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Abstract—The internal eye pressure is an important index
for judging whether an eye suffers from glaucoma or not.
The conventional eye pressure measurement is valid only under
the condition that all subjects have the same structural eye
stiffness. This paper challenges stiffness sensing of the human
eye by pressing it with a contact probe. The displacement of the
eye is captured by a camera with high resolution (see Fig.1).
Experimental results show that the stiffness is roughly constant
for each subject, while it differs by up to a factor of five between
subjects. The method can detect subjects whose eye stiffness is
smaller than average for further careful medical examination.

Index Terms— Medical Application, Eye Stiffness, Static Sensing.

I. INTRODUCTION

An increased internal eye pressure may cause a damaging
and subsequent partial death of the eye nerve system on the
retina and the patients gradually lose their eye sight. At worst,
the patients completely lose their eye sight. This disease is
called glaucoma. Today, there is no essential medical treatment
for recovering from this disease. An effective treatment to
avoid a further progress of glaucoma is decreasing the internal
eye pressure by either an eye lotion or a medical operation.
In addition to the observation of the abnormality of the eye
sight or the optic papilla, the measurement of the internal eye
pressure is very important to judge whether the eye suffers
from glaucoma or not. However, it is hard to measure the
internal eye pressure accurately without penetrating the eye
ball with a pressure needle. A less accurate, but also less
invasive method is estimating the eye pressure by evaluating
the deformation of the eye when the external force is applied.
Fig.2 shows the overview and the basic working principle of
the eye pressure estimation method. Fig.2(a) shows a contact
method where the eye is deformed by a rigid probe, (b) shows
a non-contact method where the eye is deformed by an air
jet. The eye pressure (IOP: IntraOcular Pressure) used in the
medical field is originally defined by the external pressure
causing an applanation of the cornea surface. Note that the
true internal eye pressure may be different from the external
eye pressure (IOP). In this paper, we purposely discriminate
one from the other by using the terms “external pressure” and
“internal pressure”, respectively.
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Fig. 1.

Eye pressure measurement by using a contact probe.

Now, let us consider two eyes as shown in Fig.3, where
the eyes in (a) and (b) have a normal structural stiffness
and lower than average stiffness, respectively. Under such a
condition, the eye surface in Fig.3(b) becomes flat with less
external pressure than that in Fig.3(a). This indicates that
the eye pressure estimation system always provides smaller
external pressure values for patients with compliant eyes than
for those with normal eyes. The external eye pressure (IOP) is
measured under the assumption that all the patients have the
same structural eye stiffness.

The total stiffness of a human eye can be estimated if both
the applied force and the displacement are known. Kaneko
et al.[1], [2] have captured the dynamic deformation and
measured the eye stiffness during a non-contact tonometry. In
those papers, it is assumed that the effects coming from both
the viscosity and the inertia of the eye are sufficiently small in
comparison with the effect of the stiffness. However, since the
dynamic behaviors of the eye deformation are clearly observed
in the non-contact measurement, the estimated stiffness of the
eye includes the dynamic effects and changes depending on
the time.
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Fig. 2. Estimation method of the internal pressure.
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Fig. 3. Effect of the eye stiffness under the internal pressure P = P/.

In order to eliminate the dynamic effects, we use a contact
probe to applanate the cornea surface. The eye stiffness is
statically measured based on the deformation captured by a
high resolution camera. The experimental results show that
the relation between the displacement of the cornea tip and
the applied force is linear and the eye stiffness may differ by
a factor of five between subjects.

II. RELATED WORK

There are a number of applications for measuring stiffness
(or compliance). For stiffness measurement, there are two
methods: one is a contact method [3] and the other one is
a non-contact method [4], [5]. In the contact method, a force
is directly applied to the object by using a solid probe while in
the non-contact method a flow of air or water is used instead
of a solid probe. If the object is fragile and might be damaged
by a solid probe, the non-contact method may be preferred to
the contact method.

These two measurement methods also exist in tonometry,
a contact type and a non-contact type. The contact type
measurement system[6] provides us with a good example of
static based sensing, where a medical doctor presses a rigid
probe to an anesthetized eye until the cornea deforms to a
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Fig. 4. Overview of the experimental system.

prescribed value (circle with a diameter of 3.06[mm]). This
system provides us with a relatively accurate value due to
the direct contact method. The non-contact type measurement
system[7] is perhaps the closest one to dynamic sensing, while
it is still based on static strategy. It is known that the estimated
eye pressure depends on the method[8] used.

Moreover, the individual difference of the cornea property
also affects the estimation of the internal eye pressure. Since
the present estimation method of the eye pressure is based on
the assumption that all the patients have the same structural
properties, the individual difference of the cornea causes an
error in the estimation. For example, it is well known that the
cornea thickness affects the estimation of the eye pressure[9],
[10], [11]. The same applies to the elasticity of the cornea,
which was measurement in vitro[12], [13]. Consequently,
several papers propose correction methods considering the dif-
ference of the cornea properties[14], [15]. An accurate model
of a human eye has also been constructed for more precise
diagnosis of eye disease by using FEM models[16], [17], [18].
However, the simulation result has not been compared with the
experimental result of a real human eye.

There are very few works that investigate the stiffness of
human eyes in vivo. In recent years, Pallikaris et al.[19] have
measured the cornea rigidity in vivo. Kaneko et al.[1], [2] have
also measured the total eye stiffness in vivo. Although they
have revealed that the individual difference in the eye stiffness
can be observed, their experimental results seem to be affected
by the viscosity and the inertia of the eye and the air jet. As
far as we know, this is the first work on statically measuring
the eye stiffness in living human.

III. EXPERIMENTAL SYSTEM
A. System Configuration

Fig. 4 shows the constructed experimental system. The sys-
tem is composed of a Goldmann eye pressure measurement
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Fig. 5. Side view of the experimental system.

system and a high resolution camera. The Goldmann tonometer
is a standard contact type eye pressure measurement system.
In the Goldmann method, the internal eye pressure is estimated
based on the pressure when the eye surface is applanated in a
circle with a diameter of 3.06[mm][6]. The eye is applanated
by pressing a rigid probe onto the cornea. We use a Goldmann
tonometer as the static force applying system. In order to
measure the stiffness, it is also necessary to measure the
displacement. In this study, we use a high resolution camera
(Flovel co., Ltd.: ADP-210B) to capture the eye deformation
during applanation. The camera has the spatial resolution of
5.6[um/pixel] and the size of 1600 x 1200[pixels].

Fig. 5 shows the side view of the experimental system where
the camera is set up perpendicular to the axial direction of eye
and additional light sources are installed to ensure sufficient
illumination for the measurement.

B. Force Calibration

Since it is hard to measure the pressure during the exper-
iment, the calibrated force is utilized for the calculation of
the eye stiffness. The force applied by the contact probe to
the cornea surface is measured by a load cell. Fig.7 shows
the overview of the calibration. The pressure value can be
changed by rotating the dial connected to the link for applying
the force to human eye(cf. Fig.7). The relation between the
pressure value of the Goldmann tonometer and the applied
force is shown in Fig. 8 where a highly linear relationship can
be observed.

C. Displacement of the cornea tip

The deformation of the eye during the probe contact is
captured by a camera. Fig. 9 shows a captured image. Because
the subject does not stand still during the experiment, the
position of the eye differ in each image. Therefore, the distance
between a mark on the probe and the fringe of the cornea
is used to obtain the displacement. Although the tip of the
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The calibration method for contact force.

Fig. 6.

Fig. 7. Overview of the force calibration.

cornea is deformed by the contact of the probe, the fringe of
the cornea is hardly deformed. Since the line on the probe can
be clearly observed in the captured images, the displacement
of the cornea tip can be measured by utilizing the distance
between the line and the fringe edge of the cornea.

IV. EXPERIMENT

A. Subjects

11 young healthy subjects aged 23~34 years old (8 males
and 3 females) participated in the experiment. The eye defor-
mation was measured by the constructed system during the
applanation tonometry by a contact probe. The applanation
tonometry was conducted by a medical doctor. In the ex-
periment, the pressure is applied on the cornea in steps of
5[mmHg] from 10 to 30[mmHg]. Fig. 10 gives an overview of
the experiment where the forehead and the chin of the subject
were supported by a face fixer.
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Fig. 9. Captured image.

B. Behavior of the Eye under the Force Application

Fig. 11 shows representative pictures of the cornea under
the probe contact where Fig. 11 (a)~(d) are: the probe just
contacting the cornea surface (a), a pressure of 10[mmHg]
being applied (b), a pressure of 20[mmHg] being applied (c),
a pressure of 30[mmHg] being applied (d), respectively.

The shape of the deformation of the cornea caused by
the probe contact may be affected by various geometrical
parameters, such as the cornea thickness, the cornea curvature,
and the length of the eye axis. The deformation may be also
affected by material properties of the cornea, the sclera, and
the vitreous body.

The displacement of the cornea tip is evaluated for each
pressure application in the static measurement of the human
eye stiffness. Fig.12 (a) ~ (k) show the displacement for
different pressure values for all the subjects (Subject A ~ K).
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Fig. 10. Overview of the experiment.

TABLE I
MIN, MAX, AVG, AND DEVIATION OF THE EYE STIFFNESS.

Mean 140.36 [N/m]

Standard deviation 82.2 [N/m]
Minimum 67.80 [N/m]
Maximum 344.8 [N/m]

Note that some images (for subjects D, J, and K) where ne-
glected since they were so noisy that the cornea displacement
could not be detected. We can clearly observe a linear relation
between the applied pressure and the cornea displacement. The
approximation lines in the figures are computed based on the
minimum mean square error.

C. Definition of the eye stiffness

The slope of the approximation line in Fig. 12 is highly
correlated with the stiffness of the eye. Now we evaluate the
individual stiffness based on the cornea displacement and the
applied force. The relation between the pressure value and the
applied force is known by the calibration shown in Fig. 8. In
this study, the eye stiffness is defined by the relation between
the increase of the cornea displacement and the applied force:

k= Af/ Ad (1)

where k is the eye stiffness, Af is the increase of the applied
force and Ad is the increase of the cornea displacement.
Af and Ad are calculated from the approximation line of
the relation between the displacement and the force shown in
Fig. 12.

Fig. 13 shows the computed eye stiffness for all the subjects.
The minimum, the maximum, the mean and the standard
deviation of the eye stiffness are shown in Tab. 1.

V. DISCUSSION

This is the first work that measures the static stiffness of
the human eye. There are a few works that investigate the
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Fig. 12. Cornea displacement by the applanation for eleven subjects. (The displacement under 10[mmHg] application of Subject D, 10[mmHg] of Subject J,

and 25[mmHg] of Subject K are not detected because of the noise of the captured image.)

eye stiffness by a non-contact method. Kaneko et al. have
estimated the stiffness and the viscosity of the human eye
by a dynamic deformation and showed that the estimated
stiffness is 104 ~ 160[N/m][1]. Our results (mean of the eye
stiffness is 140[N/m]) agrees with their result. Kurita et al.
have also captured the cornea displacement during the dynamic
deformation of the human eye and the displacement at the
beginning term of the deformation (13.2[ms] after the start
of the measurement)[2] and showed that the displacement is
9.86 ~ 56.7[um]. The applied force at their evaluated time
has been 0.0034[N]. In our result, however, the displacement
when the force of 0.0033[N](= 30[mmHg]) is applied is
192 ~ 498[pm]. In Kurita’s paper, the force is applied by
an air jet. As mentioned in their paper, since the applied force
by the air jet is dynamic, their experiment may be affected by
the viscosity and the inertia parameters of the eye larger than
our experiment.

Moreover, when we assume the eye ball as a non-linear
elastic material, the contact stiffness changes depending on

the deformation[20]:
f
<(7)

ks 2

where ¢ = 1/2~, and ~ is related to the strain hardening factor,
n, by v = n/(2n — 1),0 < n < 1. We need to correct the
eye stiffness based on this equation to evaluate the non-linear
contact stiffness.

In this study, the individual difference in eye properties
can be observed in the cornea displacement and the eye
stiffness. We can see 2.5-fold and 5-fold difference in the
displacement and the eye stiffness respectively from Tab. 1.
However, note that this result does not simply indicate that
the stiffness of the cornea is individually different because the
eye stiffness defined in this study may be affected by both the
cornea stiffness and the internal eye pressure. Unfortunately,
we can not separate the effects of the cornea and the internal
pressure only based on the tip displacement of the cornea. The
separation of these two effects will be included in our future
work by using other information of the deformation, such as
the whole contour of the cornea.

VI. CONCLUSION

There are some reports that show the stiffness information
of the eye. However, these papers have measured the stiffness
based on the cornea deformation by a dynamic force appli-
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Fig. 11. Deformation of the eye by the probe contact.

cation. This study is the first work that measures the static
stiffness of the human eye. What we have done in this paper
can be summarized as follows:

The deformation measurement system of the human eye
composed of Goldmann tonometer system and a high
resolution camera was constructed.

The static eye stiffness was measured in vivo.

Linear correlation between the applied force and the
displacement of the cornea tip was observed.

The eye stiffness differs by a factor of five.

For future work, we will conduct the experiment with a large
number of subjects for the further investigation.

Finally, we are thankful for Prof. Imin Kao (SUNY at Stony
Brook) and Mr. Hiroshi Koizumi (TOPCON corporation) for
their meaningful comments. This work was supported by JSPS
the 21st Century COE program: “Hyper Human Technology
toward the 21st Century Industrial Revolution”.
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