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Goldmann applanation tonometry – not as good as gold

WIESŁAW ŚRÓDKA*

Deformable Body Mechanics Faculty Unit, Wrocław University of Technology, Poland.

A thesis that linear mechanics does not apply to the analysis of cornea load during Goldmann applanation tonometry measurement
and that the concept of surface tension in the lacrimal fluid is an ineffective attempt at circumventing the associated problems is put
forward. The fundamental problem emerging during numerically simulated measurement of pressure on the eyeball, whose dimensions
are considered to be calibrated, stems from the fact that the flattening of the cornea at the nominal intraocular pressure leads to a critical
state in which the shell loses stability. The consequences are far-reaching. The Goldmann tonometer performs well at low intraocular
pressure, but above the nominal pressure its readings are always understated. The cause of the error is not the tonometer itself (its read-
ings can be even very accurate). It is shell “solution” called Imbert–Fick law which is faulty.
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1. Introduction

Although the problem of an axially symmetric
ellipsoidal elastic shell with variable thickness,
loaded with internal pressure and flattened over
a small surface, whose solution is analyzed below, is
a strictly mechanical problem, it has the most inter-
esting application in ophthalmology. Goldmann ap-
planation tonometry (GAT) is an intraocular pressure
(IOP) measuring method based precisely on such
a case of shell loading, and the accuracy of the
measurement closely depends on the interpretation of
the results.

GAT consists of a set of conditions to be met in
order to carry out a correct measurement, a measuring
instrument and formulas for correcting the pressure
reading. Although there are many varieties of the in-
strument, not always based on the Goldmann proce-
dure, all the results obtained by means of them are
ultimately referred to GAT (their readings are com-
pared with those of the applanation tonometer). There-
fore it is not easy to overemphasize the importance of

this IOP measuring technique. The theoretical de-
scription of shell deformation mechanics plays a fun-
damental role in GAT, but the solution of the problem
appears to be completely different from what we have
imagined it to be for more than a century.

1.1. Goldmann
applanation tonometry (GAT)

The measurement of intraocular pressure is similar
to the case of shell loading described earlier. The cor-
nea is flattened over a strictly defined small surface
and the average pressure pG, understood to be a ratio
of the force to the surface area of the flattening, is the
measure of the IOP. For the flattened area of a mem-
brane, the equilibrium condition assumes the follow-
ing form ( p means IOP)

pG = p. (1)

When slightly flattened, the cornea closely resem-
bles a membrane, and equation (1) as applied to IOP
determination is called the Imbert–Fick law. This law

______________________________

* Corresponding author: Wiesław Śródka, Deformable Body Mechanics Faculty Unit, Wrocław University of Technology, Wybrzeże
Wyspiańskiego 27, 50-370 Wrocław, Poland. E-mail: wieslaw.srodka@pwr.wroc.pl

Received: May 22nd, 2010
Accepted for publication: June 7th, 2010



W. ŚRÓDKA40

has been used since the times of Maklakoff and Fick,
i.e. since the end of the 19th century.

However, precise measurements made by Gold-
mann in the middle of the 20th century showed that
the results obtained deviated from the Imbert–Fick
law [1]. Therefore he introduced the so-called calibra-
tion values for the eye parameters, i.e. central corneal
thickness CCT, the axial radius of external corneal
curvature R and the applanation zone diameter D, at
which the Imbert–Fick law was to be satisfied:

CCT = 0.520 mm,   R = 7.8 mm,   D = 3.06 mm. (2)

Obviously, the eyes of patients in clinical practice
rarely met simultaneously the conditions relating to
CCT and R and Goldmann’s successors had to further
improve the IOP measurement technique by intro-
ducing corrections. The associated problems have
persisted till today: in applanation tonometry there are
neither generally accepted correction tables which
would allow one to convert pG measured for different
R or CCT nor a theoretical description of the defor-
mation of the cornea.

The task that Goldmann set (or perhaps we set it our-
selves) boils down to determining how the pG( p) func-
tion depends on the two parameters, i.e. CCT and R.
The applanation zone diameter D also affects pG, but it
is strictly controlled (constant) during measurement.

The effect of CCT and R on pG measured by a to-
nometer has been studied for years, beginning with
research [2], [3], assuming a priori the validity of law
(1) and diameter D = 3.06 mm. Attempts to question
or verify the above assumption, even if they were
made, have been unnoticed. Is the assumption really
so obvious that it does not need to be tested? The cor-
nea is not an ideal membrane, and we all agree with
this, but if it so, then why should it become similar to
an ideal membrane at calibration parameters?

1.2. The problem of calibration values

In the literature on the subject, one can find a se-
ries of discourses why the applanation diameter of
3.06 mm was chosen by GOLDMANN [4]–[7]. In fact,
the digits in the decimal places, i.e. 0.06, do not in-
crease measurement accuracy, but merely make it
easier to convert the force measured in grams into the
pressure in mm Hg. He justified the choice on the
basis of experimental results, but this does not explain
at all why equality (1) holds. The only argument for
the choice of this diameter found in the literature is
the effect of surface tension in the lacrimal fluid.
GOLDMANN [1] assumes that the external force flat-

tening the corneal apex over the calibration diameter
overcomes intraocular pressure resistance and bending
resistance. The latter, however, does not appear in the
balance of forces (1) since it is counterbalanced by the
force originating from the surface tension in the lac-
rimal fluid wetting the tip of the tonometer (figure
1b). Thus, only at calibration diameter D the two
forces (the one bending the shell and the one resulting
from surface tension) balance out:

4
π 2D  pb SDπ= . (3)

The variable pb represents this part of the external
pressure, which causes the flattening of only the cor-
neal apex, and S is the surface tension in the tear film.
The pressure pb is assumed to be constant and inde-
pendent of p, it can be most easily determined if there
is no internal pressure

0== pGb pp . (4)

After Goldmann this line of reasoning was fol-
lowed by ADLER [6] and many others. Unfortunately,
the argument that equalities (3) and (4) hold true has
not been supported by any shell solutions (Young’s
solution [8], which ORSSENGO and PYE [5] refer to
when describing their model, is a linear solution).

ELSHEIKH et al. [7] demonstrate that the surface
tension force changes the measured pG by 0.45 mm Hg
(of course, at D = 3.06 mm), so it seems to be much
lower than the actual measuring accuracy. The designers
of new variants of tonometers when they compare their
readings with those of the Goldmann applanation to-
nometer (called “true, gold-standard IOP”) are quite
satisfied with a convergence below 3 mm Hg. This accu-
racy of IOP measurement fully satisfies ophthalmolo-
gists. Hence one may conclude that 0.45 mm Hg repre-
sents a rather insignificant measurement disturbance.
Then why correct it at all? If the assumption about the
effect of surface tension in the tear film is valid, the
readings differing by no more than 1 mm Hg should be
obtained for any, not too large (let us say up to 6 mm),
diameter D and at any IOP.

The fact that the successive generations of research-
ers have stuck to the diameter of 3–4 mm for over
a century means that the reason must be more serious
than the surface tension force in the lacrimal fluid.
This is not the only doubt about the calibration dimen-
sions. In the author’s opinion, the problem is more gen-
eral: why would the cornea be subject to law (1) exclu-
sively at the calibration dimensions? If the radius R has
an effect on pG and at the same time the surface ten-
sion of the tear film does not actually determine the
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diameter D = 3.06 mm, then there is only one conclu-
sion: the mechanics of this phenomenon is unknown
and there is no theoretical justification for the calibra-
tion values (2). That is why the attempts to correct pG

with regard to R and CCT repeatedly lead to ambigu-
ous results.

However, today the numerical solution of this kind
of elastic shell is possible and the knowledge of the
mechanical parameters of the eye turns out to be suf-
ficient to build a realistic eyeball model for GAT
simulations. The results of investigating the pG func-
tion dependent on the p variable and parameter D,
obtained by means of such a model, are presented
below.

2. Numerical model

2.1. Geometry

The geometric parameters of the model were
adopted in accordance with the Gullstrand–Le Grand
standard [9] for the human eyeball. The cornea di-
mensions and other eyeball parameters are given in
table 1.

Table 1. Eyeball parameter values

Parameter Value
Axial radius of anterior corneal curvature R =7.8 mm
Axial radius of interior corneal curvature Rin = 6.49 mm
Central corneal thickness CCT = 0.52 mm
Peripheral corneal thickness adjacent to limbus PCT = 0.75 mm
Diameter of cornea 11.5 mm
Diameter of outer corneal surface 12.5 mm
Scleral thickness in polar region 1.0 mm
Scleral thickness on equator 0.6 mm
Scleral thickness near limbus 0.8 mm

Nominal intraocular pressure 2135 Pa
(16 mm Hg)

Both anterior and posterior corneal profiles are
modelled with an ellipse whose eccentricity e equals
0.5 [10]:
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where ρ denotes the axial radius of curvature and is
given as 7.8 and 6.49 mm for the anterior and poste-
rior corneal surfaces, respectively (see table 1).

2.2. Material

Let us describe the material characteristic by the
function proposed by WOO et al. [11]:

)1( −= αεσ eA ,     0≥ε . (5)

A comprehensive review and evaluation of the re-
sults obtained using this function were carried out by
FUNG [12]. The model parameter values are given in
table 2. In order to make the cornea model behaviour
similar to that ascribed to the membrane, let us also
assume that εσ 0E= , 0<ε , where αAE =0 .

Consequently, as classic Goldmann’s measure-
ments indicate, in the absence of p the cornea only
slightly resists the force flattening the apex. (The ma-
terial for which Ecompress = 0 is called a cable type ma-
terial. A shell made of such a material shows longitu-
dinal rigidity which follows from Etension > 0, but it is
devoid of flexural rigidity.)

For stress other than zero the secant longitudinal
modulus of elasticity is the ratio of stress to strain in
simple tension

Esecant ε
σ

= . (6)

In order to make the model as realistic as possible,
the cornea was embedded in a deformable sclera
whose elasticity modulus is a multiple of that of the
cornea. Let us then assume that the sclera material
curve is given by the equation:

)1( 5 −= αεσ eA , (7)

which means a fivefold increase in the secant longitu-
dinal modulus of elasticity of this material relative to
that of the cornea, for the same stress. This value of
the ratio of the sclera modulus to the cornea modulus
follows from the research done by WOO et al. [11],
and also from our investigations [10].

Such parameters A and α of the cornea material
(table 2) were adopted that the resultant secant elas-
ticity modulus Esecant was close to its values recog-
nized by most of the researchers. The values of the
exponent α, determined by NASH et al. [13], are in
a range from 34 to 82. WOO et al. [11] initially
obtained a slightly lower value, i.e. α = 28 (A =
5.4 kPa), but their later studies, described in survey
work by ETHIER et al. [14], corrected this figure to
α = 48.3 (A = 1.75 kPa). The present author’s research
[15], [16] corroborates the corrected results obtained
by WOO et al. The selected values of the parameters
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A and α ensure that the model satisfied law (1) pre-
cisely at the nominal IOP:

pG = p = 2135 Pa (16 mm Hg). (8)

The numerical model satisfying condition (8) may
have its cornea made of a material whose parameters
A and α  are in a relatively wide range but there is
a strictly defined functional dependence between them.
For two of the selected values of the parameter α,
staying within the limits experimentally determined
by NASH et al. [13], the corresponding parameters A
were selected in such a way as to satisfy condition (8).
All the important specifications of the materials Ma

and Mb are given in table 2.

Table 2. The choice of two optimum materials for the GAT test

Symbol
of

material

A
(kPa) α E0

(MPa)
Esecant
(MPa) ν

Ma 0.2 61.6 0.0123 0.267 0.49
Mb 0.8 39.0 0.0312 0.239 0.49

The parameter Esecant is calculated from (6) for the
stress of 20 kPa which appears in the corneal apex at
the nominal IOP. In the case of the complex state of
stress in the eye shells, it is necessary to determine
one more material constant – the Poisson ratio ν,
which for calculation purposes is assumed to be close
to 0.5 (characteristic of an incompressible material).

2.3. Model discretization

The model was solved using the finite element
method. Because of the symmetry of the eyeball,

plane2D, quadrilateral and 8-node body of revolution
elements were used. The mesh density in the particular
model areas is shown in figure 1. In the solutions, the
material curve asymmetry (the tension curve is different
from the compression curve) was taken into account.
Also the pressure direction was updated as the deforma-
tion of the structure increased. The model is fully physi-
cally and geometrically nonlinear. The finite element
modelling was implemented in Cosmos/M system,
which is standard and commercially available software.

3. Results

3.1. Dependence of pG on r and p

Figure 2 shows five series of solutions for the model
in which the cornea is made of the material Ma and also
one series for the material Mb at p = 16 mm Hg. Each
series illustrates the increase of external pG with the
applanation zone radius r at the fixed internal p (the
model deformation is shown in figures 1b and 5c).
The surface tension force in lacrimal fluid is not taken
into account here.

The successive series illustrate corneal apex flat-
tening for the fixed (ever higher) p of 0, 5, 16, 32
i 40 mm Hg. By intersecting the curves with the
straight line r = 1.53 mm one can read the corre-
sponding “measured” values of pG. In this way, the
curve for the model made of material Ma in figure 3
was obtained.

The curve for the model made of the material Mb,
shown in figure 3, does not differ much from the
curve for the model made of Ma, which means that the

Fig. 1. Finite element grid (a), flattened corneal apex at distance r = 1.53 mm from axis (b). The surface tension force
in the lacrimal film pulls the tonometer tip towards the cornea (the force is not taken into account in the calculations)

r = 1.53 mm

ppG

b)

a)



Goldmann applanation tonometry – not as good as gold 43

other graphs are similar, as are the ones shown in fig-
ure 2 for this material. The only noticeable difference
in figure 3 is around the origin, p = 0. When the expo-
nent α is then increased, pG approaches zero. But any

increase in p, even by 5 mm Hg, makes the pG meas-
urement results indistinguishable from each other,
despite the fact that the exponents α of the two mate-
rials assume nearly the largest and the smallest values
of the range determined by Nash et al. The effect of
the constant A is limited here to the fulfillment of
condition (8).

3.2. Example solution

Let us examine the last point on the curve in figure 3
for such a structure made of the material Ma and
loaded with the highest considered pressure. When the
corneal apex is flattened over the calibration diameter
at p = 40 mm Hg, pG = 32.8 mm Hg. This means that
if one excises the flattened disc being affected by the
two pressures, then a shearing force acting on the
circumference towards the inside of the eye would be
needed to make the disc stable. Such a force is actu-
ally exerted by the part of the cornea, which surrounds
the disc. This effect is at variance with Goldmann’s
assumption and our intuition. Let us “freeze” this con-
figuration by immobilizing the model nodes on the
disc’s edge. After the flattened fragment of the model
is removed, the nodes are immobilized (in the posi-
tions occupied under the load p) on the cross section
thus created and the shell model is solved again for
p = 40 mm Hg. The reactions in the nodes, running
along the symmetry axis, turn out to be directed to-
wards the outside of the model (their total value stems
from the pressure difference between the two sides).

Ry

 p = 40 mmHg

x

y

Fig. 4. When the flattening zone is removed,
in order to keep the edge of the hole in unchanged position y,

one must apply force Ry directed towards the outside of
the cornea. A substantial part of p (as much as 7.2 mm Hg)

must support this edge from the inside. Without this force the edge
of the hole would displace into the cornea, as shown in fig. 5d

So how will the part of the cornea, left after the hole
is cut, deform when the constraint imposed on the dis-
placement of the nodes located on the edge is removed
whereby they can freely move parallel to the axis? Note
that the nodes movement perpendicular to this axis is
still not allowed and reaction Rx ≠ 0. A solution of this
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problem, in the form of a displacement field, is shown
in figure 5d.

It is apparent that the removal of constraints along
the y-axis leads to virtual movement of this edge into
the model, despite the pressure p = 40 mm Hg di-
rected towards the outside. In order to maintain the
continuity of the shell along the applanation zone
boundary, the force Ry (figure 4) associated with the
differential pressure of 7.2 mm Hg between pG and
p is needed. A faultlessly measuring applanation to-
nometer indicates then 32.8 mm Hg.

4. Discussion

4.1. Why D ≈3 mm

The results presented above allow one to under-
stand why the applanation diameter adopted by Mak-
lakoff and later by Goldmann is close to 3 mm. The pG
curves in figure 2 have the same characteristic shape,
reaching a minimum once r = 1.5 mm is exceeded. In
the author’s opinion, the existence of this extremum is
the main reason for the general acceptance of the cali-
bration diameter (2).

In the case of curve pG(r) for the model made of
the material Ma, obtained while flattening the cor-
neal apex under p = 16 mm Hg (the middle curve
in figure 2), the deviation of pG from p is less than
0.5 mm Hg in a very wide range of variation of r
(from 1.4 to 2.4 mm). The range of r for the material

Mb is 1.3–2.2 mm. One can acknowledge that the
applanation zone calibration diameter D = 3.06 mm
not only ensures that the calibration eye satisfies
equality (8), but also that pG is measured close to its
minimum, even at p different from the nominal one
(here 0, 5, 32 and 40 mm Hg).

The pG(r) relation is nonlinear, which makes the
selection of measuring point difficult. The imposition
of the constant D during measurement, by Fick and
later by Goldmann, eliminates this problem and the
choice of the diameter value is not accidental – the
function pG(r) is nearly constant in its vicinity. Conse-
quently, in a certain range of the variation of r, the
ratio of the force to the flattening area is practically
constant. In clinical examinations this means high
tolerance of the measured pG to variations in flattening
zone area.

Contrary to the assumption that D is constant, this
tolerance is very helpful here. In reality, measure-
ments on different eyeballs are performed at different
applanation zones precisely because D is always equal
to 3.06 mm. Similarity between two different corneal
shells is determined by their relative dimensions.
Therefore if the second cornea’s curvature radius R is
by 10% larger, then also its applanation zone diameter
(and thickness) should be larger by as much as of
order for pG to be the same. Mathematical solutions
for shells are not sensitive to scale – they are identical
regardless of the magnification of the structure.

Equally important is the fact that pG determined in
the vicinity of the extremum turns out to be independ-
ent of individual differences in cornea elasticity. Ac-
cording to figure 2, the minimum pG for the material

Fig. 5. Model solutions in the successive stages of loading. The upper part of the figure shows the apex configuration of the cornea
not subjected to any load (a), loaded with p = 40 mm Hg (b) and subsequently flattened (c). The lower part shows model (c)
with the applanation zone as a finite element grid and the configuration of the cornea without the flattened disc and loaded

with the same pressure. The nodes on the edge of the hole are deprived of the freedom of displacement in direction x
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Mb appears at a somewhat smaller (by about 0.2 mm)
radius r than for Ma, and the deviation of pG from p is
slight in a wide range of variation of this radius. It
likewise happens at pressures different from the
nominal pressure. Thus close to r = 1.53 mm, pG val-
ues measured on corneas differing only in their mate-
rial are nearly identical.

Goldmann was not the first who dealt with this
problem. Before him, at the end of the 19th century,
Maklakoff in 1885 built a tonometer and used it to
measure IOP, but he would kinetically produce the
load by dropping a small flat weight on the cornea of
the supine patient. Thus he did not impose any appla-
nation area diameter but a force. The value of this
force was such that the applanation area diameter
– different for different patients – was in a range of
3–4 mm [6]. There are no doubts, however, that half
a century later Goldmann chose diameter (2) for his
much more precise instrument based on the high
tolerance of the pG result to applanation area varia-
tion close to a diameter of 3 mm, observed by Mak-
lakoff (mainly on the basis of the fact that pG and
p balance out at this diameter when the measurement
is performed at 16 mm Hg, ± 4 mm Hg). Maklakoff
experimentally adjusted his IOP measuring technique
to the phenomenon whose mechanical expression are
the shell solutions shown in figure 2. Thus the choice
of the diameter (similar to that of the other calibra-
tion dimensions) has nothing to do with surface ten-
sion.

4.2. Corneal apex flattening resistance
is negative

According to the solutions shown in figure 3, ob-
tained for the materials Ma and Mb which are distant
from each other (and also for the other materials
tested by the author, but not included in this compari-
son), the pG( p) function is always convex upwards.
This means that for a model satisfying condition (8),
always pG > p < 16 mm Hg and conversely: pG < p
> 16 mm Hg (at an intraocular pressure lower than the
nominal one, the measured pressure is higher than the
real one, and above the nominal pressure the opposite
is true: the measured pressure is lower than the real
one).

It is hard to intuitively accept the fact that pG < p
since this means that the flattened area near the axis is
pulled by the remaining bent part of the cornea instead
of (as it appears) being pushed by it. This upsets the
view of the deformation mechanics associated with
GAT, built up since the times of Goldmann.

The belief that in order to maintain cornea flat-
tening over the diameter of 3.06 mm an additional
pressure pb, always directed to the inside of this shell,
is needed derives from the intuition acquired when
solving geometrically linear structures. A footbridge
loaded with pedestrians is such a structure. When
another pedestrian is added, this produces additional
displacement having the same value as that when the
footbridge is loaded with only this single pedestrian
– the displacements produced by the successive loads
acting on this structure are superposed. The situation
is completely different in the case of a geometrically
nonlinear structure. A column supporting a heavy load
(close to the critical load at which it will undergo
buckling) can easily be deformed even by a small
shearing force. The additional displacement caused by
this force is much larger than that when no load acts
on the column from above. The displacements pro-
duced by the forces successively applied to a structure
loaded in this way cannot be superpositioned since the
structure is not geometrically linear.

For the same reason it is erroneous to try to super-
pose displacements (and internal forces – stresses or
moments) originating from pG when the internal pres-
sure p is equal to or higher than the nominal one since
under this load the cornea’s shell loses its stability.
Starting from the equilibrium point (8) a corneal shell
flattening is spontaneous since the bending force
needed for this equals zero. Above this point the re-
sistance of the shell during flattening, overcome by
the pressure difference between pG and p, decreases so
radically that it becomes negative. The pressure acting
from within on the peripheral zone of the cornea fa-
cilitates the flattening of the corneal apex since the
latter undergoes tension, and the displacements con-
nected with this flattening arise much more readily (as
in the case of the column under the critical load,
which then easily deforms).

The problem of calibration values turns out to be
actually the problem of shell stability. The conse-
quences are far-reaching. The Goldmann tonometer
performs well at low IOP, but above the equilibrium
pressure (8) its readings are always understated. The
cause of the error is not the tonometer itself ( pG can
be measured even very accurately by this instrument).
It is shell “solution” (1) which is faulty. Even though
the Imbert–Fick law is a correct condition of equilib-
rium in the applanation zone, the latter has no decisive
effect on pG. The remaining part of the cornea, being
under pressure, plays a more active role during flat-
tening than is commonly believed and the conse-
quences in GAT are, it seems, incorrectly interpreted.
The bending rigidity of the corneal shell (and the re-
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lated pb) is noticeable only at p close to zero. Then, as
figure 3 shows, the material parameters have the
strongest effect on this rigidity. But when p exceeds
half of the nominal value, the measured pG mainly
depends on the internal pressure – bending resistance
no longer counts. This radically alters the functional
dependence of the external pressure upon the internal
pressure and as it follows from the above considera-
tions, the function becomes unpredictable, which is
illustrated in the Example solution.

This novel deplanation mechanism reveals an ad-
verse phenomenon, so far unnoticed in GAT, i.e. the
deviation of pG from p in the calibration eye becomes
negative above the equilibrium point (8), and at p
twice as high as the nominal one it is already as high
as the dimensional deviations caused by the largest
departures of CCT and R from the calibration values.
Staying with the idea of calibration values, one can
say that the deviation of pG from p depends on p to the
same extent as on CCT and r. This means that condi-
tion (8) defines still another calibration parameter.

5. Conclusions and final remarks

Researchers who investigate the cornea material
parameters differ in their opinions about the value of
the (secant) modulus of elasticity, which, of course, is
reflected in the values of A and α in equation (5).
Most researchers [5], [11], [17], [18], including the
present author, favour the “low-modulus” cornea
(Esecant ≈ 0.3 MPa). This result is usually obtained
from numerical simulations of experiments on the
intact cornea or the eyeball. A representative of ex-
perimenters (whose results mostly come from meas-
urements) favouring the “high-modulus” cornea
(Esecant ≈ 8 MPa) is HJORTDAL [19], [20], but there are
also reports according to which the modulus reaches tens
of MPa [21], [22]. Besides the cornea material parame-
ters adopted here, also the geometry of the cornea and
the model fixing conditions may arouse controversy. In
each of the cases, one can find models in the literature
which do not satisfy the assumptions made here. But all
the different approaches to the eyeball model structure
have no significant effect on the conclusions emerging
from the presented solutions, particularly on the shape of
the pG(p) curve shown in figure 3. The investigations
carried out by the author have shown that:

1. There is no such a biologically acceptable mate-
rial which can ensure that the eyeball model will sat-
isfy law (1) in the whole physiological range of intra-
ocular pressure (the straight line in figure 3).

2. In the GAT numerical simulation, the difference
between the “measured” pG and the internal p clearly
depends on the level of the latter.

3. If assumption (8) is fulfilled, the measured pG

above this equilibrium pressure is understated.
4. The calculated correction of the tonometer

reading pG taken in non-calibration conditions should
be based on the solutions which take into account the
critical state of the shell subjected to pressure, since
the structure under such a load is geometrically non-
linear and the Goldmann assumptions derived from
linear mechanics do not apply to it.
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