption made in the literature when simulating the air pu test, but
actually the deformations of the cornea are in an order of magnitude which can't be ignored compared
to the eye and the cornea size and it will have eect on the applied aerodynamic force by the air jet.
The key reference dimensionless number in specifying the kind of the FSI problem is the Reduced Velocity
TSolid
which is the ratio between the two time scales of the coupled models. In the air pu test
UR =
TF luid
UR is in order of magnitude from (0 to 10) which is close to the displacement number of the structure
model (0.054). This range of the reduced velocity is the range of the general aeroelasticity problem which
require full coupling and consideration of both time scales during the solution and solving the two models
simultaneously at the same time. The quasi-static and pseudo-static aeroelasticity approaches will have a
great impact on the accuracy of the solution as there is no model dominant over the other.

Figure 2: The classication of aeroelasticity problems based on the reduced velocity UR .
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Numerical simulation methodology

The three main parts of the air pu test simulation are the eye model, the CFD model of the air jet and the
FSI coupling between them. The process starts by modelling the CFD model of the air jet rst and making
sure that it's working separately without any coupling or interfaces and considering the cornea as no-slip
wall boundary condition. Then, the nite element model of the eye is coupled with the CFD turbulent model
of the air pu exchanging the characteristic variables between them at every time step of the job as shown
in gure 3.

2.1 CFD setup
The air domain geometry, gure 4 has been generated by Matlab code to project the coordinates of the
cornea and three rings from the sclera into layers above the eye model till we reach a distance of 11 mm
which is the typical distance for the test on real patients. Then, the uid material properties are dened as
3

air in terms of density and kinematic viscosity. The boundary conditions are applied inlet, outlet and no-slip
wall BCs. After making sure that the CFD model is working on its own, the cornea and sclera surfaces are
changed into Fluid Structure Interaction interface and the eye input le is modied to add the lines of the
co-simulation region and the FSI interface. Then, a co-execution job has to be generated and the two models
have to run at the same time exchanging information between them.

Figure 3: The Idea of Fluid Structure Interaction and coupled dimensionless equations.
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Figure 4: The CFD and Eye models mesh and geometry denition.

2.2 CSD setup
The nite element model of the eye is generated by orphan mesh technique through node, element and input
les with Abaqus special syntax. The Eye model has to be xed in space from the equatorial nodes, the
internal loading of the IOP has to be applied rst on a separate step to inate the eye from the stress free
geometry and lastly the most important part is the material properties denition for the dierent section of
the eye, based on previous published research done in the Biomechanics group.

2.3 FSI setup
After making sure that the CFD model is working on its own, the cornea and part from the sclera surfaces
are changed into Fluid Structure Interaction interface and the eye input le is modied to add the lines of
the co-simulation region and the FSI interface. Then, a co-execution job has to be generated and the two
models have to run at the same time exchanging the characteristic variables, forces and deformations.
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Results

In this section the validation of Abaqus/CFD as turbulent ow solver will be presented rst and then the
FSI model of the air pu test and comparison of the corneal deformation with a clinical case will be shown.

3.1 Abaqus/CFD validation
To validate the CFD code available ib Abaqus an impinging air jet on a xed wall of bulk velocity of 9.6
m/s for Tummers experiment [6] and the numerically reproduced ow eld on Abaqus CFD using Spallart
Allmaras turbulence model are shown in gure 5. It shows good agreement with the ow eld of the Laser
Doppler Anemometer (LDA) experimental mean ow eld. The mean axial and radial velocities at dierent
axial traverses normal to the impingement surface are shown in table 1and 2
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Figure 5: Laser Doppler Anemometer (LDA) mean ow eld for Tummers experiment and the reproduced
numerically ow eld on Abaqus-CFD [6].
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Table 1: Mean Axial velocity component at dierent axial traverses, LDA data from Mark J. Tummers et
al [6].
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Spatial mean radial velocity
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Table 2: Mean Radial velocity component at dierent axial traverses, LDA data from Mark J. Tummers et
al [6].

3.2 Eye FSI coupled model
Figure 6 shows the fully coupled FSI model of the air jet CFD model and the FE model of the eye. All the
information such as the pressure distribution on the cornea, the air velocity, the stresses and deformation
of the cornea can be extracted at real time and direct response to the eect of the air pu which gives a
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great advantage of data analysis, parametric studies and material characterisation. By using Python code,
the information can be extracted from Abaqus output database les and then analysed by Matlab to do the
comparison with clinical data.

Figure 6: The FSI coupled model of the eye showing the velocity magnitude of the air jet and the eye model
deformation magnitude.

3.3 Pressure and deformation proles
Fluid structure interaction has an eect on the pressure distribution on the cornea during the time of the air
pu test. Table 3 shows the pressure distribution on the cornea at dierent time steps during the test and
it showed complete dierent behaviour than what was assumed in the literature and previous simulations
of the air pu test. Graph (a) shows the exact pressure distribution and the region where there is negative
pressure. Graph (b) shows the progression of the cornea deformation with time. To show the eect of the
cornea exibility on the pressure values of the jet, two dierent simulations of the turbulent jet have been
performed on a rigid cornea shape surface with no moving boundaries. One model for the cornea at the
initial shape and the other model is at the maximum deformation geometry, but the cornea surface is solid
with no slip wall boundary condition. When the results of these two models have been compared with the
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FSI model considering exible cornea, it illustrates the dierence clearly as shown in gure 8.
Figure

(b) Spatial cornea deformation proles

(a) Spatial pressure distribution

Parameter

Table 3: Pressure distribution on the cornea at every 1 ms of the test (a), and deformation of the cornea at
every 0.1 ms of the test

3.4 Comparison with clinical data from CorVis-ST
Figure 7 (a) shows the cornea deformation proles comparison numerically and clinically on real patients.
The maximum deformation for the clinical case is 0.9 mm and for the numerical model is 0.81 mm with
percentage error of 10%. The thickness of the cornea (CCT), the IOP and the age aect the response of the
cornea to the air pu pressure. The age aects the cornea material stiness as it get stier with elder ages.
Figure ?? (b) shows the cornea apex deformation with time during the test. The hysteresis eect is clear
between the numerical and the clinical response of the cornea and ths one of the important recommendations
from the FSI model to improve the material model. The other signicant source of error is the rebounding
of the whole eye due to the impact of the air pu as the eye is surrounded by a exible fatty tissue that
allow the eye to move backward.
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Figure 7: The deformation proles of the cornea during the air pu test every 0.1 ms (a) and the apex
deformation with time (b).
Figure 8 illustrates the dierence in the pressure distribution on the cornea for two numerical models one
with FSI and the other without the FSI simulation. Also, the deformation proles of the cornea has been
compared numerically and clinically with applying two dierent turbulence models for the air pu, Spallart
Allmaras and RNG K- (Renormalisation Group) and been found that there is no change in the results.

Figure 8: Pressure distribution comparison on the cornea with and without FSI eect.
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Discussion

The air pu test is a non contact method to measure the eye internal pressure noninvasively, but compared to
the gold standard of IOP contact measurement techniques, it's been found inuenced by the biomechanical
properties of the eye, either the geometry parameters like cornea thickness or radius, or the material properties which has been reported to change from person to another and with age variation as well. So the main
question is how we can make this technique valid for everyone having the eye test with the minimum amount
of error. The answer to this question is the primary argument of the current study. The biomechanical
correction of the IOP measurement has been the focus of many studies in the past.
Some studies focused on the association of the IOP with the cornea CCT and Radius, other studies
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studied the material properties eect, but most of the them were structural in nature with no sucient
attention to the uid structure interaction eect during the air pu test, especially due to the fact that the
corneal tissue is bounded by two uids, the air jet from outside and the aqueous and vitreous humour from
inside. This is considered a signicant uid mechanics analysis which can't be simplied or perform the
structural and material analysis based on assumptions on the uid interaction with the material. Some of
these assumptions can work eectively if the ratio between the time scales of the two physics is very small or
very large to neglect the eect of one domain over the other or make a reasonable approximation, this ratio
is known as the reduced velocity (UR ). But this is not the case in the air pu test as the two time scales of
the uid velocity and the eye deformations are within the same order of magnitude and changing through
the unsteady application of the air jet on the cornea during the test. That's the core of any uid structure
interaction problem classication as there are plenty of applications and numerical methods specic to each
kind of problem.
The numerical analysis of the turbulent impinging jet has been done in the context of hybrid nite
volume solution of Navier-Stokes equations and Spallart allmaras or RNG k- turbulence models to simulate
the production and dissipation of the turbulent kinetic energy which will produce an approximate solution
for the pressure and the velocity elds over the cornea surface. The produced solution for the pressure
distribution on the cornea and its progression with time is a signicant improvement in the understanding of
the change of the pressure with time during the test compared to what have been assumed in the literature.
The numerical analysis of the nite element model of the eye has been done based on the context of the
previous research conducted at the Biomechanics group. It uses the Galerkin mean weighted residual method
to calculate the global stiness matrix and then calculate the deformation of the nodes. The approximation
on the air pu pressure was based on a constant pressure loading at the dierent rings of the cornea changing
in magnitude during the time of the test. This pressure distribution is provided by Oculus based on the
pressure transducer reading inside the cylinder and the pressure on the cornea is been approximated to be
half of the piston pressure [7].
Regarding the dierence between the numerical spatial deformation proles of the cornea compared to
the clinical measurement, there is a dierence due to the fact that the existing material model of the eye
has some approximations and doesn't match exactly with the clinical behaviour which is a hard target to
achieve as the material properties aected by a lot of biomechanical parameters and from person to another.
The boundary conditions also x the eye from moving in the anterior posterior direction which is not the
case in the real eye which is allowed to bounce back in response to the air pu impact. The other eect is
the hysteresis eect of the cornea after removing the load, the real cornea has some memory eect and takes
time to return back to the original geometry. This eect is not considered in the numerical model of the eye
which is a good achievement of the current study.
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Conclusion and Future Work

The complete coupling between the model of the eye and the air model has been accomplished also mesh
independence test, boundary conditions independence test. The main nding is that the pressure distribution
of the air pu is changing with the time of the test. A parametric study has been done to see the eect of the
corneal biomechanical parameters on the IOP measurements and come up with a biomechanically corrected
equation. The next required work is to compare these numerical results with more experimental data from
human and porcine eyes. Once we validate this model, this will open the doors for inverse analysis to get the
right material properties of the cornea or to consider the corneal hysteresis and gain better understanding of
the cornea behaviour under loading by testing diseased cornea such as corneal ectasia or corneas after and
before cross linking. Also, the simulation of the orbit and the fatty tissue around the eye is recommended
to reach with the eye model to a higher level of accuracy.
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