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Abstract: The intraocular pressure (IOP) is the principal indicator for diagnosis of glaucoma which
is one of the leading causes of blindness. The IOP can vary throughout the day and traditional meth-
ods of measuring it in a clinical setting only provide a fraction of the patient’s IOP pattern. This
article presents a cost effective way for continuous monitoring of IOP by utilizing a soft contact lens
with strategically placed holes. The deformation of these holes due to the change in IOP can be used
to detect the pressure variations throughout the day. Extensive COMSOL Multiphysics simulations
are conducted to optimize the design and to test the viability of this method. The optimized lens
design can achieve a large deformation ratio sensitivity of 0.39 per mmHg with an applied pressure
range of 10 mmHg to 40 mmHg.
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1. Introduction

With an increase in the average age of the global population over the last several
decades, glaucoma has become an important global health concern that claims the eye-
sight of many patients annually. It is the second leading cause of blindness with nearly 80
million people affected by the disease [1]. Glaucoma-induced neuron damage is irreversi-
ble, which means that early detection is necessary since patients are often not aware of
vision loss until a very advanced stage of the disease [2]. One risk factor that is often in-
dicative of glaucoma is an increase in a patient’s intraocular pressure (IOP) [3]. which is
determined by the inflow and outflow of aqueous humor to the eye. The traditional way
to measure the IOP change is by using the Goldmann applanation tonometry (GAT) [4].
This process uses a device to measure the force required to flatten a particular area on the
cornea which can then be related to the intraocular pressure. For this technique the patient
must visit the doctor during office hours to take the IOP reading, and this generally in-
volves the use of local anesthesia and multiple visits to the clinic. The problem with this
technique is that IOP changes throughout the day as a person moves; in fact, fluid flow
can be 50% lower during sleeping hours [3,5]. Such large variations mean that it is not
possible for a singular pressure measurement taken at one time of the day to embody the
entirety of a patient’s unique IOP trends that could signify glaucoma development. There-
fore, there is a need for continuous IOP monitoring for early detection of glaucoma.

To continuously monitor the IOP many invasive and non-invasive designs have been
proposed in literature. Implantable devices utilizing optical techniques or impedance
based devices have been proposed, but they require a surgical procedure which increases
the cost and discomfort for the patient [6,7]. A non-invasive way of continuous monitoring
of the IOP can be achieved by using contact lens based designs, many of which have been
proposed in literature utilizing techniques such as strain based sensing and microfluidics
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based sensing. Designs utilizing impedance change due to change in the curvature of the
eye, which results from IOP change, can provide an accuracy up to 1 mmHg but need to
be calibrated for each patient depending on the shape, radius of the cornea, and hydration
level in the eye [8,9]. Soft contact lens based designs utilizing micro fluidic channels have
been previously reported by our group [10,11]. These designs utilize an embedded micro
channel inside the lens which is partially filled with an incompressible liquid. When the
intraocular pressure changes, the lens deforms slightly and the fluid shifts inside the mi-
cro channel. This movement of the fluid can then be related to the amount of pressure
change. Experimental testing for these designs were reported and an average fluid dis-
placement of 40.8 um/mmHg was achieved.

The design proposed in this article further utilizes the effect of deformation of the
lens for detecting the IOP change. The design uses strategically placed holes on lens such
that their shape changes under the influence of IOP. The ratio of x length and y length of
the holes is used as the factor to find the IOP. The placement, shape and size of the holes
is decided by conducting detailed COMSOL Multiphysics simulations. The performance
of the optimized design using different commercially available materials is also simulated
within a pressure range of 10 mmHg to 40 mmHg to test the feasibility of the design for
intraocular pressure measurement.

2. Design and Working Principle
2.1. Operation of the Device

The operation of the proposed device is based on the correlation between the intra-
ocular pressure and the change in curvature in human eyes. Multiple studies have been
conducted showing that the curvature of cornea can change up to 3 pm for a 1 mmHg
change in IOP, whereas the curvature of sclera can change up to 100 um for a 1 mmHg
IOP change [12,13]. This variation in the curvature under the influence of the IOP can be
utilized to detect the pressure change. For the proposed design, custom polymer-based
lenses as well as off-the-shelf lenses can be utilized. Contact lenses with strategically
placed holes are used to detect the pressure change, as the pressure inside the eye changes,
the shape of the holes changes with it. The ratio of diameters along x and y axes is used as
the factor to find the IOP change. Figure 2 schematically shows how the shape of the holes
changes with a change in pressure.

Increase in IOP Ly
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Figure 1. Schematic of proposed lens design, the shape of the holes changes in response to a change
in IOP.

The circular holes on the periphery transform into ellipses when the IOP increases
whereas the central hole expands equally in all directions. Therefore, the R value, which
is the ratio of x length and y length of the holes, increases for the holes along the periphery
and remains same for the central hole. Factors such as the number of holes, the diameter
of holes and presence of the center hole have a significant effect on the sensitivity of the
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device as the R factor changes significantly with these parameters. The effect of these pa-
rameters on the performance of the device is discussed in subsequent sections.

The R value can be recorded using any imaging device such as a smartphone camera.
Pictures of the eye can be taken periodically during the day, then a mobile application
using machine vision based techniques can be used to measure the change in shape of the
holes to get the R value and the corresponding intraocular pressure value, once the system
has been calibrated. This allows the user as well as the physician to continuously monitor
the IOP change, similar techniques have been previously proposed [10].

2.2. Parametric Optimization

The effect of factors such as hole size, number of holes and the presence of the center
hole on the performance of the device was studied using COMSOL Multiphysics. A uni-
form pressure ranging between 10 mmHg and 40 mmHg was applied and the deformation
at various points of interest was recorded. The effect of central hole was observed by keep-
ing the same hole size and number of holes in the lens with the only difference being the
presence or absence of the central hole of 6 mm diameter. The presence of a central hole
allows for a much larger deformation of the holes on the periphery as can be seen in Figure
2. This increased deformation can be attributed to the decrease in structural stiffness of
the lens due to the presence of the central hole. Figure 3 shows the R value at different
pressures for both designs, the R value for the design with a central hole is nearly twice
the value for the design without a center hole.
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Figure 2. Effect of central hole on the deformation of the lens (a) Lens with a center hole; (b) Lens
without a central hole.
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Figure 3. Change in R value with applied pressure for the designs with and without center hole.
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The effect of the size and number of holes was also simulated, the number of holes
were varied between 4 to 8 and the size was varied from 1 mm to 2 mm. It was found that
at a small size the number of holes had insignificant effect on the R value but as the size
was increased the effect of number of holes was more pronounced, the design with most
holes provided the lowest R values but the difference was within 15%. With a large size
and large number of holes most of the surface of the lens has empty spaces which affects
the structural integrity and produces undesired deformation in the holes which results in
the reduction of the overall R value. Figure 4 shows the effect of number of holes on the R
value at different hole sizes.
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Figure 4. Effect of number of holes and hole size on the R value; (a) Hole size of 1 mm; (b) Hole size
of 1.5 mm; (c) Hole size of 2 mm.

The effect of hole size can also be observed from Figure 4. The highest R values are
achieved with a 2 mm holes size for any number of holes as can be seen in Figure 4c. The
highest R values are provided by the design with 4 holes with a size of 2 mm.

3. Results and Discussion

The parametric optimization of the designs showed that the best results were
achieved with a lens design with a center hole and 4 holes on the periphery with 2 mm
diameter. The maximum R value of 3.71 was achieved giving a sensitivity value of 0.1237
per mmHg or 0.696 per kPa, as can be seen from Figure 5.
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Figure 5. R value at different IOP values for the design with 4 holes of 2 mm diameter.

The proposed design can be fabricated using polymers such as PDMS which is al-
ready a widely used material for biosensor designs due to its biocompatibility. An addi-
tional benefit of using PDMS can be the ease of modification of its properties by changing
the composition or curing temperature [14,15]. The proposed design also allows for easy
fabrication of the lenses either by using molds to make the holes during the fabrication of
the lenses, or by punching the holes in the finished lenses. This reduces the complexity as
well as cost compared to some other lens based designs which require complex fabrication
techniques. Additionally, the performance of the device can be further enhanced by using
polymers with low elastic modulus values to encourage higher deformation and therefore
a higher R value. Commercially available lenses use different polymers with one of the
most widely used ones being hydrogel based lenses. One of the main benefits of the pro-
posed design is that commercially available lenses can be utilized just by creating the holes
in the appropriate areas. Figure 6 shows the comparison between PDMS and hydrogel
based lens designs which have a center hole and 4 holes with 2 mm diameter on the pe-
riphery. Different types of hydrogels are used in making contact lenses and their proper-
ties vary based on the curing temperature, water content etc., the hydrogel used for the
simulation had 38% water content with an elastic modulus of 0.5 MPa and a density of
1160 kg/m? [16]. The results show that the sensitivity is increased nearly three times to 0.39
per mmHg, by using the hydrogel which enhances the performance of the device.

12 ———————

10 f——————

R value
(-]
\

|

2000 3000 4000 5000 6000

=]
=
g
=]

Pressure (Pa)

Figure 6. Effect of material properties on the R value.

The COMSOL simulations presented here show the viability of the design for contin-
uous monitoring of IOP throughout the day. By modifying commercially available lenses
the cost of manufacturing can be drastically reduced leading to a cost effective method for
IOP monitoring. The experimental results for the optimized design will be reported in
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future studies where porcine eyes of different shapes and sizes will be used to demon-
strate the operation of the device, as well as the effect of variation of eye sizes on the per-
formance of the device.

4. Conclusions

Continuous monitoring of the intraocular pressure can lead to early diagnosis and in
time treatment of glaucoma but the traditionally used techniques for measuring IOP re-
quire repeated visits to the clinic and provide a fraction of the information about the pa-
tient’s IOP pattern. Non-invasive techniques such as the use of contact lens based designs
can provide a solution for continuous monitoring of IOP. The contact lens design pre-
sented here uses carefully placed holes in custom made or commercially available lenses
to measure the IOP based on the deformation of the holes. The ratio of x length and y
length of the holes is related to the change in IOP. Extensive COMSOL Multiphysics sim-
ulations on optimization of the design are presented. The optimized design can achieve a
sensitivity value of 0.39 per mmHg using commercially available lens material.
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