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Featured Application: Applying on Rigid Gas Permeable Contact Lenses for Presbyopic Patients.

Abstract: Rigid gas permeable (RGP) contact lenses are a common presbyopic correction tool.
However, many patients clinically need a long period of adaptation after wearing. This study adopted
finite element modeling to analyze the contact stress between RGP contact lens and an elderly person’s
cornea. The RGP-lens-produced stress concentration at the corneal edge and maximum pressure on
the cornea of elderly subjects aged >64 years was 104.140 kPa, but only 86.889 kPa for the 15-64 group.
Therefore, how to decrease the stress concentration on the cornea is important to increasing elderly
user comfort while wearing lenses. This study found that when the contact angle is designed on
the basis of patient’s actual radian of corneal edge, the contact stress dropped sharply to 60.966 kPa,
thus increasing user’s wearing comfort.
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1. Introduction

Due to the rapid aging of population and the prolonged daily use of computer, communication,
and consumer electronics by people in the 21st century, the number of presbyopic patients is increasing.
Moreover, the young population tends to be increasingly affected by presbyopia. Holden [1] accessed
estimates from the International Data Base by the United States Census Bureau. According to these
estimates, more than 1 billion people in the world are presbyopic; among these people, 571 million are
not aware that they are presbyopic or are reluctant to wear presbyopic glasses. By 2020, the global
presbyopic population will increase to 1.4 billion. Moreover, by 2050, this number will further
increase to 1.8 billion. Taiwan has the highest myopic population in the world. The average age
at which people become presbyopic has continued to decline. Moreover, people aged more than
40 years tend to have both myopia and presbyopia. People with myopia and presbyopia have to use
two types of glasses—glasses for myopia and reading—to have a clear far and near vision, which causes
considerable inconvenience to them.

In addition to glasses, rigid gas permeable (RGP) contact lenses are a common visual acuity
correction tool; RGP lenses have a concentric multicircle design. In clinical use, many patients
complain that RGP lenses easily slide out of position after wearing and require a long period of
adaptation [2]. In addition, a research team from Israel [3] reported that the resolution of these lenses
is relatively poor and that the glasses easily display a halo phenomenon when worn. After extensive
research, many scholars have found that as an individual’s age increases, the intraocular pressure (IOP)
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increases [4-10]. This increase in IOP causes stress and discomfort in the cornea while wearing RGP
contact lenses. In this study, we used finite element modeling to analyze the contact stress distribution
among the corneas of people in three age groups by using Boston XO, RGP contact lenses. Moreover,
we utilized HFSS® software (ANSYS, Canonsburg, PA, USA) to simulate an appropriate RGP lens
contact angle that is suitable for elderly people. In this study, we aim to improve the existing RGP lens
design defects by reducing the waiting time for lens modification due to incorrect positioning of the
lens after wearing and relaxing or tightening of the lens curvature so that patients with degenerative
visual focus are more willing to wear RGP contact lenses.

2. History of the RGP Lens Development

In 1948, Kevin Tuohy, an optician in California, launched the first generation of RGP contact
lenses. These plastic lenses made of nonporous plastic material PMMA (poly(methyl methacrylate))
are known as corneal contact lenses because they are smaller in diameter than the previous soft contact
lenses and only cover the front portion of a cornea. Subsequent advances in lens manufacturing
processes and ophthalmologists” expertise led to the rapid development of hard plastic contact lenses.

From 1965 to 1991, RGP lenses were emphasized as alternatives to the traditional soft contact lenses
with approximately 100% patient usage in 1965 and approximately 40% usage in 1991 [2]. Polycon®
lenses were the superior RGP lenses at that time [11]. Irving Fatt, an American chemist, conducted
a breakthrough experiment on oxygen and air permeability and invented an oxygen-permeable
plastic material. He provided a method for measuring the oxygen transmission rate (Dk) of RGP
contact lenses [12]. Subsequently, Nissel et al. developed the second generation of Excel O, a more
hygroscopic and more comfortable gas permeable lens. In 1977, the first RGP lens compression molded
from cellulose acetate butyrate was produced in the United Kingdom [13]. The most common RGP
lens prescription diameter of 9-9.5 mm was also set during this period. For superior wearing comfort,
RGP lenses larger than 9.5 mm in diameter were also used.

A few years later, Dr. Michael Freeman in London developed the first bifocal diffractive RGP lens
that differed from the typical bifocal lens designs. This lens, also known as synchronous vision bifocal
contact lens, provides hyperopic and myopic images of the central diffraction region on the back of the
lens. Because the design of diffractive optics involves two visions for both focuses, an individual’s
pupil size and the lighting conditions do not affect imaging performance. Toshida et al. [14] found that
bifocal RGP lenses are effective. However, they also suggested that the lenses cannot enable a clear
vision for presbyopic people older than 40 years. Moreover, the glare caused by the lenses and the
partial bifocal myopia vision still needs improvement.

Synchronous vision bifocal contact lenses are also known as segmented lenses [14]. Bifocal
lenses enable clear far and near vision by using the upper and lower portion of the lens, respectively.
Therefore, to see a nearby object, it is necessary to move the boresight downward, and the image can
be clearly seen at the junction where the upper part meets the lower part. The aspheric design of
the RGP lens is an ophthalmic clinical prescription for correcting senile presbyopia, astigmatism [15],
and keratoconus in children [11,16].

3. Factors Causing RGP Discomfort

On the topic of contact lens discomfort (CLD), Alipour et al. [17] reviewed 139 articles that had
been published between 1982 and 2015 and concluded that CLD can be either caused by the contact
lens worn or an environmental factor. The contact-lens-related factors were as follows: (1) material
(lubricity and water content), (2) design (edge, base curve, and asphericity), (3) fit, (4) wearing
schedule, and (5) maintenance system (chemical composition and regimen). The environmental
factors were as follows: (1) aging (age, gender, systemic diseases, and psychiatric and psychological
conditions), (2) ocular surface condition, (3) external environment (humidity, wind, and temperature),
(4) occupational parameters (computer, light, and altitude), and (5) medications. Efron et al. [18]
found a considerable reduction in the overall percentage of contact lens wearers above 55 years old.
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Moreover, contact lenses with well-rounded anterior edge profiles were found to be significantly more
comfortable than lenses with square anterior edge profiles [19]. The rounded edge profile created
a smaller impression on the conjunctiva than did the other edge profiles [20]. A high contact stress
might be a factor that causes RGP contact lens discomfort when RGP contact lenses are used by elderly
people [21].

The RGP lens production process is presented in Figure 1. A normal corneal surface is not
completely spherical; thus, manufacturers employ three curvatures to form an arc design and allow
patients to select the optimal fit (Figure 1). On the basis of the author’s clinical experience in
ophthalmology, the contact lens-related and environmental factors that cause RGP discomfort are
closely related. In particular, the aging [22] and RGP lens design factors are closely associated. When an
individual wears RGP lenses and blinks (Figure 2), the upper and lower eyelids exert pressure on the
outer surfaces of the RGP lenses. This pressure forces the RGP lenses to attach to the corneas (Figure 3).
Anatomically speaking, the peripheral area of the arc of the RGP lens and cornea come in contact with
each other. The area of contact between the peripheral arc of an RGP lens and a cornea affects the
pressure distribution on the cornea (Figure 3). Therefore, the shape of the peripheral arc of the RGP
lens is a crucial factor that affects lens wearing comfort.
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Figure 1. Production process of an RGP lens. Source: Antasee Inc.

Lens Eyelid

Cornea

Eyelashes

A}
Contact Lens Optle Nerve

Figure 2. Force direction of RGP lens on cornea. Source: Antasee Inc.
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Figure 3. Force direction (F) of RGP lens on cornea.

4. Research Method

In this study, the IOP value (Table 1), Young’s modulus, and Poisson’s ratio of the cornea was adopted
from a study by Shin et al. [8]. They collected IOP samples from 536 healthy individuals from 2012 to 2016,
and confidence interval (CI) for each age group was 95%. Thus, the IOP data for different age groups
from the reference paper are reliable. They divided the samples on the basis of three age groups—0-14,
15-64, and more than 64 years. They used Corvis® ST (OCULUS Optikgerdte GmbH, Wetzlar, Germany)
to measure the corneal Young’s modulus and then converted the IOP values by using a modified Taber’s
model to correct the error that occurred because of direct measurement of the IOP values.

Table 1. Intraocular pressure for all age groups [8].

Age Group 0-14 15-64 >64
IOP (mmHg)  15.19 14.73 17.66

Moreover, Boston XO, (Bausch & Lomb Incorporated, Rochester, NY, USA) and ANSYS® workbench
15 software were used to simulate the stress distribution between the cornea and RGP lens in the three
age groups on the basis of the three edge-of-arc curvatures (Ry, R, and Rp) of the lens (Figure 4) and
the thickness of the lens center (T.).The FEM simulation flow is shown in Figure 5, the contact lens and
corneal model after design, it can load ANSYS software to calculate the corneal stress distribution. The IOP
boundary condition is citied from Shin et al. [8], and the RGP lens design is shown in Figure 4.
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Figure 4. Optical design parameters of the RGP lens.
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Figure 5. The FEM simulation flowchart.

5. Results

In this study, an ANSYS® finite element model was employed to analyze the stress distribution
and stress—strain relationships between the IOP and RGP lens for three age groups. Figure 6 displays
a finite element grid diagram of the force direction of the RGP lens on a cornea. However, the structures
of the cornea and RGP lens are complex. Therefore, a nonstructural grid is used and the number of grids
is increased to enhance the calculation accuracy. Before the finite element calculation, the boundary
conditions should be set. The corneal boundary conditions in this study were IOP and frictionless
support [9], as shown in Figure 7. After the simulation, we observed that the IOP experienced by
different subjects of varying ages differed, although all subjects wore the same material of the RGP lens.
These results also confirmed our statement that RGP discomfort might occur due to the relationship
between aging and RGP lens design (Figures 8-10). This implied that the RGP lens and cornea have
varying contact stresses. When the IOP value is higher, the stress value is higher. The stress values for
the different age groups are shown in Table 2.

Subsequently, on the basis of the corneal pressure distribution results and average size of >64
group’s corneal edge-of-arc (r = 6.432 mm, RAD = 0.423 mm) [8,9], this study simulated the contact
surface of RGP lenses for individuals older than 64 years by using ANSYS HFSS® to improve the
contact stress. By comparing Figures 10 and 11, we found that the stress concentration area before using
the decompression design was higher than that after using the decompression design. Simultaneously,
the maximum pressure declined considerably from 104.140 to 60.966 kPa, which was 58.5% of the
original pressure value. The technical comparison table in the 510(k) premarket notification of K171404
by FDA only displays that the accurate wetting angle for Boston XO; is 38°, which is not specifically
designed for the elderly with their IOP and corneal edge-of-arc. Therefore, if the wetting angle of the
RGP lens can be designed according to the actual eye structure of the elderly patients, the comfort after
wearing can be greatly improved.

Table 2. Corneal stress value for all age groups.

Age Group 0-14 15-64 >64
Stress (kPa) 89.595 86.889  104.140
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Figure 6. Finite element grid model.
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Figure 7. Boundary conditions for the finite elements, the IOP is 2.34 kPa.
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Figure 8. Maximum corneal stress for 0-14 years.
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Figure 9. Maximum corneal stress for 15-64 years.
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Figure 10. Maximum corneal stress for aged >64 years.
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Figure 11. Decreasing contract stress by fitting corneal edge-of-arc (>64 years).

6. Conclusions

Due to the aging society and increase in the number of senior citizens, elderly health and care are
gradually being taken seriously. When aging, presbyopia is the most common disease in middle-aged
people. Wearing presbyopic glasses and RGP contact lenses are the most common treatments used for
correcting presbyopia in senior citizens. Although the optical properties of RGP contact lens are good
and corrective astigmatism is excellent, the image from the center of the field of view to the edge is
clear and consistent. There is no image distortion caused by the divergence of the image refraction
or the shrinkage of the image. However, users wearing the lenses encounter the following problems:
(1) a longer adaptation period is required and (2) the users experience heaviness and discomfort in
their eyes. Finite element modeling demonstrated that the stress concentration at the corneal edge
might be the reason for discomfort after wearing RGP contact lenses. This study also found that if the
contact angle of the RGP lens is designed on the basis of the actual radius of the patient’s corneal edge,
then the wearing comfort for the elderly person is improved. In the future, we intend to work with
vendors for developing a corneal-edge-radius measuring equipment. Moreover, we aim to design
an RGP lens satisfaction survey by involving a parameter for evaluating the comfort level percentage
for senior citizens to analyze the stress force reduction percentage.
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