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Abstract 
Intraocular lenses (IOLs) are recognized as a solution in the treatment of eye conditions, 
particularly cataracts, by restoring vision through the replacement of the eye’s natural lens. 
Selecting the appropriate type of IOL, based on individual patient characteristics such as 
corneal aberrations, plays a crucial role in the visual outcomes after surgery. This study 
assessed the efficacy of innovative diffractive multifocal and toric IOLs in treating visual 
impairment associated with corneal aberrations using computational modeling. The study 
examined how aberrations affected the quality of retinal images as measured by the modulation 
transfer function (MTF), peak-to-valley wavefront error, and root mean square (RMS) 
wavefront error. The results showed that contrast and resolution in near, intermediate, and far 
vision were much enhanced by optimized IOL designs. Postoperative IOL tilt cannot be 
predicted preoperatively; therefore, this study is framed as a sensitivity analysis evaluating how 
varying degrees of tilt affect optical quality across different IOL designs. Our simulations also 
revealed that IOL tilt negatively correlated with visual acuity, especially toric IOLs showing 
greater sensitivity due to increased tilt-induced astigmatism. Since this approach is tailored to 
the individual characteristics, the results support the development of IOL designs with 
improved tolerance to tilt-induced aberrations. 
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Corneal Aberration, Zemax software, Liou-Brennan eye model, Diffractive multifocal IOLs, 
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Introduction 
Intraocular lenses (IOLs) are significant therapeutic modality in cataract, restoring vision by 
replacing the patient's natural eye lens [1]. The choice of IOL dramatically influences 
postoperative visual quality, depending on factors such as corneal aberrations [2] and the 
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sensitivity of the IOL to precise positioning [3] in the individual patient. Optimal selection of 
IOLs can significantly improve a patient's life and minimize the need for further corrective 
measures. In present-day choices, there are various kinds of IOLs, including monofocal [4,5], 
multifocal [6,7], toric [8,9], and aspheric [10, 11] lenses. 
Monofocal IOLs are designed to provide optimal image quality at a single focal plane; 
however, the targeted focal distance can be selected based on patient needs, such as distance, 
intermediate, or near vision. Multifocal and extended depth-of-focus (EDoF) IOLs, in contrast, 
expand the range of functional vision by redistributing or extending optical focus. Depending 
on their optical design (e.g., bifocal, trifocal, or EDoF) and patient preferences, these lenses 
may be optimized for combinations of distance–near, distance–intermediate, or intermediate–
near vision, thereby reducing dependence on spectacles for daily activities. Although these 
lenses may be associated with varying optical trade-offs, including reduced contrast sensitivity 
and photic phenomena such as glare and halos [12]. Toric IOLs are specifically designed to 
correct pre-existing corneal astigmatism, significantly improving vision in cataract patients 
with regular astigmatism by compensating for corneal cylindrical power [13]. Aspheric IOLs 
were developed to correct spherical aberration introduced by the cornea's shape, thereby 
improving retinal image quality, contrast sensitivity, and overall optical performance, 
particularly for larger pupil diameters [14]. 
IOL selection greatly impacts the quality of vision after surgery in patients with cataracts. 
Although postoperative IOL tilt is a well-recognized factor affecting visual quality, its 
magnitude and direction cannot be reliably predicted at the time of IOL selection. Factors such 
as capsular bag asymmetry, surgical technique, and postoperative capsular contraction 
contribute to tilt variability [15-17]. Consequently, computational modeling is best suited for 
evaluating the sensitivity of different IOL designs to potential postoperative misalignment. 
Also, Higher-order corneal aberrations (HOAs) play crucial roles in the choice of proper IOL 
type [18]. Studies indicate that these parameters can affect toric and multifocal IOLs 
performance and reduce the visual acuity or produce undesirable optical effects [19]. Al-
Sayyari et al. conducted a comprehensive investigation highlighting the importance of 
considering corneal spherical aberration during the selection of IOLs for cataract surgery in 
maximizing visual outcomes and avoiding postoperative complications [2]. Also, studies have 
shown time-dependent changes in HOAs after surgery [20]. IOL decentration and tilt after 
surgery can also reduce the effectiveness of toric and multifocal IOLs. It is correlated with 
intermediate distance visual acuity [21]. Tilts of 2 to 3 degrees and decentrations of 0.2 to 0.3 
mm are common, but they can negatively affect visual performance [22]. Toric IOLs are 
designed to correct astigmatism, but improper rotation can diminish their corrective effect [23]. 
Corneal aberration correction using diffractive IOLs was modeled in simulation research using 
Zemax software [24]. Lastly, studies using ray tracing method have assessed the astigmatism 
introduced by the IOL tilting [3]. 
Using a comprehensive ray-tracing simulation based on the Liou and Brennan eye model [25] 
implemented in Zemax software, this study investigated the effects of various IOL designs and 
their sensitivity to postoperative tilt on the correction of corneal aberrations. Aberrations at the 
retina were evaluated using a Shack-Hartmann wavefront sensor that was placed in front of the 
simulated lenses. Models of the IOLs' aspheric, toric, and binary-2 surfaces were created. 
Aspheric-binary 2 (diffractive multifocal) and aspheric-toroidal (toric) IOLs' corrective 
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performance was examined using modulation transfer function (MTF) diagrams, root mean 
square (RMS) wavefront error, and peak-to-valley wavefront error at the retina. Finally, 
Zernike polynomials were used to quantify the astigmatism induced by IOL tilt. 
 
Materials and methods 
Based on the Liou and Brennan model, this study used an accurate computational model of the 
human eye [25]. This model provides a thorough simulation of optical behavior by 
incorporating parameters for an ideal human eye, such as the shape, thickness, and refractive 
index of the cornea, aqueous, pupil, gradient crystalline lens, vitreous, and retina (as given in 
Table 1) [26]. Zemax ray-tracing software, a well-known tool for modeling optical systems, 
was used for the simulations. The eye has a refractive power of 60.35 diopters and is roughly 
represented by a sphere with an axial length of 23.95 mm in the Liou-Brennan model. The 
diameter of the pupil was fixed at 2.5 mm. 
 
Table. 1. Lens data editor of Liou-Brennan eye model [29]. 

Conic  
Semi-

Diameter 
(mm) 

Glass 
Thickness 

(mm) 
Radius 
(mm) 

Comment Surf: Type 

 0.000 - 1000.000 Infinity Object standard 0 

 1.878 - 50.000 Infinity Input Beam standard 1 

-0.180 5.000 1.38, 50.2 0.550 7.770 Cornea standard 2 

-0.600 5.000 1.34,50.2 3.160 6.400 Aqueous standard 3 

 1.250 1.34,50.2 0.000 Infinity Pupil standard 4 

 5.000  1.590 12.400 Lens-front Gradiant3 5 

 5.000  2.430 Infinity Lens-back Gradiant3 6 

0.960 5.000 1.34,50.2 16.239 -8.100 Vitreous standard 7 

 5.000 - - -12.000 Retina standard 8 

 
Table 2 presents the parameters used to model the crystalline lens. The lens was simulated 
using a gradient 3 surface with a refractive index defined by the equation 1:   
n = n₀ + nᵣ₂r² + nᵣ₄r⁴ + nᵣ₆r⁶ + nz₁z + nz₂z² + nz₃z³. (1) 

 
Table. 2. The parameters of gradient 3 surface 

nz₂ nz₁ nᵣ₂ n0 Comment Surf: Type 

-0.015 0.049 -1.978E-3 1.368 Lens-front Gradiant3 5 

-6.605E-3 0.000 -1.978E-3 1.407 Lens-back Gradiant3 6 

 
To simulate the corneal aberration in the software, the eye model remains identical to the 
previously used Liou and Brennan model. The only difference is that the cornea has been 
replaced with a paraxial surface possessing the same power and Zernike standard phase surface 
as given in Table 3. The Zernike phase surface type allows representation of the wavefront 
aberrations characteristics. The added phase to the rays was simulated using Φ =

∑ 𝐴௜𝑍௜(𝜌, 𝜑)ே
௜ୀ଴ . Each Zernike polynomial (Zᵢ) was weighted by a coefficient (Aᵢ), with the 

normalized radial (ρ) and angular (φ) ray coordinates determining the value of each 
polynomial. The total number of polynomials used was N. The software used this formula to 



Accepted Manuscript (Author Version) 
 

© Author(s) 2026         CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

define phase variations across the cornea, simulating the irregular shape and resulting optical 
path differences without directly modeling the physical surface deformation.   
 
Table. 3. The modeled corneal aberration. 

Focal 
length 
(mm) 

Diffraction 
order 

Semi-
Diameter 

(mm) 
Glass 

Thickness 
(mm) 

Radius 
(mm) 

Surf: Type 

23.174 - 5.000 
1.337, 
52.66 

0.000 - paraxial 2 

- 1 5.000 
1.337, 
52.66 

2.074 Infinity 
Zernike standard 

phase 
3 

 
Advanced imaging techniques (corneal tomography, confocal microscopy, densitometry, and 
angiography) [27], clinical examination (visual acuity, refraction, slit-lamp biomicroscopy, 
corneal topography, and pachymetry) [28], and diagnostic instruments (wavefront aberrometry 
[29,30], Pentacam [31]) are all used in the diagnosis of corneal aberrations. While imaging 
offers comprehensive quantitative information on corneal shape and thickness, clinical 
evaluation detects distinctive symptoms such as irregular astigmatism and corneal thinning. 
Corneal aberration identification and monitoring are greatly aided by modern diagnostic 
instruments, such as the Shack-Hartmann wavefront sensor (used for wavefront aberration 
analysis) [32, 33].   
In this study, After the eye simulation, a Shack-Hartmann sensor was designed to measure 
aberrations in both ideal and diseased eyes. The sensor's fundamental principle involves 
focusing a light beam (at near infrared) onto the retina, which acts as a diffuse light source. 
The weak reflected light then passes through various ocular components, each contributing to 
the wavefront's shape at the eye's exit pupil. As shown in Fig .1, the Shack-Hartmann sensor 
comprising two-telescope system, a lenslet array and an imaging sensor positioned at the lenslet 
focal plane, measures these wavefront distortions. The first telescope directly images the eye's 
pupil. A pinhole in the second telescope minimizes backscattered light while magnifying the 
image for lenslet array. The lenslet spatially measures the wavefront's deformation by 
evaluating the lateral focal shift on the imaging sensor. This measurement should not be 
interpreted as an absolute value, but rather as a relative deformation compared to a reference 
wavefront, typically a plane wave. The complete wavefront is then reconstructed from the data 
obtained from each lens. Zernike polynomials are used to quantify the various aberrations 
present in the eye [34, 35].  

 
Fig. 1. Schematic diagram of Shack-Hartmann sensor in front of the eye. 
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In order to use IOL in the presence of corneal aberration, this paper explores the use of even 
asphere (aspheric) surfaces. Unlike traditional spherical IOLs, aspheric IOLs offer improved 
correction of corneal irregularities through variations in curvature. Spherical lenses often leave 
some higher-order aberrations, like coma and spherical aberration, uncorrected. Aspheric IOLs 
lessen these aberrations by more closely matching the eye's natural anatomy [36]. The Even 
asphere surface, deviating from a spherical shape, is calculated as:  

𝑍(𝑟) =
𝑐𝑟ଶ

1 + ඥ1 − (1 + 𝑘)𝑐ଶ 𝑟ଶ
+ ෍ 𝐴௜  𝑟

ଶ௜,

௡

௜ୀଶ

 (2) 

 
where Z(r) is the sag height at radial distance r from the optical axis, c is the curvature 
(1/radius), k is the conic constant, and Aᵢ are the higher-order aspheric coefficients.  
The aspheric surfaces can be combined with toroidal or diffractive surfaces, each offering 
distinct advantages. These IOLs are specifically designed to correct higher-order aberrations 
and improve visual acuity. This study simulated two intraocular lens (IOL) models. The first 
model used even-asphere and toroidal surfaces, as anterior and posterior surfaces of the lens, 
to represent a toric IOL. Unlike standard spherical IOLs, toric IOLs possess a cylindrical power 
component, allowing for precise correction of irregular astigmatism [37, 38]. The toroidal 
surface was defined by:  

𝑍(𝑦) =
𝑐𝑦ଶ

1 + ඥ1 − (1 + 𝑘)𝑐ଶ 𝑦ଶ
+ ෍ 𝐴௜   𝑦ଶ௜ 

௡

௜ୀଶ

, (3) 

 
where Z(y) describes the height (z) of a toroidal surface at any point (y,z). The curvature and 
conic shape are defined by parameters c and k, while the higher-order aspheric terms (αᵢ) further 
refine the surface's shape.   
The second model simulated a diffractive multifocal IOL with an even-asphere surface and a 
Binary 2 diffractive surface. The Binary 2 surface's phase change was calculated using the 
equation: 

𝜙 = 𝑀 ෍ 𝐴

ே

௜ୀଵ ௜ 

𝜌ଶ௜ , (4) 

where N is the number of polynomial coefficients, ρ is the normalized radial distance, and M 
is the diffraction order. The modeled IOL corresponds to a trifocal diffractive design, in which 
near, intermediate, and distance foci are generated through controlled redistribution of incident 
light among diffraction orders. In the present model, light energy was distributed primarily 
between the zeroth and first diffraction orders, corresponding to distance and near/intermediate 
focal points, respectively. An approximately symmetric energy distribution (≈50% to the zeroth 
order and ≈50% to the first order) was assumed, consistent with non-apodized diffractive 
multifocal IOL designs [39].  
In our simulations, visual performance was evaluated at three focal distances: far (object at 
infinity), intermediate (object at 1000 mm), and near (object at 500 mm). To model off-axis 
viewing and simulate gaze direction toward objects at these distances, the eye model was tilted 
around the x-axis by 0°, -10°, and -20°, respectively. 
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To improve the optimization of aberrations generated by the designed IOL, merit functions 
such as MTFT (tangential modulation transfer function), MTFS (sagittal modulation transfer 
function), and MTFA (diffraction modulation transfer function, average of sagittal and 
tangential) were added, along with XNEG and XXEG (which represent minimum and 
maximum edge thickness), to the standard merit functions in ZEMAX software. Subsequently, 
various parameters, including the radius of the diffractive surfaces and the polynomial 
coefficients, were set as variables to carry out the optimization process. 
 
Results and discussion 
The Shack-Hartmann sensor's output shows an array of spots, each formed by the lenslet. The 
spot positions deviate from their ideal locations, mapping the wavefront aberrations caused by 
the eye's refractive errors. This spot pattern is then analyzed to quantify the wavefront's shape 
deformation. Fig. 2. represented the detected spot patterns and reconstructed wavefront maps 
of the ideal eye and the eye with corneal aberration. The sensor output revealed a conical shape 
in the diseased eye (Fig. 2. b and d) compared to the ideal eye (Fig. 2. a and c). 
 

 

 
Fig. 2. Spot pattern at the output of Shack- Hartmann sensor for a) ideal eye and b) the eye with keratoconus. 

Wavefront maps of c) ideal eye and d) the eye with keratoconus. 

Table 4 compares the peak-to-valley (P-V) and root-mean-square (RMS) wavefront aberrations 
in eyes with corneal aberration to those in ideal eyes. P-V and RMS values quantify the 
magnitude of wavefront distortion, representing the overall deviation from an ideal wavefront. 
The results demonstrate a statistically significant increase in both P-V and RMS values in eyes 
affected by corneal aberration, indicating substantially greater wavefront aberration. 
 
 Table. 4. Comparison of P-V and RMS wavefront aberrations in the ideal eye and the eye with corneal aberration. 

 Peak to valley (waves) RMS (waves) 

a) b) 

c) d) 
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Ideal eye 1.166 0.225 

Eye with corneal aberration 391.221 108.175 

 
Further analysis could investigate the different types of aberrations predominantly affected by 
corneal aberration. This could involve a detailed examination of the Zernike standard 
coefficients, given in Table. 5, derived from the wavefront maps to identify the specific 
aberration types contributing most significantly to the increased P-V and RMS values. 
 
Table. 5. Comparison of Zernike standard coefficients in the ideal eye and the eye with corneal aberration. 

 
𝒁𝟏

𝟏  
(Tilt) 

𝒁𝟐
𝟎 

(Defocus) 
𝒁𝟐

𝟐 
(Astigmatism) 

𝒁𝟑
𝟏 

(Coma) 
𝒁𝟑

𝟑 
(Trefoil) 

𝒁𝟒
𝟎 (Spherical 
aberration) 

Ideal eye -0.037 0.043 0.020 -0.012 0.000 0.008 

Eye with corneal 
aberration 

0.043 2.562 0.028 0.015 0.000 -0.028 

 
After the merit functions were determined, the optimization process was carried out to find the 
optimum polynomial coefficients and parameters of toric and multifocal IOLs, as shown in 
Table 6. The Binary 2 surface coefficients were defined using Zemax normalized radial 
coordinate 𝜌 = 𝑟/𝑅norm. Consequently, the polynomial coefficients are scaled quantities and 
should not be interpreted as having direct physical units. 
 
Table. 6. Parameters of designed toric and multifocal IOLs 

 Surf:Type 
Radius 
(mm) 

Radius of 
rotation 

(mm) 

4th 
order 
term  

6th 
order 
term  

coeff. 
on ρ2 

coeff. 
on ρ4 

coeff. 
on ρ6 

coeff. 
on ρ8 

Toric IOL 
Toroidal 439.678 

-3.041 
E+08 

- - - - - - 

Even 
asphere 

-8.744 - 
8.257 
E-05 

6.282 
E-05 

- - - - 

Multifocal 
IOL 

Binary 2 14.941 - 
1.070 
E-04 

-4.108 
E-07 

-1.057 
E47 

6.911 
E34 

-0.037 200.316 

Even 
asphere 

-25.487 - 
-5.047 
E-04 

6.071 
E-05 

- - - - 

  
The quality of the retinal image produced by the optimized toric and multifocal IOLs was 
evaluated using the spot diagrams for far, intermediate, and near visions in Fig. 3. These 
diagrams revealed a significant reduction in spot size for the treated eye compared to the 
untreated eye, from about 80 µm to 6-18 µm while Airy disk was about 4.3 µm. Improvements 
were significantly observed due to decrease in spherical and defocus aberrations.  
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Fig. 3. The spot diagrams of untreated eye at a) far, b) intermediate, and c) near distances. The spot diagrams of 

treated eye with the designed toric IOL at d) far, e) intermediate, and f) near distances, and with the designed 
multifocal IOL at g) far, h) intermediate, and i) near distances. 

Modulation Transfer Function (MTF) is another analysis that provides important information 
on the quality and sharpness of retinal images. Better contrast transfer and overall picture 
resolution are indicated by a higher MTF value. For the human eye to detect line differences, 
resolution must be more than 0.4, and the ideal spatial frequency for image resolution is 30 
lines pairs per millimeter. 
Improvements in image quality with treatment with both toric and multifocal IOLs are shown 
in Fig. 4, which displays MTF data. According to this figure, the toric lens improved contrast 
and resolution most notably in near and intermediate vision, suggesting that higher spatial 
frequencies were better transmitted. On the other hand, multifocal lenses demonstrated superior 
MTF at far distances. However, other factors like pupil size and IOL decentration can affect 
the outcome of treatment [40].  

   

a) b) 
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Fig. 4. The comparison of MTF diagrams at a) far, b) intermediate, and c) near distances. 

Finally, the IOLs were rotated around the x-axis to replicate the tilt magnitudes reported in 
postoperative imaging studies, which typically range from 2° to 6° on average, with outliers up 
to 10° or more in cases of zonular weakness or capsular asymmetry [41,42]. 
To assess optical sensitivity to potential variations in IOL positioning during surgery, the 
simulation incorporated tilt angles ranging from 0 to 10º. The results demonstrated that 
increasing IOL tilt led to a loss in visual acuity, especially for toric IOLs, through elevated 
induced astigmatism (quantified via 𝑍ଶ

ଶ Zernike standard coefficient). Using the equation 𝐶 =

4√6𝑍ଶ
ଶ/𝑅ଶ,where R is pupil radius, the dioptric power of cylinder (𝐶) was calculated and 

depicted in Fig. 5 as a function of IOL tilt [3, 40].  
 
Our model suggests that for the 14 D designed toric IOL, a tilt about 10° may induce 
astigmatism greater than 0.3 D, which aligns with computational literatures [3]. Clinical studies 
verify this sensitivity in toric IOLs, where tilt intensifies astigmatism and higher-order 
aberrations (e.g., coma), potentially leading to induced cylindrical power [43,44]. Although the 
simulated tilt values should be interpreted as sensitivity analyses rather than predictions of 
clinical tilt magnitude. 
 

 
Fig. 5. The induced astigmatism as a function of IOLs tilts. 

c) 
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Although Shack–Hartmann sensors are commonly used for corneal wavefront measurement, 
they are not suitable for accurate aberration analysis of diffractive IOLs due to diffraction-
induced phase discontinuities [45, 46]. Therefore, in this study, the Shack–Hartmann sensor 
was used only for corneal aberration evaluation, while the optical performance of diffractive 
IOLs was assessed using ray-tracing based simulations and Zernike analysis in Zemax 
software. 
 
Conclusion 
The Liou-Brennan eye model in Zemax software was used in this study to model both ideal 
eye and an eye with corneal aberration. To measure the aberrations, a Shack-Hartmann sensor 
was designed. Models of toric and multifocal IOLs were created by combining aspheric 
surfaces with toroidal and Binary 2 surfaces in the presence of corneal aberration. The MTF 
and spot diagram simulation results showed that the developed IOLs successfully decreased 
higher-order aberrations. The multifocal and toric IOLs effectively treated pre-existing corneal 
astigmatism while providing adjustments for near, intermediate, and far distance vision.  
Reduced optical distortion, better low-light vision, increased contrast sensitivity, and a 
decrease in higher-order aberrations are some benefits of adopting toric and multifocal IOLs in 
cases with corneal aberration. The simulations' outputs also highlighted how important exact 
IOL placement is to getting the best possible visual results. Postoperative IOL tilt has a 
significant impact on induced astigmatism and may negate the desired aberration correction. 
Interestingly, it was discovered that toric IOLs were more sensitive to tilt-induced astigmatism 
than multifocal IOLs.  
In order to improve visual acuity and minimize visual disturbances, this study emphasizes how 
important it is for surgeons to minimize IOL tilt during implantation. This sensitivity-based 
computational framework provides important information for surgeons and researchers, 
offering guidance for surgical planning and IOL design evaluation. However, this study was 
based on a simulated model of the human eye, which might not accurately represent the 
complexities of individual patient variations. 
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