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 Polymer-based nanocomposites exhibit various optical virtues 

such as a high refractive index (RI), the dispersion index (Abbe 

number (νd)) and visible light transmittance (T %) about 95-99%. 

Titanium dioxide nanoparticles (TiO2 NPs) is suggested as a good 

candidate to rise the RI and maintain high transparency when it is 

integrated with Poly(methyl methacrylate) polymer PMMA 

because TiO2 NPs have a high RI (2.45 and 2.7 for anatase and 

rutile phase, respectively). The ocular performance was evaluated 

by modulation transfer function (MTF) and image simulation. The 

used criteria show that the best visual performance is obtained 

when TiO2-PMMA-CL of 0.1 wt/volume of TiO2 NPs is used (P < 

0.0001) which reduced the generated spherical and chromatic 

aberrations inside the eye. 
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1. Introduction 

Organic-inorganic hybrid nanocomposites have significantly attracted the attention of researchers and 

manufacturers due to their high refractive index (RI), the dispersion index (Abbe number (νd)) and 

high visible light transmittance [1,2]. Hybrid materials are generally flexible, easy to process, 

lightweight, gas permeability, mechanically stable, inexpensive and economically viable [3,4]. 

Therefore, hybrid materials have been employed in contact lenses (CLs) manufacturing.  

Fundamentally, CLs classified into hard, soft and rigid gas permeable (RGP) based on their elasticity. 

Even though hard CLs are longer lasting than the others, but these lenses tend to lose their popularity. 

Hard CLs are primarily based on hydrophobic materials such as poly (methyl methacrylate) 

(PMMA), whereas soft CLs are made of biocompatible hydrogels [5,6]. Typically, silicone-hydrogel 
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or plastic polymers, in addition to the manufacturing techniques used to produce transparent (T > 

95%), lightweight and impact-resistant CLs [7,8]. On the other hand, RGP CLs are expensive and 

suffer from their lack of hydrophilic monomers, but they are more flexible than PMMA CLs due to 

integration with low modulus components and high efficiency in reducing generated aberrations [9].  

Another investigation of CLs materials is poly(vinyl alcohol) (PVA) CLs [10]. These materials 

exhibit low O2 permeability and fixed water content, although they have improved physical and 

optical properties, with a transparency of 90% to visible light [11]. TiO2 [12,13], ZnO [14], ZnS [15], 

ZrO2 [16], Al2O3 [17] NPs dopants so far have been utilized to obtain nanocomposites of high optical 

quality. These nanocomposites can be exploited in CLs manufacturing. 

 

I. Analysis criteria  

1.Modulation Transfer Function (MTF) 

The MTF considers the contrast degradation that occurs in sinusoidal patterns of spatial frequency. 

Or it is the ratio of image contrast to object contrast at all spatial frequencies. The spatial frequency 

that measures the capabilities of the human visual system was examined. The contrast (modulation) 

of a sinusoidal pattern is defined as [18]: 

𝑀𝑇𝐹 =
𝐼𝑀𝑎𝑥−𝐼𝑀𝑖𝑛

𝐼𝑀𝑎𝑥+𝐼𝑀𝑖𝑛
                                               (1) 

Imax: the irradiance of the peak of the sinusoid 

Imin: 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 (vcut off) measured in Cycles/mm in this work and it is given by [19]: 

𝑣𝑐𝑢𝑡 𝑜𝑓𝑓 =
1

𝜆(𝐹 #⁄ )
                                               (2) 

F/#: F/number of an optical system refers to the ratio of lens focal length (F) to the pupil diameter 

(PD).  

This work aims to prepare pure PMMA and TiO2-PMMA with various TiO2 NPs content because 

that PMMA has been widely used in CLs. However, no literature is available on using TiO2-PMMA 

nanocomposites in CLs up to our knowledge. Then using ZEMAX optical design program to 

evaluate and modeling the optics of the prepared CLs in comparison with the aberrated human eye. 

Modulation Transfer Function (MTF) and image simulation have better assisted us in image analysis.  

 

2. Experimental Method  

PMMA polymer was prepared using Free Radical Polymerization (FRP) and TiO2 NPs were 

prepared using the sol-gel method [20]. The solution casting method was used to prepare the 

composites with various concentrations of TiO2 NPs. 

 

I.PMMA preparation  

Materials used for PMMA polymer preparation are methyl methacrylate monomer (MMA) (C5H8O2) 

was obtained from Ruby dent, tetrahydrofuran (THF) (C4H8O) as solvent and benzoyl peroxide 

(BPO) (C14H10O4) as initiator. 10 mg of MMA monomer was added to 0.1 g of BPO initiator and 

THF was added as a solvent. The mixture is then left in a water bath for 24 hours at a temperature of 

80°C under nitrogen gas protection. The polymer solution was purified by ethanol twice and left to 

dry [21].  

 

II.TiO2-PMMA preparation  

Chloroform was used to dissolve the PMMA polymer. 0.1 g of TiO2 NPs was dispersed in 10 ml of 

ethanol and xylene mixture (50:50). Various concentrations of 0.001, 0.05, 0.075 and 0.1 ml of the 

prepared mixture were added to 10 ml of PMMA polymer to obtain the doped TiO2-PMMA polymer 

with 0.0001, 0.005, 0.0075 and 0.01 wt/volume, respectively. 

 

III. Scanning Electron Microscope  

(SEM) was performed by SEM 54032-GE02-0002/8038 (MIRA3/Austria). Optical properties of 

prepared nanocomposites were carried out by UV-Vis transmission spectroscopy UV-1601 PC, 
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(Shimadzu / Japan). The refractive index was measured by Abbe Refractometer at wavelengths 

486.1, 587.6 and 656.3 nm whereas the Abbe number was calculated using Abbe formula: 

𝒗𝒅  =  
(𝒏𝑫 − 𝟏) 

(𝒏𝑭 − 𝒏𝑪)
                                                                                                      (3) 

νd: Abbe number  
nC, nD and nF: RI of the polymer at wave-lengths of 656, 589 and 486 nm, respectively. 

 
Table 1: Chemical and structural formulas of prepared PMMA and TiO2-PMMA optical polymers [22]. 

Polymer abbreviation Structure Chemical formula 

PMMA 

 

(C5O2H8)n 

TiO2-PMMA 

 

TiO2-(C5O2H8)n 

 

3. Optical Modeling 

ZEMAX optical design program was used for modeling the human eye and the manufactured TiO2-

PMMA CLs. All ray tracing simulations were performed at 5 degree field of view and at the photopic 

spectrum of 470, 510, 555, 610 and 650 nm wavelengths with weights of 0.091, 0.503, 1, 0.503 and 

0.107, respectively. Liou and Brennan eye model (LBEM) [23] was chosen for the purpose of 

evaluating the CLs impact. Input parameters of this model are entered into ZEMAX software as 

illustrated in Table 2. The anterior and posterior corneal surfaces were selected as aspherical 

surfaces. the pupil was decentered nasally by 0.5 mm [24,25] and set at 4 mm. The crystalline lens 

was performed by two homogeneous gradient index shells whose refractive index (n) is described by: 

𝑛 = 𝑛0 + 𝑛𝑟2𝑟2 + 𝑛𝑟4𝑟4 + 𝑛𝑟6𝑟6 + 𝑛𝑧1𝑧 + 𝑛𝑧2𝑧2 + 𝑛𝑧3𝑧3                                                   (4) 

𝑟2 = 𝑥2 + 𝑦2                                                                                                                             (5) 

Both of the vitreous body of the eye and the retinal imaging surface was selected as standard 

surfaces. The standard surface position is centered on the optical axis and its vertex located at the Z-

axis. The z-value (sag) of the standard surface is given by [26]: 

𝑧 =
𝑐𝑟2

1+√1−(1+𝐾𝑐2𝑟2)
                                                                                                                    (6) 

c: curvature (reciprocal of the radius) 

r: the radial coordinate in the lens unit 

K: conic constant  

Construction of the aspherical prepared CLs was done by inserting extended polynomial surface as 

the front surface of the applied CL. The aspherical surface sag is defined by the expression:  

𝑧 =
𝑐𝑟2

1+√1−(1+𝐾)𝑐2𝑟2
+ ∑ 𝐴𝑖𝐸𝑖(𝑥, 𝑦)𝑁

𝑖=1                                                                                        (7) 

N: polynomial coefficients number in the series 

Ai: coefficient on the ith extended polynomial (E) term. 

The front surface radius of CLs was set at 7.748 mm and it's conic at 0.035 while the back surface 

was set at 7.8 mm and the prepared CLs thickness has an average of 0.1 mm. 
 

Table 2: Input Parameters Of Liou And Brennan Eye Model In ZEMAX Optical Design [27] Program 

Surface Radius [mm] Thickness [mm] RI νd Conic PD 

[mm] 

Cornea 7.77 0.55 1.37

6 

50.2

3 

-0.18 10 

Aqueous 6.40 3.16 1.33

6 

50.2

3 

-0.6 10 

Pupil Infinity 0 1.34 50.2

3 

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 1.33

6 

50.2

3 

0.96 10 

Retina -12 - - - 0 10 
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4. Results 

A contact lens is prepared by the synthesis of PMMA optical polymer with various TiO2 NPs 

concentrations. The synthesized lenses are shown in Figure 1. All of the resulting nanocomposites are 

transparent, thin and flexible. The thickness of each of the prepared CLs was measured to be 0.1 mm 

and its diameter of 12 mm. 

 

 

Figure 1: Photographs of prepared samples(a) pure PMMA, (b) TiO2-PMMA0.0001, (c) TiO2-PMMA0.005, 

(d) TiO2-PMMA0.0075, (e) TiO2-PMMA0.01 

 

I.RI variation with TiO2  NPs content 

RI is an important parameter for CLs. Lens materials with high RI can be cut thinner. This will 

greatly improve ocular biocompatibility especially for the correction of high myopia. RIs were 

measured for our CLs from 1.45 to 1.601 as shown in Table 3. RIs of the prepared CLs increased 

with TiO2 doping concentration due to the polymer density increment, whereas νd shows an opposite 

trend. Such RIs are superior to human corneas (1.373-1.380) and commercial CLs (1.43) as well as 

those reported by others [28,29]. As a result of RI variation, the indication of light dispersion namely 

Abbe number (νd) of modified CLs was calculated from Equation 3.  

 
Table 3: Refractive index (RI) and Abbe number (νd) data of the prepared CLs 

TiO2 (wt/volume) RI νd 

0 1.45 59.0

0 

0.001 1.49

5 

30.9

4 

0.05 1.49

7 

45.6

1 

0.075 1.50

3 

52.3

5 

0.1 1.60

2 

31.0

0 

 

II.V-Vis transmission  

The UV-vis transmission spectrum shown in Figure 2 indicates that the prepared polymer 

nanocomposites are highly transparent in the range of 400-700 nm. From the figure, we can observe 

the difference in light transmittance between pure PMMA about 92% and doped PMMA with TiO2 

NPs about 99%. This is because of the high bandgap of TiO2 NP which in turn provides these 

particles excellent optical transmittance. The observed higher transmittance (99%) for prepared TiO2-

PMMA nanocomposites is much better than what has been obtained in earlier researchers 

investigations (80%) [30,31]. 
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Figure 2: UV-Vis transmittance spectra of the nanocomposite film 

 

III. Morphological Analysis 

Scanning electron monographs of prepared TiO2-PMMA nanocomposites containing 0.001, 0.075, 

0.05 and 0.1 wt/volume of TiO2 NPs are shown in Figures 3-6. From SEM images, it can be seen the 

TiO2 NPs as bright points well distributed in the PMMA matrix. This good distribution helps to 

improve the behavior of the prepared nanocomposites. 

 

 

Figure 3: SEM monograph for PMMA-TiO2 nanocomposite at 0.1 wt/volume of TiO2 NPs 

 

 

Figure 4: SEM monograph for PMMA-TiO2 nanocomposite at 0.05 wt/volume of TiO2 NPs 
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Figure 5: SEM monograph for PMMA-TiO2 nanocomposite at 0.1 wt/volume of TiO2 NPs 

 

 

Figure 6: SEM monograph for PMMA-TiO2 nanocomposite at 0.1 wt/volume of TiO2 NPs 

 

IV.MTF and image simulation 

MTF refers to retinal image contrast as a function of spatial frequency, illustrated in Figure 7. The 

optimum contrast area achieved by setting the maximum spatial frequency at 30 Cycles/mm. 5-

degree off-axis MTF measured at polychromatic light 470-650 nm wavelengths for all models. 

The effect of varying TiO2 concentrations in the PMMA matrix on the characteristics of the retinal 

image and its comparison with the human eye was studied using the Modulation Transfer Function 

(MTF). Figure 8 illustrates that high image contrast is achieved at low spatial frequencies, while the 

contrast of the image at high frequencies prompts how to see the details of a lower image. The 

highest MTF value is at zero frequency and decreases with increasing frequency.  

The best vision is achieved when the area under the curve of the MTF is the largest possible. 

Therefore, CLs prepared from TiO2 NPs at a concentration of 0.1 wt/volume illustrate best vision 

clarity (higher MTF curve, P < 0.0001) whereas the other doped CLs exhibit almost similar behavior. 

The transparency of prepared nanocomposites was lost at concentrations above 0.1 wt/volume. The 

higher the clarity the better the image properties and the less clarity the less TiO2 NPs content in the 

CL. This confirms the impact of RI increase with increased concentration of TiO2 NPs. The image 

simulation in Figure 8 reveals the image in Figure 8.f. with 0.1 wt/volume of TiO2 NPs concentration 

is more clarity than the image formed by the prepared lens without NPs addition (PMMA-only) as in 

Figure 8.b. and better than the retinal image formed by the eye without CL as in Figure 8.a. 
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Figure 7: MTF evaluation nm for both aberrated and treated eyes with pure PMMA and TiO2-PMMA 

CLs of different TiO2 content in (wt/volume) at polychromatic light range 470-650 

 

 
Figure 8: Image simulation at white light (a) LBEM model. (b) undoped CL. (c) 0.001 (wt/volume) TiO2 

doped CL. (d) 0.05 (wt/volume) TiO2 doped CL. (e) 0.075 (wt/volume) TiO2 doped CL. (f)  0.1 TiO2 doped 

CL 

V.X-ray diffraction 

The X-ray pattern in Figure (9) shows a notable, highly intense Bragg diffraction peak at 2θ = 19.14°. 

This intense hump indicates the crystallinity of PMMA polymer. The other diffraction peaks located 

at 2θ = 25.24°, 43.43° and 67.65° corresponding to (100), (110) and (200) planes of the anatase TiO2 

phase. 

 

 

Figure 9: XRD patterns of TiO2–PMMA nanohybrid thin films 
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4. Conclusion 

Transparent nanocomposites of TiO2 doped PMMA have been prepared by the casting solution 

method. The impact of doping with various TiO2 NPs concentrations on structural and optical 

properties has been studied. From SEM images, TiO2 NPs appeared well distributed in the polymer 

matrix. The effect of pure and doped PMMA polymer as a material for CLs manufacturing has been 

simulated by ZEMAX optical design program. Higher vision clarity in terms of the higher MTF 

curve was achieved by doping the PMMA with higher TiO2 NPs concentrations. This is due to the 

high RI and νd along with high transparency in the visible spectral range. 
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