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ABSTRACT

Polymer-based nanocomposites exhibit different optical virtues such as high refractive
index (RI), Abbe number (v4) and visible light transmittance (T %) above 90%. These
hybrid materials attract more interest in optoelectronic applications such in the
ophthalmic optics. The aim of this work is to study the impact of contact lenses doped with
aluminum nanoparticles on aberrated human eye. ZEMAX mainstream optical design
software was used for eye modeling based on Liou & Brennan eye model and then the
BHESP/PA/AL contact lens was applied. Ocular performance was evaluated by modulation
transfer function (MTF), spot diagram root mean square (RMS) and the geometric
encircled energy (EE) metrics. The used criteria show that the best visual performance is
obtained when BHESP/PA/AL-CL is used (P < 0.0001) because it reduced the generated
monochromatic and polychromatic aberrations inside the eye. The required balance
between the refractive index and abbe number of the chosen polymer affect the
transparency, transmittance and refractive errors correction.

Keywords: Nano-Doped Polymer, High Refractive Index, Modulation Transfer Function,
Image Simulation.

1. INTRODUCTION

Contact lenses (CLs) materials amelioration is now evolving rapidly with biomaterial evolution.
Typically, available CLs are based on silicone-hydrogel or polymers, with additional
manufacturing techniques employed to produce transparent, colorless, lightweight and impact-
resistant lenses. The CLs made for vision correction, therapeutic (drug delivery CLs) [1] to
cosmetic appearance purposes required polymers characterized by water and oxygen (02)
permeability, flexibility, high refractive index (RI), high Abbe number (v4) and over 90%
transparency at visible light [2,3].

Despite having many pros, the available CLs suffer from various cons such as high oxygen (02)
permeability of Rigid Gas Permeable (RGP) CLs even though they are expensive and require
hydrophilic monomers. Modern RGP CLs are more flexible than the hard PMMA CLs due to the
integration with low modulus components. RGP lenses have reduced the molar fraction or
moved away from hard PMMA polymer content. Nevertheless, they still account for 14% of the
CLs in the United States [4] due to their efficiency in reducing corneal aberrations [5]. On the
contrary, hydrogel CLs (including soft lenses) are biocompatible [6,7] and inexpensive with
enhanced mechanical properties [8,9] but allow a low O percentage to transmit to the cornea.
One of the characteristics of the silicone hydrogel CLs is durable comfort due to their excellent
0; permeability but they are expensive and need more hydrophilic comonomers to improve
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their water transmission. Another investigation was on PVA modifications as CLs materials.
Although Poly(vinyl alcohol) (PVA) CLs [10] exhibit low O; permeability and fixed water
content, they have an improved physical and optical properties, with a transparency of 90% to
visible light [11].

Nanocomposites polymers have attracted significant attention in optical applications because of
their enhanced optical performance. Recently, nanoparticles (NPs) such as TiO; [12,13], ZnO
[14], ZnS [14,15], ZrO2 [16,17] and so forth have been exploited to obtain high refractive index
nanoparticle-polymer composite. These nanocomposites used in the fabrication of optical and
biomedical devices such as CLs [18,19]. Among various substitutes, sulfur atom has high atomic
refraction, this property makes it an effective candidate in optoelectronic applications [20,21].
Alumina NPs (Al;03) also have been employed to further increase the sample RI as well as vq4 by
Bin Cai and his colleagues [22]. They obtained an improved dispersion sulfonyl group triol 1,3-
bis(2-hydroxyethylsulfonyl)-2-proponal /phthalic acid (BHESP/PA) of RI = 1.57 and vq4 = 43.9.
Then, they prepared a high-performance optical polymer BHESP/PA/Al from hybridization of
synthesized BHESP/PA with well-dispersed alumina NP to increase both RI and vq4 of the
sulfonyl polymer [22]. Inorganic aluminum dioxide NPs has 1.768 Rl and very low dispersion of
70 vq, used to raise the RI of the based polymer to 1.63 and vq to 53. For transmittance
calculations, 20 nm of Al,03 was compared with the same size of zirconia NP, the nanocomposite
fabricated with alumina maintains 90% transparency in the visible light region.
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Figure 1. Chemical Structure of BHESP/PA polymer and the doped optical polymer with Al NP.
1.1 Analysis Criteria
1.1.1 Modulation Transfer Function (MTF)

The Modulation Transfer Function (MTF) considers the contrast degradation that occurs in
sinusoidal patterns of spatial frequency or the ratio of image contrast to object contrast at all
spatial frequencies. Spatial frequency measures the capabilities of the human visual system. The
contrast (modulation) of a sinusoidal pattern is defined as [23]:

MTF = Max~Imin (1)

IMax+1IMin
where Inax is the irradiance of the peak of the sinusoid and Imi is the irradiance of the trough of

the sinusoid. At a certain value of spatial frequency, the MTF will be zero, this spatial frequency
value is called the cutoff frequency (vcuorr) and it is given by [24]:
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1
Veutoff = 305/ (2)

Cut off frequency in equation (2) is measured in Cycles/mm at a specific wavelength (A) on the
retina. F/# or F/number of an optical system that refers to the ratio of lens focal length (F) to
the pupil diameter (PD). For imaging system (human eye), the standard conversion of spatial
frequency from Cycles/mm unit to Cycles/degree is [24]:

100 Cycles - 30 Cycles (3)

mm degree

1.1.2 Root Mean Square (RMS)

Spot diagram is a method for visualizing the aberration effect on image quality and hence lens
resolution. Another measure of quality that realizes on the spot diagram is the RMS spot radius
[25], RMS; RMS belong to the root mean square of the spot in the image plane. The RMS spot
radius is defined as [26]:

[z?i ;
Ipms = TOT (4)

Where N represents the total number of rays traced, r; refers to the distance between two
points.

1.1.3 Encircled Energy (EE)

Encircled Energy (EE) refers to a measure of accumulated energy in an optical image. EE is
indicated in the following formula [27]:

EE(z) = [." [, PSF()rdrde (5)
PSF = ffooo f(x)exp — {i2mux} dx (6)

Where PSF represents the point spread function which is the Fourier Transformation of the
pupil function f(x) and it is a measure of shape and size of the point source image.

In this paper, the ZEMAX optical design program used to evaluate and model the optics of
BHESP/PA/AL-CL based on the commonly used eye model Liou & Brennan eye (L&B). MTF, EE
and the spot diagram enabled image performance analysis when fitted on the human eye.

2. OPTICAL MODELING

An optical design program ZEMAX was used for computer eye modeling and simulation based
on the L&B eye model (healthy eye) and BHESP/PA/Al CL. All ray-tracing simulations were
performed at two conditions of monochromatic light at 555 nm with weight of 1 and the
photopic (Bright) spectrum of 470, 510, 555, 610 and 650 nm wavelengths with weights of
0.091, 0.503, 1, 0.503 and 0.107, respectively. L&B model was chosen in this study because it
was obtained experimentally from the human eye [28].

Optical parameters of the eye (see Table 1) and the mentioned CL (see Table 2) are entered into
ZEMAX software. The two surfaces of the cornea (anterior and posterior cornea) were selected
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as aspherical surfaces (named standard surface in ZEMAX). The standard surface requires two
specific parameters: radius and conic constant. The pupil aperture surface was selected as stop
aperture and decentered by 0.5 mm nasally with respect to the visual axis [29,30]. The
crystalline lens was represented by two homogeneous gradient index shells whose RI is
described by:

n =ng+ npor? + ngr* + nger® + nyz + nyz? + nyszd (7
r2 =x2 +y? (8)
The vitreous body of the eye and finally the imaging surface of the retina. The standard surface
position is centered on the optical axis and its vertex located at the z-axis. The "sag" of the

standard surface is given by [25]:

crz

Z=——"" 9
1+,/1-(1+Kc2r2) )
Where c is the curvature (the reciprocal of the radius), r is the radial coordinate in the lens unit

and K is the conic constant. The extended polynomial surface was used to insert the front
surface of the applied CL. The sag of this aspherical surface is given by the expression:

N SN N AF.
2= e T Lt AEXY) (10)

Where N refers to the number of polynomial coefficients in the series, 4; is the coefficient on ith
extended polynomial term.

Table 1 Input parameters of the L&B eye model in ZEMAX software

Surface Radius [mm] Thickness RI vd Conic PD
[mm] [mm]
Cornea (anterior cornea) 7.77 0.55 1.376 50.23 -0.18 10
Aqueous (posterior 6.40 3.16 1336 5023  -0.6 10
cornea)

Pupil Infinity 0 1.34 50.23 0 4
Lens-Front surface 12.40 1.59 - - 0 10
Lens-Back surface Infinity 2.43 - - 0 10

Vitreous humor -8.1 16.24 1.336 50.23 0.96 10
Retina -12 - - - 0 10
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Table 2 Construction data of polymeric BHESP/PA/Al CL, radius and thickness are measured in mm

Material CL Front CL Back CL Front CL Back RI v
Radius Radius Thickness Thickness d
BHESP/PA/Al 7.748 7.8 0.1 7.8 1.63 53

Conic = 0.035, PD =4 mm and F.0.V. = 5 degrees

3. RESULTS

For particular input specifications, the contrast transmission produced by aberrated eye and
treated eye with CL was observed from MTF metric and its graphical data as the focusing
criterion. Spot diagram RMS and geometric EE (as a function of radius from centroid) were
obtained at the same off-axis field and pupil Semi-Diameter for the retinal image quality
evaluation.

3.1 MTF Response

Maximum MTF values were set at 30 Cycles/mm as the optimum contrast area. 5-degree off-
axis tangential component of MTF measured at 555 nm monochromatic light and polychromatic
light ranging from 470-650 nm for both models. MTF curves refer to the retinal image contrast,
illustrated in Figure (2). The blue dashed line represents the L&B eye model when the system
operated at white light which exhibits an averaged MTF + Standard Deviation (SD) of 0.8 + 0.06.
It diminished quickly than that produced by the monochromatic light (0.9 + 0.05). This is due to
the exposure of the spherical and chromatic aberrations when the pupil diameter (PD) is
enlarged to 4 mm from its optimal size. The generated spherical aberration in L&B model (blue
solid line) was the reason of MTF degradation, which means focusing the light in a large spot on
the retina caused the photoreceptors to receive a low amount of light. The best vision
improvement as a function of frequency response was achieved when applying the contact lens,
especially in L&B model when a monochromatic light was applied. In this case, BHESP/PA/Al CL
eliminated the generated spherical aberration by focusing the incoming rays at the same point
on the retina which is clear from the solid red line of MTF, where the MTF value approached
from 1. Thus, this aberrated eye is corrected with aspherical low dispersion BHESP/PA/Al CL.
MTF response of the corrected eye raised for both light sources. The highest MTF curve
represented by the red solid line, realized by 555 nm (0.92 + 0.04) of the inserted CL. A slight
decrease in image contrast was obtained when the CL is operated at white light of mean MTF =
0.9 % 0.05. Typically, human eye cut-off frequency exceeds the ability to perceive the higher
frequencies due to the generated aberrations and the scatter resulting in ocular media. Cut-off
frequencies of MTF curves for all cases are given in Table 3 in Cycle/mm units and its
conversion to the Cycle/degree units based on Equation 3. Image simulation illustrated in
Figure (3) explains the impact of doped lenses in both cases at 555 nm and polychromatic light
on image quality. Less Image contrast obtained as the spatial frequency increases in addition to
the generated off-axis and on-axis aberrations obtained by the free-lenses eye (Figures 3.a. and
3.c) which improved after the CL was applied (Figures 3.b. and 3.d.).
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Table 3 Cut off frequency conversion of a human eye response

Light source Model Veutoff (cycles/mm) Veutoff (cycles/degree)
L&B 495 149
555 nm
BHESP/PA/AIl CL 495 149
L&B 585 176
470-650 nm
BHESP/PA/AI CL 565 170

F#=3.7, F=16.6 mm, PD = 4 mm, F.0.V. =5 degrees

L&B model
L&B model
BHESP/PA/AI CL

BHESP/PA/AI CL

MTF

0.7 A A A A L A A A A L A A A A L A A A A L A A A A L A A A A J
0 5 10 15 20 25 30

Spatial Frequency (Cycle/mm)

Figure 2. MTF evaluation at 555 nm wavelength represented by the blue and red solid curves for the
aberrated eye and treated eye with Al-doped CL, respectively. MTF at polychromatic light range 470-650
nm represented by blue and red dashed lines for both aberrated eye and treated eye with Al-doped CL,
respectively.
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Figure 3. Image simulation of a. aberrated model at 555 nm. b. Al-doped CL at 555 nm. c. aberrated model
at (470-650 nm). d. Al-doped CL at (470-650 nm).

3.2 Geometric Encircled Energy and Spot Diagram

When the object moving away from the eye, the pupil size enlarges and a wider beam of light
enters to cause deformation in the image focused on the retina. Two metrics (EE and RMS) were
used to calculate the spot radius difference and to identify which kind of aberration causes the
deformation. Geometric EE plot is given as a fraction of enclosed energy (%) as a function of
radius from the spot center. RMS of the spot diagram is another function used to show if the
inserted doped CL minimize the spot radius and overcome the generated aberration inside the
eye. The RMS value is measured in um. RMS diagram gives an indication of the amount of
aberration and its kind. Unlike the MTF curves, the highest amount of aberrations appear when
the spot size is large (highest values of RMS), indicating that little amount of energy is
accumulated on the retina.

In Figure 4, the slope of each curve represents the amount of rays in spot (x-axis) diameter. High
slope means a small spot size which represents the best image performance. At 555 nm light
source, fractional EE and spot diagram of both aberrated and treated eye are shown in Figure
(4.a.). High slope achieved by the red line represents the doped-CL fractional energy. The blue
curve belongs to energy accumulated on the retina of the aberrated eye. At 50%, the maximum
radius difference between the two models is slightly less than 4 microns. Energy response of
doped CL is higher than the free lenses eye indicating the energy accumulates in a small spot
(low value of RMS) on the retina. This demonstrated by the spot diagrams in Figure (4.b.). The
smaller the RMS, the more accumulated energy on the retinal surface. Spherical aberration (on-
axis aberration) presence caused an enlargement in aberrated eyespot size to 7.316 um. This
defect was treated by aluminum-doped aspherical CL. The effect of CL appears in spot
minimization to 3.438 pm.
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Figure 4. (a) EE of monochromatic light as a function of radius from centroid for aberrated eye (blue
solid curve) and corrected eye with Al-doped CL (red solid curve). (b) Spot diagram of monochromatic
light the blue dots refer to the 555 nm light effect.

Figure 5.a. shows the accumulated energy on the retina when it is affected by the polychromatic
light. The blue dashed line refers to L&B eye which is far from the y-axis to cause a large spot of
7.046 pm RMS as a result of spherical aberration and light dispersion (light rays focused in
different focal points); this is called chromatic aberration. The energy fraction at 50% was
improved when the CL was applied where the spot RMS minimized to 3.827 pm. In this case,
generated chromatic aberration was reduced by the doped lenses because the alumina NPs
increases the vq4 of the based polymer suggesting dispersion reduction.

Monochromatic light produced small spot size and high accumulated energy than the
polychromatic light because divergence of polychromatic light beam increases the spot size. It is
clear from Figure (4.b.) and (5.b.) that similar spot shapes were yielded when comparing the
effects of 555 nm and white light on the L&B model and the polymeric CL. Differing by the
emergence of axial and lateral chromatic aberrations denoted by W020 and W111, respectively
in addition to the spherical aberration W040 which optically enhanced by the BHESP/PA/AI CL.
While coma and astigmatism, as well as distortion, didn’t appear clearly because of the natural
small off-axis F.0.V. of human eye.
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Figure 5.(a) EE of polychromatic light as a function of radius from centroid for both aberrated eye (blue
dashed curve) and corrected eye with Al-doped CL (red dashed curve). (b) Spot diagram of polychromatic
light the blue, green, red, yellow and purple dots represent the effect of 470, 510, 555, 610, 650 nm
wavelengths, respectively.

4. CONCLUSION

NP material doped CLs is considered as a promising device to improve the retinal image
properties. The obtained results of BHESP/PA/Al CL programming test are encouraging.
However, further cytotoxic and mechanical studies on alumina-NP impact are required. The aim
of this work was to investigate the effect of Al-doped CLs on image performance when the
human eye operates at monochromatic and polychromatic light sources. The present study
exhibited a closer MTF response to the diffraction-limited MTF of healthy eye by the use of the
mentioned CL. Regardless of cut off frequency value, the highest image contrast was realized at
555 nm. The introduced monochromatic and polychromatic aberrations were minimized.
Spherical Aberration (SA) cannot be altered by CL bending since its shape must be fixed to
comply with corneal shape. Despite that, the applied aspheric front surface CL minimized the SA
level and not eliminated it, by focusing the edge and central rays in a small spot on the retinal
surface. This CL made up from Al-doped polymer of high RI and low dispersion, it reduced both
of the axial colors defocus and lateral color tilt produced by polychromatic light source.
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