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. Introduction 

Glaucoma is causative for 8 % of world cases of blindness [1] . 

urrently there is no medical method to cure glaucoma, which 

akes the disease the major reason for irreversible blindness 

orldwide [2] . The medical intervention is aimed at maintaining 

ision by reduction of the intraocular pressure (IOP). With a re- 

uced IOP, the mechanical stress to the optic disc decreases and 

he neural ganglion cells are supposed to receive an improvement 

n nutrient supply by the arterial system [3] . An early diagnosis 

nd a gentle and precise determination of the IOP are crucial for 

n effective therapy of glaucoma [4] . 
∗ Corresponding author. 

E-mail address: j.osmers@bimaq.de (J. Osmers). 
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According to the current state of the art, all known measure- 

ent methods for measuring the IOP have a dependence of the 

easured value on the eye geometry [5,6] . The Goldmann applana- 

ion tonometer (GAT) is the gold standard for tonometry for years. 

t determines the IOP from the force required to flatten the cornea 

ith a glass stamp [7] . In a variety of studies it was found, that

he GAT measurement result has cross-sensitivities to the corneal 

urvature and thickness [6,8,9] . In order to compensate for the in- 

uence of the corneal thickness on the GAT measurement there is 

he so-called Dresden correction table [8] . Thus proceeding from 

he average value of the central corneal thickness d from 550 μm, 

 mmHg adds when d decreases by 25 μm, and 1 mmHg subtracts 

hen d increases by 25 μm [8,10] . The background of this cor- 

ection is the cross-sensitivity with respect to d as biometric eye 

arameter. Due to the different resistance of the structure to the 

AT measuring head, a cornea of below-average thickness leads to 

mailto:j.osmers@bimaq.de
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Fig. 1. Principle of the acoustic tonometer. 
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n IOP measurement value that is too small or an above-average 

hickness of the cornea leads to an excessive IOP reading. In the 

omparative study “Ocular Hypertension Treatment Study (OHTS)”

t was found in glaucoma patients that those with a thinner d , re-

ated to the comparison group with thicker d , showed a stronger 

egeneration of neural ganglion cells [9,11] . In this context, there 

s the thesis that inadequate medication was used in patients due 

o the often underestimated IOP values and thus an insufficient re- 

uction of the IOP was significantly disadvantageous for the dis- 

ase’s progression. Besides influences of biometric eye parame- 

ers, the GAT measurement requires anesthesia and etching of the 

ornea that irritates the tissue and hence the GAT is limited for 

cquisition of diurnal IOP fluctuations. 

Besides the GAT, air pulse tonometers are broadly used to de- 

ermine the IOP. The measurement principle is based on an air jet 

hat flattens the cornea. The time that passes for the applanation 

f the cornea is measured and led back to the IOP. The measure- 

ent principle also depends on the biomechanical properties of 

he cornea. With the Ocular Response Analyzer (ORA) from Reichert , 

he Corvis ST from Oculus and the VX120 from Visionix there are al- 

eady three air pulse tonometers which take biomechanical prop- 

rties of the cornea into account in IOP measurement and calculate 

 biomechanically corrected IOP value [5,12] . The ORA also detects 

he second state of corneal applanation by the air jet, which oc- 

urs, when the cornea flips back from a temporarily concave shape. 

he software of the ORA then calculates the corneal hysteresis of 

he two applanation states, that is independent from the IOP [13] . 

he corneal hysteresis can be used to implement biomechanical in- 

uences of the cornea in the determined IOP value. Despite the IOP 

orrection, the ORA has no reduced measurement uncertainty com- 

ared to common air pulse tonometers without correction [14] . 

oda et al. [15] developed a correction formula for the Corvis , that 

s probably used in a similar form in the Corvis ST . It was created

y using a finite element model in the software Abaqus, that mod- 

ls the cornea, sclera and the inner liquids of the eye. The parame- 

ers d and age were found to be dominant and are consequently 

sed in the final correction formula [15] . For the Corvis ST , the

easurement uncertainty was reduced by the correction formula 

nd the influence of d is compensated [16] . The Visionix VX120 is a

ombination of devices that measure IOP, pachymetry ( d ), corneal 

opography and aberrometry. Therefore it can use several param- 

ters to calculate a biomechanically corrected IOP. Briceno et al. 

17] have shown for the VX120 , that the influence of d according 

o the Ehlers equation [18] can also overcompensate cross sensitiv- 

ties, which leads to an increase of measurement deviations. There 

ill come up more devices that are a combination of measurement 

nstruments for biometric eye parameters and IOP, which allow to 

alculate biomechanically corrected IOPs. 

Nevertheless, the mechanical deformation and stress of the 

ornea during measurement with an air pulse tonometer is high 

nd measurement deviations can occur due to the patient’s de- 

ense reactions. 

For this reason, a gentle self-tonometer was realized, with 

hich the patient can determine diurnal IOP fluctuations indepen- 

ently at home [19] . The acoustic measuring approach used for the 

elf-tonometer works with a gentle acoustic oscillation excitation 

f the eye. The loudspeaker forms a coupled system with the gas 

olume in the pressure chamber and the connected eye. The loud- 

peaker’s membrane oscillation is detected by a reflection sensor, 

ee Fig. 1 . The damping of the speaker’s membrane after system 

xcitation is initially found to be sensitive to the IOP of the con- 

ected eye. 

The amplitude of the excited corneal deflection is a further sen- 

itive parameter for measuring the IOP [20] . The amplitude of the 

orneal deflection can be measured directly with an optical sensor. 

espite the low deformation of the cornea of less than 200 μm, 
2

owever, the measurement result has shown to depend on the bio- 

etric eye parameters, as in other established tonometry methods. 

ince several biometric parameters change simultaneously in dif- 

erent real eyes, it is not feasible to perform a statistical analysis 

rom laboratory experiments, to investigate discrete influences of 

ingle biometric eye parameters. A large amount of eyes would be 

eeded to allow for significant results for various eye parameters. 

or this reason, a model-based approach to investigate the influ- 

nce of biometric variations of the eye on the IOP measurement 

ith the acoustic tonometry principle is required. 

There have been several finite element models of the human 

ye with a broad variation of applications. Concerning acoustic 

onometry Coquart [21] has developed a comparably simple model 

ith finite element method (FEM) to investigate the shift of eigen 

alues as a function of the IOP. Coquart has not validated his re- 

ults or considered to analyze the influence of biometric eye pa- 

ameters. The influence of a geometrical variation of the eye was 

nvestigated by Drescher [22] . He used an eye model from shell 

lements representing sclera and cornea similar to [21] and addi- 

ionally modeled the inner fluid. Drescher [22] demonstrated the 

nfluence of geometrical changes on the eigen values. A validation 

as performed with a silicon globe. 

Salimi et al. [23] developed a more complex eye model with 

uid-structure interaction (FSI) and showed the IOP-dependent fre- 

uency shifts of the eigen values. The shell based model repre- 

ented cornea, sclera, lens and ciliar body to hold the lens. Salimi 

t al. [23] validated a simplified version of his model with experi- 

ental modal analysis on a rubber ball. According to Salimi et al. 

23] the influence of biometric eye parameters in acoustic tonom- 

try is smaller than with GAT. 

Nejad et al. [24] list in their review the manifold applications 

f FEM simulations of the cornea. They explain that the focus of 

he simulation depends on the specific research question, i.e. fiber- 

atrix composites were simulated in order to take into account 

he microstructure of the corneal cells in the simulation [25–27] . 

ost recent simulations however implement non-linear material 

ehavior of the cornea such as Neo–Hooke, Mooney–Rivlin or Og- 

en material models [28] in the FEM program. When the whole 

ye is modeled, simplifications concerning the microstructure must 

e made in a targeted manner so that the simulation can be car- 

ied out with the available computing power. 

Karimi et al. [29] have used an FSI simulation to investigate 

amage effects of a pressure wave caused by an explosion or dif- 

erent blunt objects, such as tennis balls on the eye [30] . In doing

o, they have recreated the eye in great detail with all major eye 

omponents and the eye environment, consisting of muscles and 

at tissue. In addition, the simulation model was also used to de- 

ermine the existing stress and strain in the individual eye com- 

onents at three IOP levels [31] . The determination of biometric 

nfluences on an IOP measurement principle was not described by 

arimi et al. [ 29,31 ] and a validation of the simulation results was

ot performed. 



Fig. 2. Components of the parameterizable geometric eye model as CAD construction. 
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Summarizing the current state of the art, there are different 

pproaches for modeling eye vibrations, also for checking acous- 

ic tonometry approaches [21–23] with varying degrees of de- 

ail. However, non of the developed eye models is usable for 

he parameterized analysis of systematic uncertainty contributions 

esulting from biometric eye parameters for the acoustic self- 

onometer. 

In order to allow for quantification of the influence of discrete 

iometric eye parameters on the corneal deflection amplitude, an 

daptive finite element eye model is created and described in this 

ournal contribution. In Section 2 , the adaptive eye model is pre- 

ented with which the biometric eye parameters can be varied in 

he physiological range and their effect on the oscillation ampli- 

ude of the cornea can be calculated. This is followed by the de- 

cription of laboratory setup for porcine eye measurements. Then, 

n Section 3 , the results of the validation measurements are pre- 

ented along with the model predictions. The contribution of the 

odel predicted systematic influences of two sample biometric pa- 

ameters (central corneal thickness and axial length of the eye) on 

he measurement uncertainty of the IOP determination is then de- 

ived from the eye model. In Section 4 the simplifications of the 

ye model and the results achieved therewith are discussed and in 

ection 5 finally the article is summarized and an outlook is given. 

. Methods 

.1. Adaptive finite element eye model 

The adaptive finite element eye model consists of an eye ge- 

metry generated in a Computer Aided Design (CAD) software and 

 simulation environment represented by the FEM software ANSYS 

orkbench 19.1 . Within the simulation environment the imported 

AD geometry is assigned with material parameters and bound- 

ry conditions. The eye components are then meshed to allow for 

iscrete computation of the occurring forces and displacements 

o the geometry. Therefore a transient simulation module is used, 

ince the problem of the simulation has to be considered time- 

esolved due to the dynamic measuring principle of the acoustic 

elf-tonometer. 

.1.1. Design considerations 

The eye model is designed in the CAD system with the aim of 

djustability that allows the user to adapt the construction to any 

hysiologically possible eye shape and quantify the deviations to 

he average shaped eye concerning the corneal deflection. Fig. 2 

hows the structure and the main components of the eye model, 

hich is available as parameterizable CAD geometry. The model 

s limited to the macrostructure of the eye consisting of cornea, 

clera, zonula fibres, ciliar body, choroid, lens and iris. Due to its 

mall thickness of 0.1 mm at the equator of the eye, the retina is 
3

ot considered as an independent body in the eye model, but geo- 

etrically added to the choroid. The aqueous and vitreous are sup- 

ressed for the simulation. The volume of aqueous and vitreous is 

epresented by hydrostatic fluid elements (HSFLD). When creating 

he geometry, attention is already paid to the spatial discretizabil- 

ty of the geometry in the FEM program and, for example, tapered 

dges are avoided for all expected adjustments. In order to allow 

or easy adaptation of the eye model to parameter combinations 

f real human eyes determined with ophthalmic devices, prede- 

ned dimensions of the design sketch are named after their med- 

cal equivalent and function as input parameters. All other mea- 

ures and constraints within the sketch, that are not commonly 

easured by ophthalmic devices depend on the input parameters 

r have been set according to mean values from medical literature. 

The input parameters that are adaptable out of the FEM soft- 

are are: axial length (l), equator diameter, central corneal thick- 

ess (d), peripheral corneal thickness, corneal curvature radius, 

ens diameter and thickness, see Fig. 3 . With these adjustable pa- 

ameters all physiologically possible eye forms are covered. 

Table 1 shows the default values that correspond to the mean 

alue for each parameter in column 1. Columns 2 and 3 show the 

onstructive boundaries at which the construction produces errors, 

.g. intersections of two or more eye components or radial dis- 

ontinuities of the fixed parameters. Additionally the extremal val- 

es from a clinical trial with N = 96 participants and the litera- 

ure values of the biometric eye parameters are listed in columns 

–7. Note that not all parameters could be determined with the 

phthalmic devices in the clinical trial. Concerning the construc- 

ive boundaries of the eye model, note that all eyes of the clinical 

rial series that was conducted to test the tonometer approach on 

umans could be reproduced. 

.1.2. Material parameters 

In addition to the design of the eye geometry, an adequate de- 

cription of the material properties is required for the FEM sim- 

lation. Due to the transient simulation to be carried out, which 

lready requires a great amount of calculation effort, a simplifica- 

ion of the material properties with an isotropic linear-elastic ma- 

erial model is selected where applicable. The linear-elastic mate- 

ial model is defined by the Young’s modulus, Poisson’s ratio and 

ensity from [29,32] , see Table 2 . Cornea, sclera and iris that have

onlinear hyperelastic material features are represented as second 

rder Ogden model [33–35] . All bodies of the eye consist mainly 

f water, whereby the density is close to 1 g/cm 

3 . Aqueous humor 

nd vitreous are considered incompressible. The two fluid bodys 

re implemented as HSFLD. This implementation allows for a sup- 

ression of the aqueous humor and the vitreous body so that no 

lements are required which saves a large amount of computation 

ffort. 



Fig. 3. Adjustable geometric input parameters of the CAD eye model. 

Table 1 

Adaptability of the parametric eye model with default values, constructive boundaries and literature 

values for the biometric eye parameters in human as well as determined extremal values from a 

clinical trial series. All values are in mm. 

Input value Default mean Construction Clinical trial Literature 

min max min max min max 

axial length 24 18 40 20.7 33.3 22 25 

equator diameter 25 16 30 – – 22 26 

central corneal thickness 0.55 0.1 1.5 0.46 0.66 0.5 0.67 

peripheral corneal thickness 0.67 0.4 1 – – 0.67 0.7 

corneal radius 7.8 7 10 7.2 9.3 7 8 

lens diameter 7 5 9.2 – – 6.5 9 

lens thickness 4 3 7 – – 3.5 6.5 

Table 2 

Material parameters of the eye model. 

Eye body Material modell / parameter Density g/cm 

3 Reference 

Hyperelastic Ogden 2nd order 

Iris μ1 = 0.0861 MPa; α1 = 54.255; 

μ2 = 0.0754 MPa; α2 = 48.072 

1.100 [34] 

Cornea μ1 = 30 Pa; α1 = 140; adjusted from 

μ2 = 2700 Pa; α2 = 105 1.143 [33] 

Sclera μ1 = μ2 = 1439.7 Pa; approximated 

α1 = 351 α2 = 500 1.243 [35] 

Linear elastic 

Lens E = 6.88 MPa; ν = 0.47 1.078 [29] 

Reticular and choroidal skin E = 0.6 MPa; ν = 0.49 1.002 [36] 

Ziliar body E = 11 MPa; ν = 0.4 1.600 [32] 

Zonula fibers E = 358 MPa; ν = 0.4 1.000 [32] 

Hydrostatic Fluid Elements 

Aqueous humor K = 2 GPa; 1.006 

Vitreous K = 2 GPa; 0.95 

2

b

c

i

i

i

b

o

a

a

c

l

F

w

a

p

t

F

l

7

f

o

t

a

0

f

e

s

r

t

.1.3. Boundary conditions 

The FEM simulation of the eye is performed according to the 

oundary conditions at which the laboratory measurements are 

arried out to allow for comparability in terms of a model val- 

dation. This means that only the isolated eyeball is considered, 

.e. without the surrounding fat tissue, muscles and eyelids. Sim- 

lar to the laboratory tests (see Section 2.3 ), a ring-shaped fixed 

earing can be assumed for the eye, that represents the circular 

pening of the pressure chamber, which the eye is placed on. In 

ddition, the excitation pulse is applied to the eye in the form of 

 time-dependent pressure load. The template for this is the mi- 

rophone recording from the inside of the pressure chamber from 

aboratory measurements on porcine eyes, shown as excitation in 

ig 7 . The third boundary condition is the IOP to be measured 

ithin the eye. The IOP is put up by the HSFLD, that simulate 

 constant pressure of an incompressible fluid. The eye is sim- 

lified to be rotationally symmetrical around the x-axis, because 
g

4

he boundary conditions are also rotationally symmetrical, see 

ig. 4 . 

For this analysis it is neglected that the cornea has a slightly el- 

iptical shape. The overall amount of mesh cells can be reduced by 

5% by symmetry planes which allows a finer spatial discretization 

or the 3D FEM model, which provides more reliable results with- 

ut overbid the calculation effort. Fig. 5 shows the mesh used for 

he simulation. A mesh study was performed, which shows that 

 halving of the used mesh dimensions results in a variation of 

.1 μm for calculated corneal deflections. The dimension settings 

or the mesh were identical in all simulations. 

Since the eye bodies are defined as an assembly, ANSYS sees all 

ye bodies as bonded, without further contact definitions. 

The transient calculation simulates a period of 20 ms, which is 

ufficient to obtain the corneal deflection amplitude that is cur- 

ently used to trace back to the IOP. The settling process required 

o apply the IOP to the geometry is calculated without time inte- 

ration as an individual load step, to avoid dynamic effects of the 



Fig. 4. Boundary conditions of the simulation: excitation pressure p, gravity g, a fixed bearing and the IOP. The liquid bodies of the eye are represented by hydrostatic fluid 

elements (HSFLD). The eye model is symmetrical along the x-axis. 

Fig. 5. Mesh used for the calculation. 
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OP initialization. The minimal time step is 1 μs. The point on the 

xis of rotation on the outside of the cornea, which corresponds 

o the apex position, is stored over all time steps and used for the 

ubsequent evaluation and comparison to the laboratory measure- 

ents. The corneal deflection amplitude A , that is finally obtained, 

s a function of the desired IOP (measured) and biometric eye pa- 

ameters BEP: 

 = f (IOP, BEP ) . (1) 

.2. Use of the parametric eye model to define systematic relations to 

EP 

In order to quantify the influence of two sample BEP on the 

easurement uncertainty, which can be captured by the ophthal- 

ologist and be included in IOP determination, the axial length 

 and the central corneal thickness d of the eye are used as a 

ample application. By the use of Gaussian error propagation [37] , 

he quantitative influence on the measurement uncertainty of the 

easurement principle can be determined: 

 ( IOP ) = 

∣∣∣∣∂ IOP 

∂A 

∣∣∣∣ ·

√ 

u 

2 
A 

+ 

(
∂A 

∂ l 

)2 

· u 

2 
l 

+ 

(
∂A 

∂d 

)2 

· u 

2 
d 
. (2) 

he sensitivity ∂A 
∂ IOP 

of the measuring principle that is obtained 

rom experimental results is inverted and forms the basis of the 

ncertainty propagation calculation, where A describes the ampli- 

ude of excited corneal deflections and IOP the prevalent intraoc- 

lar pressure. The standard deviation u A describes the random de- 

iations caused by the measuring system and is obtained from 
5

epeated laboratory measurements. The standard uncertainties u l 
nd u d describe the natural variation of biometric eye parame- 

ers and are estimated from a clinical trial series. The mean value 

f the eye length l̄ = 24 mm and the standard deviation s (l) = 

.8 mm and also the central corneal thickness d̄ = 545 μm and an 

mpirical standard deviation s (d) = 37 μm were calculated from 

he data set of the clinical trial series. Thus for the calculation of 

q. (2) u l = 1.8 mm and u d = 37 μm are used. When one param-

ter is varied, all other adjustable parameters are set to the mean 

alue of a human eye stated in Table 1 . The IOP is set to 15 mmHg,

hich corresponds to the physiological normal pressure in humans 

4] . The eye model allows to define the relations ∂A 
∂ l 

and 

∂A 
∂d 

for 

he observed range of the clinical trial series and hereby completes 

q. (2) . 

.3. Validation measurements 

In order to quantify the deviations between eye model predic- 

ions and real measurements further laboratory tests on porcine 

yes are conducted similar to [20] , whereby this time the eye ge- 

metry is measured with a caliper. 

.3.1. Setup for porcine eye measurements 

The laboratory measurements are carried out with porcine eyes 

f animals 6 to 8 months old, which are a by-product from in- 

ustrial slaughtering. The biomechanical properties of porcine eyes 

re very similar to those of human eyes and their use in labora- 

ory tests is ethically preferred. The porcine eyes are stored im- 

ediately after slaughter in 0.9% isotonic saline solution at room 



Fig. 6. Setup for porcine eye measurements. The confocal chromatic sensor (CCS) 

detects the corneal deflection within the pressure chamber through an optical win- 

dow. 
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emperature (20 °C). This prevents the enucleated eyes from desic- 

ation, so that in vivo-like properties are present during the mea- 

urement. For the laboratory measurements, the eyes are cleansed 

f the attached muscular and fat tissue and placed on the mea- 

urement setup with the cornea facing to the inside of the pressure 

hamber, see Fig. 6 . The focus point of the used confocal chromatic 

ensor (CCS) ( IFS2405-10, Micro-Epsilon ) with a diameter of 16 μm 

s located in the center of the cornea (apex). The IOP is adjusted 

y a liquid column from 5 to 40 mmHg via a cannula connected 

o the eye, so that the influence of the IOP on the corneal oscilla-

ion can be investigated. In laboratory measurements, the corneal 

mplitude within the pressure chamber is measured by the CCS 

hrough an optical window in the bottom of the pressure chamber. 

he spatial resolution of the CCS is 60 nm and the measurement 

ange is 10 mm, which allows to acquire the expected range of 

orneal deflection. The occurring oscillation frequencies to about 

 kHz are sampled with 10 kHz by the CCS. 

. Results 

.1. Results of validation measurements 

Eight porcine eyes have been tested at adjusted IOP levels from 

 to 40 mmHg. The recorded oscillations for a sample eye are dis- 

layed in Fig. 7 . In Fig. 7 two significant changes in the oscillation

haracteristic resulting from the IOP level are observed. First the 

ositive amplitude of the corneal deflection decreases at rising IOP 

evels. Second the temporal distance between the excitation and 

he first maximal value decreases at rising IOP levels, which results 

n a frequency increase with rising IOP values. From 30 mmHg the 

requency then decreases again which shows an ambiguity in the 

OP dependent frequency change. 

The IOP-dependent functional value that is used throughout 

his analysis is the first maximum of the corneal deflection, the 

mplitude A . In Fig. 8 the peak values of the amplitudes from 

ig. 7 are plotted against the prevalent IOP values together with 

he simulation results. The dimensions of the simulated eye are 

dapted to the caliper measured dimension of the presented 

orcine eye. For the comparison l = 19.9 mm and d = 900 μm were

sed. The equator diameter amounts to 22 mm. 

The corneal deflection decreases when the IOP is raised in sim- 

lation and measurements. The function of IOP can be expressed 
6

y Eq. (3) for an exponential decay: 

f (x ) = a · e b·x + c, a, b and c ∈ R (3) 

oth, the simulation results and the measured amplitude values 

how a similar trend for a change in IOP level, which indicates, 

hat the measurement principle is covered by the simulation. The 

uantified deviations between measurement values and simulation 

esults are below 8 μm at six IOP values. The eye model is consid- 

red validated due to the similar IOP-dependent behavior of and 

ow deviation to the laboratory measurement. 

.2. Influence of axial length ( l ) on corneal deflection amplitude A 

According to the clinical trial series the axial length ( l ) was var- 

ed in a range from 21 to 27 mm to cover 95 % of measured values

ymmetric to the mean. Since the eye is considered as a spherical 

bject, l also changes the geometric relationships to the other pa- 

ameters in the eye, e.g., to the equator diameter of the eye and 

hus also to the curvature of the sclera. In Fig. 9 is specified, how 

he amplitude A of corneal deflection changes over l according to 

he eye model from Section 2.1 . The corneal deflection amplitude 

ecreases with increasing l . This tendency seems reasonable, since 

he moment of inertia of the round structure increases with in- 

reasing l in the direction of loading and thus provides more resis- 

ance to deformation. The curve behavior can be described approx- 

mately with a 2 nd order polynomial. The relation between l and A 

s herewith determined by the eye model and can be used to solve 

q. (2) . 

.3. Influence of the central corneal thickness ( d ) on corneal 

eflection amplitude A 

The central corneal thickness d differs from person to person. 

n static IOP measurement, e.g. with the GAT, the thickness of the 

ornea plays an important role and is responsible for high mea- 

urement deviations if it is not taken into account, see Section 1 . 

n the simulation, the oscillation amplitude of the cornea up to 

.65 mm becomes larger as d increases. This behavior does not 

eem physically plausible at first, since a thicker cornea mechan- 

cally applies more resistance to the pressure pulse and should 

herefore lead to smaller deformations. When observing the pre- 

xpansion of the eye by the IOP, it is apparent that the cornea 

ulges outwards less with increasing thickness, see Fig 10 b. The 

aximum difference in bulging is 25 μm from 0.4 to 0.7 mm. Due 

o the bulging, a change in the moment of inertia of the round 

tructure in the direction of loading occurs, whereby the moment 

f inertia of the structure increases with a thinner cornea and de- 

reases with a thicker cornea. This effect superim poses the corneal 

eflection according to the thickness and leads to a tenfold smaller 

hange of 2.2 μm between 0.4 to 0.55 mm in Fig. 10 a compared to

he bulging. 

.4. Quantification of uncertainty contributions 

With the provided relationship of the BEP to the corneal de- 

ection amplitude of the eye model, the uncertainty contributions 

an now be determined. For the calculation with Eq. (2) ∂ IOP 
∂A 

was 

etermined by the exponential fit of the laboratory measurements 

isplayed in Fig. 7 . ∂A 
∂ l 

and 

∂A 
∂d 

were taken from Figs. 9 and 10 a. In

ig. 11 the stochastic and systematic uncertainty contributions are 

lotted against the IOP. 

The share of measurement uncertainty u (IOP ) l caused by dis- 

ersion of the biometric parameter dominates the share by the 

tochastic measurement deviation of the confocal chromatic sensor 

 (IOP ) sto . The uncertainty contribution of the central corneal thick- 

ess is calculated smaller than stochastic contributions. As shown 



Fig. 7. Corneal deflection of a sample porcine eye measured with the CCS. With an increase of the IOP, the amplitudes of the oscillation decrease from 15 mmHg and the 

frequency rises. 

Fig. 8. Corneal deflection amplitude A in laboratory measurements and simulation with a fit of the laboratory values according to Eq. (3) . The agreement between simulation 

and measurement is below 8 μm for 5 mmHg and from 15 to 35 mmHg, which shows the conformity in the tendential course. 
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n Fig 10 b its influence on the measured relative corneal deflec- 

ion is superimposed by the tenfold larger influence of the pre- 

xpansion of the cornea caused by the IOP. If only the stochas- 

ic influences during measurement are considered, a measurement 

ncertainty of < 2 . 3 mmHg over the complete measurement range 

an be achieved. If the influence of l remains uncorrected, the 

chievable uncertainty of measurement is between 0.5 mmHg (at 

OP = 5 mmHg) and 7.5 mmHg (at IOP = 40 mmHg). This proves

he significant influence of the BEP l on the IOP measurement and 

s a first attempt to quantify this influence depending on the BEP 

sing the adaptive FEM eye model. 

. Discussion 

An adaptive eye model was created to investigate systematic 

nfluences resulting from variations of biometric eye parameters 

BEP) on an acoustic tonometry approach. The adaptive eye model 

rovides the functionality to simulate all eye shapes of participants 
7

f a clinical trial series. The performed simulations quantify the in- 

uence of two sample BEP ( l and d ) of the eye on the measurement

ncertainty of the acoustic self-tonometer. Consequently, BEP must 

e taken into account in the measurement in order to correct the 

xpected systematic measurement errors in different patients. The 

daptive eye model provides the relations between the BEP and 

he corneal deflection amplitude A . By supplementary measuring 

he BEP along with the tonometry measurement, the systematic 

eviation resulting from cross-sensitivities are reduced. The central 

orneal thickness was found to play a minor role compared to the 

AT as its effect is superimposed by a pre-expansion of the cornea 

hat results in a change of moment of inertia in the direction of 

he load. 

The use of hydrostatic fluid elements in ANSYS solved the prob- 

em of an adequate boundary condition for the pressurized liq- 

id bodies inside the eye and saved a major amount of compu- 

ation effort. However, by using this abstraction, the time resolved 

ave propagation throughout the liquid eye bodies was neglected. 



Fig. 9. The corneal deflection amplitude A calculated from the FEM simulation plot- 

ted over the axial length l . The simulation results were approximated with a 2 nd 

order polynomial. With increasing l A decreases. 
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Fig. 11. The calculated measurement uncertainty as a function of the IOP for 

stochastic u (IOP) sto and systematic u (IOP) l , u (IOP) d contributions. The uncertainty 

contribution of the axial length l clearly dominates the stochastic influences. The 

uncertainty contribution of the corneal thickness is comparably small. 
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or the simulation of corneal deformations in noncontact tonome- 

ry, Ariza-Gracia et al. [38] suggested a fluid-structure interaction 

FSI) simulation to consider the liquid eye bodies as fluid to receive 

ost realistic deformation behavior. Montanino et al. [39] focused 

n the interaction formulation of fluid and solid in order to im- 

rove the temporal deformation behavior of the cornea in a sim- 

lified model of the anterior segment of the eye and achieved re- 

ults in good agreement to the temporal deformations observed 

y Corvis ST measurements. The findings by Ariza-Gracia et al. 

38] and Montanino et al. [39] could help to improve the temporal 

ehavior of the FEM eye model and may explain the persistent de- 

iation compared to laboratory tests. However, implementing a FSI 

imulation in the parametric FEM eye model would have set an- 

ther challenging focus on the investigation, which has been held 

ack for now. Also the use of a viscoelastic material model to de- 

cribe the time dependent behavior of the vitreous is planned to 

e implemented, since the vitreous describes a major share of the 

ye’s volume. However, due to the low deformation, it is not ex- 

ected that a change in the dependencies determined in this pa- 

er on the adaptation of BEP will occur. The adaptive eye model so 

ar represents the validated IOP-dependent decrease in corneal de- 

ection amplitude and thus provides the basis of a model assisted 

easurement approach. 

Compared to other eye models that can be found in literature 

27,29–33,38,40] there was no work found that has the cutting 

uantity of a geometrically adaptable eye model and the validated 
ig. 10. (a) The corneal deflection amplitude A calculated from the FEM simulation plott

ith a 2 nd order polynomial. (b) The pre-expansion of the cornea due to the constant IOP

8

OP-dependent behavior for the acoustic tonometry approach de- 

cribed by [19] . 

The laboratory measurements agree with the expectation from 

revious studies [20] . It was explained in Osmers et al. [19] , that

he eye puts up more resistance to deformation with increas- 

ng IOP values, which results in smaller corneal deflections. Com- 

ared to the eye models behavior the evaluated corneal deflection 

mplitude especially differs for the low IOP value of 10 mmHg 

rom the amplitudes of the laboratory measurement. It is assumed, 

hat the corneal oscillation behavior changes, when the IOP is be- 

ow 15 mmHg in a highly nonlinear manner. This may lead to 

nisotropic buckling of the cornea that cannot be covered by the 

implified eye model. On the measurement side it was noticed, 

hat difficulties to measure exactly in the apex position sometimes 

ccur for low IOP values. The inflation of the eye mainly changes 

he shape of the cornea for low IOP values below 15 mmHg. In 

rder to reach a sufficient signal-to-noise ratio for the confocal 

hromatic sensor, a repositioning of the eye is required if the in- 

ation causes a deviation of the focal point of the sensor to the 

pex position of the cornea. The model predicted change of mea- 

ured corneal deflection amounts to 30% with a distance of 3 mm 

o the apex position. In order to improve the consistency of model 

nd experiment, a camera assisted positioning procedure can be 

sed to reduce the positioning uncertainty and assure the oscilla- 

ion detection in the apex position throughout all IOP levels. 
ed over the central corneal thickness d . The simulation results were approximated 

 of 15 mmHg. A thinner cornea leads to a larger pre-expansion. 
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Since the material parameters for biological tissue differ greatly 

mong the variety of literature sources [28,29,32,33,41,42] , it could 

ead to a better agreement between simulation and measurement, 

f the material parameters are acquired directly for the measured 

orcine eyes. This might explain the deviations even though the 

eometry was kept the same. The eye model provides a tool that 

an be adapted geometrically and would be improved further by 

he use of in vivo determined material models. 

. Conclusion and outlook 

In order to analyze the influence of the biometric eye param- 

ters on the accuracy of an acoustic self-tonometer, an adaptive 

ye model was created that covers all physiological shapes of the 

uman eye. The IOP dependent behavior of the eye model is val- 

dated by laboratory measurements with enucleated porcine eyes. 

ystematic influences of the axial length l and the central corneal 

hickness d on the measurement principle were then analyzed us- 

ng the adaptive FEM eye model, which provides the required re- 

ation of biometric parameters to the corneal deflection ampli- 

ude A (output quantity of the acoustic self-tonometer). The cross- 

ensitivities were quantified in the simulation and combined with 

he laboratory measurements via a Gaussian uncertainty propaga- 

ion. Using the data set of a clinical trial series, the empirical stan- 

ard deviation for the axial length of the eye (1.8 mm) and the 

entral corneal thickness (37 μm) are used as a measure of the ex- 

ected fluctuations during measurements with the self-tonometer. 

his results in a maximum systematic uncertainty contribution of 

.5 mmHg for l and 1.5 mmHg for d (extended uncertainty of mea- 

urement k p = 2 ), whereas the stochastically conditioned amount 

ith maximum 2.3 mmHg is comparably small. A correction of 

he influence of the axial length is therefore necessary to reduce 

he measurement uncertainty to below 5 mmHg at prevalent IOP 

alues up to 40 mmHg. 

The following research activities will focus on the analysis of 

urther biometric eye parameters and investigate the influences of 

he eye environment during in vivo measurements. Furthermore 

he influence of wave propagation and viscoelasticity is planned 

o be investigated. The adaptive eye model can already be used for 

ystematic investigation of biometric influences on the measure- 

ent process and allows for better understanding and a possible 

ompensation of systematic uncertainty contributions. 
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