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Abstract
The determination of biomechanical properties of the cornea by a non-contact tonometry (NCT) examination requires a
precise knowledge of the air puff generated in the device, which is applied to the cornea surface. In this study, a method is
proposed to identify the resulting stress profile on the surface, which may be used to numerically solve an inverse problem
to obtain the material properties. This method is based on an experimental characterization of the air puff created by the
Corvis ST in combination with computational fluid dynamic (CFD) simulations, which are adjusted to the experimental data.
The identified nozzle inlet pressure of approximately 25 kPa (188.5mmHg) is then used for a numerical influence study
of the interaction between the air puff and the cornea deformation. Therefore, eleven cornea deformation states based on
measurements are implemented in the CFD model. A more realistic model is also analyzed by the geometrical reproduction
of the human face, which is used for a further influence study. The outcomes showed a dependence between the cornea
deformation and the pressure as well as the shear stress distribution. However, quantitatively, the shear stress component can
be considered of minor importance being approximately one hundred times smaller than the pressure. The examination with
consideration of the human face demonstrates that the pressure and shear stress distributions are not rotationally symmetric in
measurements on real humans, which indicates the requirement to include more complex stress distributions on the eye. We
present the detailed stress distribution on the cornea during a non-contact tonometry examination, which is made accessible
for further investigations in the future by analytical nonlinear functions.

Keywords Corneal biomechanics · Non-contact tonometry · Computational fluid dynamics · Pressure distribution ·
Shear force distribution · Air puff characterization

Introduction

Non-contact tonometry (NCT) has proven to be valuable for
the determination of intraocular pressure (IOP) to diagnose

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s11340-018-00449-0) contains
supplementary material, which is available to authorized users.

� S. Muench
stefan.muench@ikts.fraunhofer.de

1 Institute of Mechanics and Shell Structures (IMF),
Dresden 01062, Germany

2 Fraunhofer Institute for Ceramic Technologies and Systems
(IKTS), Dresden 01109, Germany

3 Dresden Center for Computational Materials Science
(DCMS), Technische Universität Dresden,
Dresden 01062, Germany

several diseases and has the advantage of a non-destructive
method. In this context an air puff is produced which
induces a load on the cornea, the transparent front part
of the exterior eye shell. The resulting deformation of
the cornea is continuously measured by image analysis
techniques and for the configuration in which the cornea
is maximally flattened (applanated state) the IOP can be
estimated from the applied pressure. Thereby, the stiffness
of the cornea is assumed to be negligible. Furthermore, a
vast amount of load-displacement data, which is available
by this standard procedure, is not exploited. However, using
this data and avoiding strong simplifications on the material
level would provide the basis for an extension of this method
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to measure further biomechanical properties of the cornea
linked with material properties such as collagen stiffness
and distribution. Such parameters, obtained in vivo, would
be a key towards an earlier and more precise diagnosis of
many more eye diseases.

Many researchers and manufacturers have been working
on such examination methods based on various techniques.
What they all have in common is that they specifically
stimulate the cornea to record a biomechanical response.
Nevertheless, they differ in the type of stimulation and
recording. Examples are Brillouin scattering [1], ultrasound
(US) elasticity microscopy [2], air puff based NCT [3],
electronic speckle pattern interferometry (ESPI) [4], optical
coherence tomography (OCT) elastography [5], magnetic
resonance elastography [6], supersonic shear imaging based
methods [7] as well as methods using laser-induced surface
acoustic waves [8].

However, the NCT is currently the only clinical device
used for the determination of biomechanical properties
on the structural level of the eye. Today, two devices
are available, the ocular response analyzer (ORA) by
Reichert Inc. (Buffalo, USA) and the Corvis ST by
Oculus Optikgeräte GmbH (Wetzlar, Germany), which
are used as experimental basis for researchers working
on the inverse identification of biomechanical material
properties [9, 10] using finite elements (FE) to compute
the mechanical fields inside the cornea. Nevertheless, a FE-
simulation requires boundary conditions such as the correct
loading on the cornea surface applied through the air puff.
The short examination duration of approximately 30ms
used in both devices makes it difficult to quantitatively
characterize the air puff, and thus appropriate boundary
conditions. These short duration is however necessary to
ensure an examination which is as pleasant as possible
for the patient. Typically, strong assumptions regarding
the load profile are made, although a high accuracy
of the identified biomechanical properties is desired.
The correct modeling of the pressure and shear stress
distribution is thus an essential requirement for a conclusive
simulation. Experimental investigations [11], computational
fluid dynamic (CFD) simulations [12–14] or coupled
analysis [15] have not yet resulted in realistic stress
distributions because the influence of deformed eye
configurations and the surrounding structure given by the
face geometry on the stress distribution on the eye surface
have not been taken into account. Therefore, here we present
a detailed CFD analysis where we analyze these effects,
such that more realistic stress distributions on the cornea are
identified. The simulations are calibrated to an experimental
measurement and mathematical functions describing the
resulting distributions are provided.

Materials andMethods

Dependencies of the pressure and shear distributions on
cornea deformations and surrounding geometries were
examined with CFD simulations. Here we focus on air
puffs generated by the Corvis ST. Based on the assumption,
that the device generates a reproducible air puff in every
examination and that this air puff is independent on the
particular Corvis ST device, exactly one time-dependent
pressure profile has to exist describing the nozzle inlet
boundary condition. This boundary condition was calibrated
by inverse CFD modeling in combination with a pendulum
experiment, cf. [16]. The main parameter investigated in the
calibration process, was the experimentally obtained force
applied to the pendulum in flow direction. The solution
of inverse problems in determining the material properties
of the cornea based on complete simulations of the air
flow and eye deformation using FSI simulations would not
allow patient-specific analysis in clinical practice due to
the expense of computational time. For the investigation
of the deformation dependence of the stress distributions,
a procedure is proposed which avoids fluid structure
interaction (FSI) simulations. The stress distribution on
the corneal surface depends only on the resulting flow
field, which, in turn, depends directly on the geometry
of the streamed body. This means that exactly one stress
distribution can be assigned to each corneal deformation
state. Note that it does not matter whether the deformed
geometry is based on soft material properties and a high
intraocular pressure or vice versa.

Experimental Approach

As a calibration for the CFD simulations the boundary
condition (pressure at the nozzle inlet) has to be identified.
For this purpose an experiment was performed, where the
air puff was applied to a rigid eye model, which was
hung up through a yarn and positioned in front of the
nozzle exit. Note that in the experiment a rigid body was
used to eliminate any effects due to changes in the shape
of the test body. The air puff induces the eye model to
accelerate backwards and based on a measurement of the
eye movement the required force was calculated. This force
was then considered as boundary condition to an inverse
problem where the required time-dependent pressure at the
nozzle inlet was identified using CFD simulations.

Figure 1 shows the setup used for the pendulum
investigation. The experiments were performed using a
commercial Corvis ST containing the software version
1.3b1453. A sufficiently rigid glass eye (augenladen.de,
Lauscha, Germany) was used as eye model to ensure a
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Fig. 1 Setup of the Pendulum
Experiment consisting of the
glass eye positioned in front of
the Corvis ST and the laser
triangulation sensor on the back
of the glass eye to record a
high-resolution movement time
curve

good result portability to real eyes and to avoid interfering
influences by deformations.

The glass eye was attached to a 31 cm long yarn and
positioned in a distance of L1 = 11mm from the nozzle
exit (the typical examination distance). Similar to the human
eye, the used glass eye has an averaged scleral diameter
of D1 = 24mm, a corneal diameter of D2 = 12mm
and an anterior curvature of R1 = 8.2mm. A laser
triangulation sensor (optoNCDT 2300-20, Micro-Epsilon,
Ortenburg, Germany) was positioned in the back of the glass
eye to measure its movement induced by the air puff. This
sensor operates with a resolution of 0.3μm and a frequency
of 20 kHz, high enough to monitor the fast reaction on the
air puff [17]. The movement-time data recorded by the laser
triangulation sensor was imported into OriginPro 2016G
and masked to the field of interest. The standard deviation
of three repeat measurements was approximately 15μm.
Next the data was numerically derived from movement-time
to acceleration-time-curve and processed by a Savitzky-
Golay filter with second-order polynomial fit about a range

of 4.95ms to remove coarse noise. In a second step, a
parabolic low-pass filter was used to eliminate high frequent
oscillations. Finally, the glass eye weight of 6.5 g was
multiplied and the force-time-curve was obtained.

Computational Fluid Dynamic Model

The air puff development and its interaction with the solid
geometries was studied in CFD simulations, performed with
the software ANSYS 16.1 CFX. In accordance with the
experimental setup, a three-dimensional model was built,
shown in Fig. 2 based on the dimensions presented in
Table 1. It was simplified to a double symmetric model for
reasons of accelerated computing times.

Developing a velocity profile, the air is flowing through
the cylindrical nozzle with a length of L2 = 24mm and
an inner radius of R2 = 1.2mm. Leaving the nozzle
exit, the airflow impinged the rotationally symmetrical
glass eye geometry. To model the glass eye, two rigid
intersecting spheres were considered which represent the

Fig. 2 a Dimensioned CFD
model of the glass eye in
isometric view and b details of
the inner volume in front and
side view compared to c the
physical model. The
corresponding parameter
dimensions are shown in Table 1
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Table 1 Parameter dimensions
used in the double-symmetrical
model

Parameter D1 D2 L1 L2 L3 L4 M1 M2 R1 R2 R3 R4 R5

Value [mm] 24 12 11 24 240 36 18 12 8.2 1.2 0.5 240 36

spherical cornea body and an added spherical sclera body.
The sharp edge between the spheres was rounded by a
chamfer with a radius of R3 = 0.5mm. An ellipsoidal
cylinder with a horizontal semi-major of M1 = 18mm and
a vertical semi-minor of M2 = 12mm partly reproduces
the nozzle enclosure of the device. The distance between
the sclera center and the computational domain boundaries
(L3, R4) were set to 10 times the scleral diameter (10 ·
D1 = 240mm), based on a perturbation study. To ensure
a controlled grid generation, the fluid domain was split into
two volumes. An inner volume 1.5 ·D1 around the center of
the eye and a remaining outer volume.

In order to model a low surface roughness, the surfaces
of the nozzle and the glass eye were configured as smooth
walls, while the surfaces representing the Corvis ST enclo-
sure were set to free slip walls. An internal pressure sen-
sor records the pressure generated in the Corvis ST. This
measured pressure-time-curve is set as the nozzle inlet
multiplied with a self-defined parameter, called pressure
reduction factor (PRF). At the symmetry planes, symmetric
boundary conditions were applied and the remaining faces
were considered as open boundaries. A CFD analysis is
based on the partial differential conservation equations of
mass, momentum and energy, well known as Navier-Stokes
equations. Furthermore, the high flow velocity expected in
the simulation requires the consideration of compressibility
effects and thus here an ideal gas is considered. The calcu-
lations of turbulent flows were done by approximations in
form of turbulence models using the shear stress transport
(SST) model. It has a modified eddy-viscosity definition
compared to the baseline model, which itself blends the k−ε

with the k − ω model in near wall regions [18]. To solve the
set of equations the CFD-code CFX uses the finite volume
method. It integrates the equations over control volumes
and uses the Gauss divergence theorem to convert appropri-
ate volume integrals to surface integrals, which consists of
summed fluxes of the considered values across the control
volume surface [19]. While the pressure gradient and the
diffusive terms were evaluated with FE-shape functions, the
advection terms were discretized by different discretization
schemes. The authors chose the high resolution scheme for
discretization, which blends between 0 (1st order upwind)
and 1 (central difference scheme) with the attempt to use
a blend close to 1 if possible. For the consideration of
time the 2nd order backward euler scheme was used for the
approximation of the transient term. The mass flow terms
contain a non-constant density because of the compressibil-
ity, and thus, a Newton-Raphson linearization was used by

the CFD-code for discretization instead of the pressure-
velocity-coupling, which is typically used for incompress-
ible flows. These discretized equations were then solved
iteratively until the predefined root mean square (RMS) con-
vergence criterion with a tolerance of 1 · 10−4 was satisfied.
A numerical study showed that there was no significant
effect on the results when using tolerances between 1 · 10−4

and 1 · 10−5, but a large impact on the computational time
was obtained. An adaptive time step control for the tran-
sient problem was used making sure that convergence was
obtained for each time step. This specified numerical solu-
tion setup is summarized in the appendix, see S1 Table. The
finite volumes constructed in ANSYS CFX were based on
a FE-mesh. A detailed description about this method can
be found in the ANSYS documentation [19]. Because this
finite volume method is element-based, in the following the
finite volumes are referred to as elements. The computa-
tional domain was meshed with tetrahedral elements using
three different mesh settings. An extremely dense setting
was used for regions were high gradients were expected, like
the nozzle volume, the flow path from nozzle exit to stag-
nation point and the glass eye surfaces. In these regions, a
defined element size Edense was considered. A fine setting
was applied to the inner volume with the parameters Efine

and a growth rate Gfine = 1.1 (factor describing how strong
the element size may change over position). In the outer vol-
ume the coarsest setting was considered, where the growth
rate was set to Gstd = 1.2. Zones near the walls and around
the eye were discretized using prism layers and zones inside
the nozzle by using hexahedral elements for accurate bound-
ary layer calculations. This boundary layer mesh is defined
by the thickness of the first element slice �y, the number
of slices in the layer nBL and the growth rate GBL = 1.2
in normal direction of the layer surface. For the nozzle, the
thickness of the first slice was set to �y ≈ 25μm and
the number of slices nBL = 11 was obtained by compari-
son of the fully developed velocity profile at nozzle outlet
with the power law for boundary layers in tubes [20]. After
an investigation of different parameters within a range of
1.2μm ≤ �y ≤ 121.1μm and 2 ≤ nBL ≤ 27, a suit-
able discretization of the boundary layer around the eye was
found as �y ≈ 6μm and nBL = 15. As recommended by
the fluid engineering division of the American Association
of Mechanical Engineers (ASME) [21], the grid conver-
gence index (GCI) was used to quantify the quality of the
finest grid. S2 Table given in the appendix summarizes the
parameters of the three investigated grids. The GCI was
computed for two quantities of interest, the stagnation point
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pressure p0 as a local control value and the resultant force
as spatial integral of the forces on the eye in flow direction
Fx,Eye as global control value. The pressure at stagnation
point and the resultant force show a good grid quality with
a GCI finep0 ≈ 1.89% and GCI fineForceEye ≈ 0.84%. Thereby,
the results of grid 3 were representing an accurate local and
global mesh quality.

Experimental Calibration

For the calibration of the computational model, the time-
dependent resultant force applied on the eye in flow
direction was calculated for different PRF’s. Figure 3 shows
the resulting force-time curves. The comparison with the
experimental curve reveals that the pressure at the nozzle
inlet seems to be nearly identical with the pressure measured
by the Corvis ST internal sensor. It means that the loss of
kinetic energy in the tube between the pressure chamber and
the sensor was almost the same as between the chamber and
the nozzle inlet. Figure 3 shows furthermore a qualitatively
identical time response. Consequently, the pressure imposed
at the nozzle inlet over time is taken from the pressure-time
curve measured with the Corvis ST internal sensor, which
reaches its maximal pressure of approximately 25 kPa at
about 17.5ms.

Incorporation of Deformation States Based
onMeasurements

To investigate the dependence of the stress distribution on
the deformation, the sphere representing the cornea in the
eye model considered above was replaced in the CFDmodel
by a realistic shape of a human cornea. For this purpose, a
spline defined by 27 construction points was rotated to form
the new cornea shape. The coordinates of the construction
points were obtained from a Corvis ST measurement of

a healthy person. Within one measurement, the deformed
states of the cornea are identified for 140 time frames and
for the analysis performed here, 11 equidistant deformation
states were selected and corrected by the rigid body motion
of the whole eye. A symmetric in-plane deformation contour
was forced by averaging the data points at the same radius,
which is measured from the point of maximal indentation.
Figure 4 illustrates the considered states.

For the simulations of the glass eye, the consideration of
the tear film was not necessary. In the simulations of the
human eye, also the tear film was not taken into account
since its influence on the stress distribution is assumed
negligible due to the small thickness of 4.79μm [22].

Incorporation of Human Face

The human face surrounding the eye is also taken into account
to investigate its influence on the stress distribution at the
cornea surface resulting from the air puff. For this purpose,
a model of the human face by XAMR [23] was scaled
to natural dimensions in SolidWorks 2014, revised and
transferred as surface model into the CFD simulation, where
it was vertically cut in half and overlaid on the virtual eye.
The axis of the fluid cylinder was moved to the cutting plane
of the face and the cylinder itself was transformed to an
elliptical cylinder totally encasing the face. Figure 5 shows
the adapted model. Note, that the eyelashes were neglected.

Results

Dependency of the Deformation on the Cornea
Stress Distribution

The schematic illustration in Fig. 6 shows the flow direction
of the air puff. All velocity vectors were split into one

Fig. 3 Computed force-time
curves from CFD simulations
compared to the experimental
curve
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Fig. 4 Measured deformation
states of a human cornea
implemented in the CFD model

component perpendicular to the cornea contour and one
tangential. The perpendicular component results in the
pressure applied on the surface, whereby a component
directed to the surface leads to a positive pressure and
a component directed away from the surface to negative
pressure. Negative pressure occurs if the fluid follows
a concave contour like the peak in the deformed state.
This explains the influence of the cornea contour and its
deformation states on the cornea loading.

Figure 7 shows the dependency of the pressure dis-
tribution for the eleven simulated deformation states. As
expected, the pressure is maximal in the cornea center and
decreases rapidly with an increasing radial position. The
minimum of the pressure marks the peak in the deformed
state and the local maximum at a radius of approximately
6mm marks the transition from cornea to sclera. After this
transition, the flow follows the eye shape and the pressure
component is negligible.

The tangential component of the velocity vectors result
in shear stresses, also presented in Fig. 7. The stresses
are subordinated by factor one hundred compared to the
pressure, which was already found by Roy et al. [13]. The
shear stresses are zero at the stagnation point and then
increase with increasing radial position until they reach their
maximum. Then they decrease based on the decreasing flow
velocity along the eye.

The difference between the distribution curves for
different deformation states was quantified by calculating
the relative deviation f between the curves according to
Eq. 1

f =
∫ 12mm
0mm |vn(r) − v1(r)|dr

∫ 12mm
0mm |v1(r)|dr

. (1)

with the pressure or shear stress v at the radius r of
the corresponding deformation state n compared to the

Fig. 5 Model with human face
in a isometric model view, b
detail view of the surface mesh
and c detail view of the velocity
and pressure distribution
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Fig. 6 Schematic representation of the velocity vectors perpendicular (pressure component) and parallel (shear component) to the cornea surface

undeformed state n = 1. The relative deviations for all
eleven deformation states are presented in Table 2. Since
most biomechanical markers of the Corvis ST system are
calculated in the state of applanation (state 3) and in the state
of maximum deformation (state 11), these states are most
interesting.

The relative deviations between the undeformed state
(state 1) and the applanated state (state 3) are small for both
the pressure and the shear stress curves, so that the influence
on the Corvis ST parameters on the applanated state is
considered negligible. However, the relative deviations of

the maximum deformed state (state 11) of up to 34% show
that the effect of the corneal deformation on the pressure and
shear stress for deformation states beyond the applanation
must be taken into account.

Influence of the Human Face on Corneal Loading

Based on the recent finding, that the deformation state sig-
nificantly influences the loading, the question arises how
the human face effects the loading. The pressure distri-
butions in the nasal-temporal and in the inferior-superior

Fig. 7 Diagrams of pressure
distribution and shear stress
distribution on the corneal
surface for all eleven
deformation states
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Table 2 Integrally based deviations of the deformation-dependent
distribution curves

Pressure Shear

State [−] Ip [kPa mm] f [%] Is [kPa mm] f [%]

1 28.47 0.00 1.16 0.00

2 28.61 2.41 1.15 1.48

3 29.58 4.51 1.14 2.60

4 29.77 7.77 1.14 3.50

5 30.94 11.66 1.13 4.84

6 32.57 16.58 1.11 6.65

7 33.16 18.48 1.12 7.01

8 34.50 23.47 1.11 9.82

9 35.61 26.03 1.10 10.35

10 36.90 30.88 1.09 12.76

11 37.78 33.84 1.08 14.16

cut were extracted from the model and shown in the dia-
grams Fig. 8. Compared to the levitating eye, the distri-
bution in the central cornea region is nearly identical. In
contrast, the pressure distribution in the inferior-superior
cut strongly increases in the edge regions up to approxi-
mately 40% of the maximum value. This increase is based
on the flow redirection evoked by the eyelid. Thus, the
almond-shaped eyelids are leading to a not rotationally sym-
metrical pressure distribution. The different distances from
the cornea center to the eyelids in the inferior-superior direc-
tion are leading furthermore to an asymmetric distribution
along the cut itself, clearly recognizable in Fig. 8. The
shear stress distributions in the nasal-temporal and inferior-
superior cuts show a similar asymmetric behavior and are
presented in Fig. 9.

The calculation of the relative deviations is done by Eq. 1.
Table 3 presents the deviations between the results of the
undeformed levitating eye and the results of the model with
the surrounding face geometry along the cuts. As expected,
all deviations increase by increasing cornea deformations

and reach the largest values at the maximally deformed state
11. The deviation of the pressure curves along the nasal-
temporal cut are however, approximately two times higher
than in the inferior-superior.

In summary, the results show significant differences
between the pressure and shear stress distributions consid-
ering the human face compared to the levitating eye. These
differences grow by increasing cornea deformation.

Presentation of the Results as Simple Curve
and Surface Functions

In FE simulations of NCT, the pressure and shear stresses
determined in the CFD must be transferred to the element
nodes. For this reason, suitable coordinate dependent
functions were constructed. In the following, the function
coefficients are determined, for which the functions best
represent the results of the CFD simulations. A separate
set of functional coefficients is determined for each state
of the corneal deformation in order to take into account
the dependency of deformations. Note, that the coefficients
were determined for the maximal pressure of 25 kPa. To
simulate the NCT, the results must be scaled according to
the time-dependent pressure profile.

For the results obtained without the influence of the
human face, rotational symmetry occurs. The functions
are therefore only dependent on the radius r . Hence, a
combination of Gaussian distributions is proposed, i.e.

p(r) = A1 · exp−B1·r2
︸ ︷︷ ︸

Gaussian1

− A2 · exp−B2·(r−rc)
2

︸ ︷︷ ︸
Gaussian2

, (2)

s(r) = A1 · exp−B1·rC1

︸ ︷︷ ︸
Gaussian1

+ A2 · exp−B2·(r−rc)
2

︸ ︷︷ ︸
Gaussian2

− A1 · exp−B3·r2
︸ ︷︷ ︸

Gaussian3

, (3)

Fig. 8 The pressure distribution
curves considering the human
face for the most relevant
deformation states along the
nasal-temporal and
inferior-superior section
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Fig. 9 Shear stress distribution
curves considering the human
face for the most relevant
deformation states along the
nasal-temporal and
inferior-superior section

with p and s denoting the pressure and shear stress,
respectively. The designed pressure distribution curve Eq. 2
consists of one Gauss curve representing the central
pressure applied by the air puff and a subtracted Gauss
function to consider the negative pressure at the peak of
the deformation state. The shear distribution curve Eq. 3
consists of two superposed Gaussian curves, subtracting a
third curve representing the central minimum. The obtained
coefficients for each deformation state are presented in
Table 4 for the pressure and Table 5 for the shear stress
together with the related Pearson’s correlation coefficient
R. Furthermore, the deflection area DA is provided for the
individual deformation states as an overall measure for the
cornea deformation, which may be used to compare in an
FE-calculation.

Naturally, the influence of the eyelid cannot be modeled
by a two-dimensional equation, because the distributions
are not rotationally symmetric. In order to account for

Table 3 Integrally based deviations between the undeformed levitating
eye and the deformed states of the eye taking into account the human
face

Nasal-temporal Inferior-superior

pressure shear pressure shear

State [−] f [%] f [%] f [%] f [%]

1 24.18 12.36 30.52 42.02

2 23.36 12.61 30.51 41.97

3 26.60 12.93 30.77 43.01

4 28.45 12.84 32.57 43.15

5 32.48 15.36 33.89 44.42

6 36.80 17.00 35.68 46.37

7 41.18 19.16 36.52 47.17

8 43.63 21.02 38.49 47.52

9 46.99 21.69 37.10 47.47

10 49.94 23.12 38.92 47.99

11 52.01 24.20 38.68 47.89

this, the data is fit into nonlinear surfaces. The pressure
distribution surface Eq. 4 consists of four Gaussian surfaces.
One representing the central pressure applied by the air
puff, a second subtracted Gaussian to consider the negative
pressure in the peak of the deformed state and two more
representing the increasing pressure evoked by the eyelids.

p(x, y) = A1 · exp−abs
(
C1·x2+D1·y2)

︸ ︷︷ ︸
Gaussian1

− A2 · exp−B2·abs
(
C1·x2+D1·y2+E2

c−2·Ec·
√

C1·x2+D1·y2
)

︸ ︷︷ ︸
Gaussian2

+ A3 · exp−B3·abs
(
C3·x2+D3·(y−yc)

2
)

︸ ︷︷ ︸
Gaussian3

+ A3 · exp−B3·abs
(
C3·x2+D3·(y+yc)

2
)

︸ ︷︷ ︸
Gaussian4

, (4)

with x and y denoting the nasal-temporal direction and
inferior-superior direction, respectively. Equation 5 shows
the designed surface representing the shear stress distribu-
tion. It consists, similar to the two-dimensional function,
of three Gaussian surfaces, subtracted from each other and
include 10 parameters per state.

s(x, y) = A1 · exp−(
C1·abs(x)E1+D1·abs(y)E1

)

︸ ︷︷ ︸
Gaussian1

+ A2 · exp−abs
(
C2·x2+D2·y2+E2

c−2·Ec·
√

C2·x2+D2·y2
)

︸ ︷︷ ︸
Gaussian2

− A1 · exp−abs
(
C3·x2+D3·y2)

︸ ︷︷ ︸
Gaussian3

(5)

The obtained coefficients for each deformation state were
presented in the Tables 6 and 7. Based on the used eyelid
geometry, the equations and related coefficients are valid in
the range according to Eq. 6.

0 ≤ x2

102
+ y2

4.72
≤ 1 (6)
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Table 4 Coefficients of the function Eq. 2 to describe the pressure applied on the cornea

Cornea deformation states

Coeff. Unit 1 2 3 4 5 6 7 8 9 10 11

DA mm2 0 0.11 0.32 0.54 0.82 1.28 1.61 2.04 2.51 2.94 3.38

R % 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9

A1 Pa 25 133 25 133 25 133 25 133 25 133 25 133 25 133 25 133 25 133 25 133 25 133

B1 mm−2 0.75 0.75 0.64 0.66 0.47 0.42 0.42 0.38 0.42 0.26 0.41

A2 Pa 0 0 1124 1305 3831 4451 4564 4715 3773 7072 4584

B2 mm−2 0 0 1 3 1.49 1.32 1.15 0.91 1.07 0.67 1.94

rc mm 0 0 2.00 2.30 1.87 2.01 2.08 2.22 2.51 2.28 2.75

Table 5 Coefficients of the function Eq. 3 to describe the shear stress applied on the cornea

Cornea deformation states

Coeff. Unit 1 2 3 4 5 6 7 8 9 10 11

DA mm2 0 0.11 0.32 0.54 0.82 1.28 1.61 2.04 2.51 2.94 3.38

R % 99.4 99.4 99.5 99.5 99.5 99.4 99.3 99.4 99.4 99.4 99.4

A1 Pa 280 298 328 345 306 288 246 206 123 165 137

B1 · 103 mm−C 146 166 201 221 197 176 136 98 18 63 29

C1 − 1.27 1.22 1.15 1.12 1.15 1.19 1.27 1.38 2.00 1.54 1.84

A2 Pa 59 55 53 53 73 84 105 126 160 176 162

B2 · 103 mm−2 224 227 233 252 331 385 440 447 549 458 806

rc mm 1.58 1.58 1.58 1.59 1.80 1.80 1.85 1.91 2.17 1.90 2.31

B3 mm−2 1.58 1.50 1.31 1.24 1.18 1.01 0.98 0.85 2.78 0.41 4.86

Table 6 Coefficients of the surface function Eq. 4 to describe the pressure load applied on the cornea with consideration of the human face

Cornea deformation states

Coeff. Unit 1 2 3 4 5 6 7 8 9 10 11

DA mm2 0 0.11 0.32 0.54 0.82 1.28 1.61 2.04 2.51 2.94 3.38

R % 86.7 87.0 88.9 89.1 90.3 91.5 92.3 92.8 93.5 93.8 94.5

A1 Pa 25 133

C1 mm−2 0.68 0.68 0.65 0.62 0.59 0.55 0.51 0.45 0.44 0.42 0.38

D1 mm−2 0.89 0.90 0.87 0.85 0.79 0.72 0.66 0.63 0.61 0.59 0.52

A2 Pa 0 0 636 874 1756 2553 3137 3024 3137 3485 3853

B2 − 0 0 18.3 6.23 7.41 8.86 9.18 6.18 7.94 8.85 8.55

Ec mm 0 0 2.13 2.05 1.91 1.84 1.75 1.75 1.82 1.86 1.74

A3 Pa 5219 5234 5120 5111 5095 4976 5003 5002 4958 4914 4845

B3 − 1.43 1.45 1.96 2.32 2.23 1.20 0.98 0.56 0.48 0.40 0.29

C3 · 104 mm−2 1.58 7.47 6.89 7.49 10.5 23.8 38.1 86.8 131 244 333

D3 mm−2 0.71 0.69 0.50 0.43 0.44 0.82 1.03 1.81 2.16 2.64 3.73

yc mm 4.7
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Table 7 Coefficients of the surface function Eq. 5 to describe the shear stress applied on the cornea with consideration of the human face

Cornea deformation states

Coeff. Unit 1 2 3 4 5 6 7 8 9 10 11

DA mm2 0 0.11 0.32 0.54 0.82 1.28 1.61 2.04 2.51 2.94 3.38

R % 95.0 95.1 95.1 95.2 95.1 95.2 95.4 95.7 95.9 96.2 96.2

A1 Pa 89.6 64.3 131 140 144 241 260 172 175 185 150

C1 · 103 mm−E1 11.4 5.4 15.2 18.4 17.6 21.8 28.0 12.8 12.9 17.3 13.4

D1 · 103 mm−E1 22.4 12.3 35.4 41.0 38.0 48.7 59.1 30.6 30.4 37.7 31.1

E1 − 2.23 2.44 2.30 2.21 2.26 2.39 2.29 2.56 2.59 2.46 2.52

A2 Pa 169 192 145 143 145 84.5 111 135 136 140 159

C2 mm−2 0.25 0.19 0.22 0.25 0.31 1.58 0.49 0.80 1.16 1.51 1.06

D2 mm−2 0.44 0.34 0.36 0.39 0.50 1.81 0.52 1.03 1.47 1.84 1.31

Ec mm 1.12 0.90 0.89 0.93 1.10 2.50 1.47 1.90 2.45 2.84 2.41

C3 mm−2 2.41 1.19 0.91 0.83 0.83 1.00 0.87 1.06 1.75 1.79 2.47

D3 mm−2 2.41 1.26 1.23 1.11 1.05 1.45 1.30 1.35 2.66 2.90 4.61

For implementation, a stepwise simulation of the cornea
deformation during an NCT examination is recommended.
In each step, the stress distribution following the proposed
equations has to be applied, wherein those parameters are
chosen which are according to the deflection area from
the previous step. Then, the resulting deformed state is
calculated as data for the next step.

Discussion

A quick, early and safe diagnosis of eye diseases such as
keratoconus or glaucoma is essential for early treatment
to minimize their effects on vision. The determination
of biomechanical parameters based on NCT examinations
offers an opportunity to enable such diagnoses in the
future. In addition to the diagnosis of diseases, it is
also important to be able to detect biomechanically weak
corneas of already diseased candidates to exclude them
from refractive corneal surgery. To determine the necessary
biomechanical parameters, the external loads acting on the
eye and the resulting deformations are required. In this
publication, the authors presented a new approach for the
determination and calibration of the air puff generated by
Corvis ST. The method includes inverse modeling combined
with experimentally determined data. A maximum pressure
at the nozzle inlet of pinlet ≈ 25 kPa (188.5mmHg)
was identified. Furthermore, it was shown that the losses
between the nozzle inlet and the corneal surface are low, so
that the maximum stagnation pressure on the corneal surface
almost corresponds to the maximum pressure at the nozzle
inlet. Compared to the results of previous studies, which
are summarized in Table 8, the present results confirm the
approaches of Roy and Ariza-Garcia but are higher than

those of Bahr, Kling and Metzler. Metzler et al. [11] cha-
racterized the air puff with a hot-wire anemometer and
described a peak velocity at the nozzle outlet of over
100m/s. Maybe this result is based on exceeding the
measuring range or the measuring rate of the sensor used
is not high enough to record the rapid speed change within
the 30ms. Calculating the dynamic pressure from this
speed using the Bernoulli equation Eq. 7, at an air density
of ρ = 1.204 kg/m3 at 20 ◦C [24] gives a pressure of
p = 6 kPa. This is smaller than the pressure determined
in the current work, so that conversely the speed is higher
than 100m/s. The outcome thus confirms Metzler’s [11]
assumption. Kling et al. [15] measures pressure with an
MPX2301DT1 sensor from Freescale Semiconductors Inc.
at a typical Corvis ST measurement distance of 11mm.
This sensor has an active surface with a diameter between
2.41mm and 2.72mm [25]. It follows that the sensor
averages the pressure over the active surface, so that the
sensor underestimates the maximum pressure in the air puff
center, which could explain why the pressure determined
in this way is lower than the pressure obtained here. Bahr
et al. [14] chooses his model condition according to the

Table 8 Overview of the characteristics of the air puff assumed or
determined by other groups

Main author pInlet pCornea Year Reference

[kPa] ([mmHg]) [kPa] ([mmHg]) [−]

Metzler − > 6 (>45) 2013 [11]

Kling − ≈ 16 (≈ 120) 2014 [15]

Bahr − ≈ 2.3 (≈ 17) 2015 [14]

Ariza-Garcia − 25 (≈ 188) 2015 [12]

Roy ≈24 (≈ 180) − 2015 [13]
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Corivs ST operating manual [26], which has few physical
motivation. Ariza-Garcia [12] and Roy [13] assumed in their
CFD simulations that the pressure at the nozzle inlet or
outlet is equal to the pressure measured with the Corvis
ST internal sensor without performing an experimental
validation. In this investigation, the loss of kinetic energy
between the pressure chamber and the sensor as well as
between the chamber and the nozzle inlet was found to be
almost identical. The experimental data also showed that the
time response of the pressure on the cornea is similar to the
pressure-time curve measured with the Corvis ST internal
pressure sensor. Thus, approaches using chamber pressure
as a boundary condition were justified by this investigation.

p = ρ

2
v2 (7)

The investigations also show that external loads acting on
a cornea depend on the current state of deformations, which
confirms results already shown by Kling et al. [15]. The
deformation based deviations between the pressure distribu-
tion curves calculated using Eq. 1 are up to approx. 34% and
between the shear stress distribution curves up to approx.
14%. The novelty of the results compared to previous pub-
lications is the use of real measured, deformed corneal
contours for the investigations. In addition, this work inves-
tigated the influence of the human face that surrounds the
eye. It has been shown that the eyelids have an influence
on the distribution of pressure and shear forces and that the
assumption of a rotationally symmetric load is not appropri-
ate. The effects caused by the eyelids increase the relative
deviations between the pressure distribution curves to about
52% in the nasal-temporal and 39% in the inferior-superior
cut. The relative deviations between the shear stress distri-
bution curves were increased to approximately 24% in the
nasal-temporal cut and 48% in the inferior-superior cut.

Conclusion

Based on the assumption that the air puff generated by the
Corvis ST is identical for each device in every investigation,
the authors have proposed a mathematical description of
the stress distribution depending on different deformation
states. Note that the stress distributions provided apply
to the eye and face geometry used in the paper. In the
present work, an experimental characterization of the air
puff created by the Corvis ST in combination with a
computational fluid dynamic simulation was done. It was
shown that the nozzle inlet pressure at the Corvis ST is
approximately equal to the pressure measured with the
internal pressure sensor of the device, so that possible losses
are insignificant. Also the deceleration of the flow between
the nozzle outlet and the cornea is negligible. From this, it

can be concluded that the influence of a distance change
between eye and nozzle outlet is also insignificantly small
due to a possible whole eye movement. After characterizing
the air puff, a numerical influence study of the interaction
between the air puff and the cornea deformation showed that
the distribution of pressure and shear stress clearly depends
on the deformation state of the cornea. An exception are
the very similar undeformed and applanated deformation
states, which have approximately the same pressure and
shear stress distributions. The shear stresses on the cornea
produced by the air puff are one hundred times smaller
than the pressure. Note, that this not necessarily means
an insignificance of the shear stresses. Future researches
should examine the influence of variations in the cornea or
eyelid geometry.
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