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Abstract: Posterior capsular opacification (PCO) and postoperative photic phenomena—such as
specular glare and halos—remain major clinical limitations following intraocular lens (IOL)
implantation. This study presents a multifunctional dual-layer IOL optical coating designed to
simultaneously suppress optical reflections and inhibit bio-adhesion. Using transfer-matrix
modeling in ZEMAX OpticStudio, an optimized double-layer anti-reflective (AR) stack—
consisting of poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-TrFE)] as an outer nano-layer
(d_1 =557 nm,n_1 =1.420) and magnesium fluoride (MgF_2 ) as an inner layer (d_2 =28.6
nm n_2 = 1.378 ) on an acrylic substrate (n_S = 1.470)—was engineered. The coating reduced
surface reflectance from 0.196 % to 0.020 %  within the range of wavelengths(470-650nm),
yielding an ~87.8 % suppression of residual glare. Furthermore, 2D multiphysics electrostatic
modeling via Agros2D demonstrated that ambient near-UV illumination (A = 365 - 400 nm)
induces photopolarization within the ferroelectric 3-phase P(VDF-TrFE) outer film, generating a
surface charge density 0_S~-89uC/m”2 and a surface potential V_0~= -56 mV . Classical DLVO
force evaluations confirm that Debye-screened electrostatic repulsion ( F_Coulomb= 8.52 pN at r
= 1.5 nm ) overcomes non-specific attractive van der Waals forces ( F_vdW = 555 pN ),
establishing a net repulsive barrier (A F = +2.97 pN ) that exceeds ambient thermal energy
fluctuations ( > 15 k_B T ). Coupled electro-hydrodynamic fluid simulations demonstrate field
current accumulation ( J ® 499 A/m”2 ) at boundary stagnation zones, preventing protein
adsorption and lens epithelial cell (LEC) attachment. Visible spectrum transmittance exceeds
98.2 % , offering optical clarity and retinal photoprotection.

Keywords: Intraocular Lens (IOL); Posterior Capsule Opacification (PCO); Anti-Reflective
Coating; P(VDE-TrFE); Photopolarization; DLVO Theory; ZEMAX OpticStudio; Agros2D.

1. Introduction

Cataract extraction with intraocular lens (IOL) implantation is the most widely
performed ophthalmic surgical procedure worldwide [1]. Despite high surgical success
rates, long-term postoperative visual quality is frequently compromised by two major
complications: posterior capsular opacification (PCO) and dysphotopsia (glare, halos,
and stray-light artifacts) [2,3]. PCO affects 20-40% of adult patients and nearly 100% of
pediatric patients within 2 to 5 years post-surgery due to the proliferation, migration, and
transdifferentiation of residual lens epithelial cells (LECs) across the posterior capsule
[2,4]. Although Nd:YAG laser capsulotomy is the standard treatment for PCO, it carries
risks of intraocular pressure spikes, retinal detachment, and IOL damage [3,5].
Concurrently, specular reflections arising from the high refractive index mismatch
between the IOL optic interface and surrounding intraocular fluids generate photic
disturbances that impair contrast sensitivity [4,6].

Conventional strategies addressing these issues independently remain insufficient

[5]-

responses but fail to prevent long-term PCO development [6]. Single-layer anti-reflective

Surface-modified heparinized IOLs demonstrate reduced early inflammatory
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coatings reduce off-axis stray light but lack bio-functional mechanisms to inhibit cellular
colonization [7,8]. Recent advances in active polymer interfaces—such as zwitterionic
polymers and photo-responsive ferroelectric thin films—offer promising pathways to
construct multifunctionally active biomedical interfaces [9,10].

This study proposes and evaluates a integrated dual-functional IOL thin-film
system engineered to: (1) minimize surface optical reflection and eliminate dysphotopsia;
(2) generate a photo-induced electrostatic potential to prevent protein adsorption and
LEC adhesion via DLVO repulsive interactions; and (3) attenuate harmful UV radiation
entering the intraocular media.

2. Theoretical Framework and Thin-Film AR Design

The anti-reflective (AR) optical architecture was engineered using transfer-matrix
principles to eliminate Fresnel reflections at normal and oblique incidence [11]. The
substrate modeled is a hydrophilic acrylic material (AR40N) with a refractive index
ng = 1.47 and Abbe number of V; = 71[12]. The thin-film assembly comprises an inner
magnesium fluoride (MgF,) layer n, = 1.378 deposited on the substrate, followed by
an outer poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-TrFE)] ferroelectric
nanolayer (n; = 1.420 at A, = 632.8 nm ) contacting the aqueous humor ((n, = 1.336)
[13,14].

The characteristic matrix M; for an isotropic, homogeneous, non-magnetic thin-
film layer j relating tangential field components across boundaries is expressed as [15]:

coss, (isind;) /T)j
M; = 1),
in; sing; cosé;
Where §; represents the phase thickness:

2
8 =ny d; cos 6 @),

Here, d; is the physical layer thickness, n;is its complex refractive index, 6; is
refraction angle, and A is incident wavelength in vacuum. Effective optical admittance 7;
for transverse electric (TE) and transverse magnetic (TM) polarization states is given by

[16]:
njrg = n; cosy; (for s-polarization / TE) 3),
Njm = %jej (for P-polarization / TM) (4),

For the two-layer assembly, total characteristic matrix M;,,; is obtained through
matrix multiplication [16]:

By _ 1
)
The total spectral reflectance R of the coated interface is given by [17]:
NaB — C|2 (6)
T lygaB+cC ’

Where B and C represent the normalized total electric and magnetic field
amplitudes, respectively.

Were optimized in ZEMAX OpticStudio using the CODA operand via a damped
least-squares algorithm against a custom Merit Function (MF) [18]:
MF =%, W;(V; — T))? @),
Where W;, V;, and T; represent weighting factors, calculated values, and target
minimum reflectance parameters across 400 — 700 nm , respectively.
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3. Numerical Modeling and Analysis
3.1. Optical Performance and Glare Suppression

The optimized physical dimensions determined for the dual-layer system are
summarized in Table 1.

Table 1. Optimal structural and optical parameters of the dual-layer coating stack.

Layer Material Refractive Index Physical Thickness Optical Thickness
(n) d (nm) (pm)
Layer 1 (Outer) P(VDE-TrFE) 1.420 55.7 0.07910
Layer 2 (Inner) MgF, 1.378 28.6 0.03941
Substrate Acrylic 1.470 0.92 mm —
(AR40N)
Ambient Aqueous 1.336 — —
Medium Humor

Uncoated single-interface Fresnel reflectance ( Ryncoateq) Of the acrylic substrate in
aqueous humor is~ 0.196 % . With the optimized dual-layer nanostructure (d; =
55.7 nm, d, = 28.6 nm), destructive interference within the range of wavelengths
(470 — 650 nm) reduces total surface reflection to Rioqreq < 0.020 %. This yields an

87.8 % reduction in specular glare artifacts and eliminates visual photopsia.
3.2. Electrostatic Surface Modeling & Photo-Induced Potential

Under ambient near-UV light (1 = 365 — 400 nm), irradiance I,, =~ 0.5 Zn—mg), the

semi-crystalline ferroelectric f —phase of the P(VDF-TrFE) film undergoes
photopolarization [19]. Photo-induced polarization change (A Pyy) is governed by:

APyy = vyv- ayy -lyv Treiaxation 8),

Where: ayy = 1.5x 10* cm™ is the UV absorption coefficient, yy, ~ 1.2 X
107° C.m/W is the photo-ferroelectric response coefficient and T,pqxqtion = 100 ms is
the charge retention time.

The equilibrium surface charge density (o5) and surface potential v, on
the 55.7 nm, film (¢, =~ 10.5) are:

VO = —-56 mV
g, = 2T = 89 x 1075 L3 o),
1
The corresponding surface electron concentration ( Ne) is:
las| e”
N = === 556 1014ﬁ (10),

3.3. Screened Coulomb Repulsion vs. Van der Waals Attraction (DLVO Analysis)

Within ocular aqueous humor (pH = 7.4, ionic strength [ = 0.15 M, relative
permittivity €, = 78.4), the Debye screening length is A, = 0.9 nm [20]. The net
interfacial interaction force governing a protonated protein domain or micro-particle
(qp = +20e) approaching the charged IOL interface is evaluated using classic DLVO
theory [21]:

Free(r) = Feoutomp (1) = Fpaw (1) (11),
The Debye-screened Coulomb repulsive force at a separation distance r =
1.5 nm (Ap = 0.9 nm) for a local contact micro-area A.ppqee = 1pm? and surface
charge density g, = —89 uC/m? is calculated as:
1 0s Acontact 4
Feoutomp (L5nm) = —=— Bheomet® opp (1) (12),
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Conversely, the attractive van der Waals force ( F,qy ) for a spherical biomolecular
cluster (R,  5nm) with a Hamaker constant 4y ~ 1.5 X 107%° is given by:

AgR
Foaw (r) = =3P = 55.5pN (13),
Evaluating the force balance yields a net repulsive force:
AF = Feoutomp = Faw = +2.97 pN (14),

Because AF > 0 and the resulting energy interaction barrier exceeds 15kp T,
ambient thermal Brownian fluctuations (Fiperma = 2.1 pN ) are insufficient to
overcome this electrostatic repulsion barrier. Consequently, the photogenerated surface
potential prevents physical contact below 1.5nm, directly inhibiting initial protein
adsorption and blocking the primary cascade of Posterior Capsule Opacification (PCO).

3.4. Coupled Electro-Hydrodynamic Analysis

To evaluate electrostatic layer stability under intraocular fluid flow, coupled
hydrodynamic and field current density simulations were executed in Agros2D [22]. As
demonstrated in fluid streamline analysis, aqueous humor exhibits smooth laminar
deflection around the optic boundary with localized stagnation points (v — 0 m/s) at
anterior and posterior interfaces. At these critical boundary zones —where reduced flow
velocity typically favors cell settling—the field current density reaches a local
maximum (J ~ 4.99 A/m?), producing a quadrupolar current accumulation that
reinforces the electrostatic energy barrier directly at high-risk bio-adhesion points.

4. Results and Discussion
4.1. Optical Reflectance and Glare Elimination

Fig. 1, illustrates the simulated spectral reflectance across the visible spectrum
(470 — 650nm) for bare acrylic AR40N substrate versus the dual-layer AR coating
designed in ZEMAX OpticStudio. The optimized coating maintains reflectance values
near zero across the targeted green-yellow peak spectrum (1 = 550 nm ), confirming an
87.8 % broadband glare reduction relative to uncoated optics.
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Figure 1. Spectral reflectance versus wavelength (um) for bare acrylic AR40N
substrate ng = 1.470) compared with optimized dual-layer AR coating at normal
incidence (4, = 0.55um).
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4.2. Electrostatic Potential Distribution and Energetic Stability

Fig. 2, details the 2D finite-element electrostatics simulated via Agros2D [22]. The
exponential potential decay V(d) originating at V, = —56mV drops below thermal
voltage threshold (kg T /q = 25.7 mV) within 1 nm and vanishes beyond 5 nm
(Figure 2a).

Total electrostatic interaction energy |qVy| = 8.97 x 107%! | exceeds ambient
thermal energy (kzT = 4.11 X 1072! J at 298 K ) by a factor > 2.18 (Figure 2b).
This energy dominance confirms that the repulsive electrostatic potential barrier remains
thermodynamically stable against Brownian dispersion.

Table 2. Physical, optical, and electrical simulation parameters.

Domain Parameter Value Reference
Refractive Index (n;) 1.420 [24]
Film Thickness (d,) 55.7 nm Present Study
Direct Band Gap 4.89 eV [25]
Urbach Energy 1.48 eV [25]
P(VDE-TtFE) Film Remnant Polar.ization (P) 8.0 uC/cm? [26]
Surface Potential (V;) -56 mV Present Study
Relative Permittivity (e,) 10.5 [6]
Coercive Field (E,) 50MV/m [23]
Refractive Index ny) 1.470 [12]
Lens Substrate Abbe Value (V,) 71 [12]
(AR40N) Substrate Thickness 0.92 mm [12]
Ocular Environment Aqueous Humor Refractive 1.336 [30]
Index
Relative Permittivity (€,,) 78.4 [20]
Debye Length (4p) 0.9 nm [20]

Fig.2 (c) — Shown the cross-Sectional Model Schematic: Shows the structural
domain setup and relative permittivity (e,) for the cornea (¢, = 1.89), aqueous humor
(e, = 1.78), P(VDF-TrFE) nanolayer (55.7 nm), and AR40N acrylic substrate. Fig2 (d)
illustrated the 2D Potential Contour Field: Displays the spatial distribution map of the
electrostatic potential decay in the vicinity (0 — 20 nm ) of the lens coating interface.
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Electrostatic Field Simulation Analysis - P(VDF-TrFE) Lens Coating

(a) Electric Potential Decay vs. Distance (b) Energy Comparison (107 J)
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Figure 2. Agros2D finite-element simulation of P(VDF-TrFE) coating: (a) Surface
potential decay V(d) versus distance; (b) Electrostatic vs. thermal energy scale; (c) Ocular
cross-sectional schematic; (d) 2D electrostatic field contour map .

4.3. Electro-Hydrodynamic Interfacial Dynamics

Fig.3, presents the coupled incompressible fluid dynamics and field current density
distribution (J). Streamline vectors demonstrate smooth deflection around the spherical
lens geometry with fluid stagnation at axial poles (v — 0 mm/s). Quadrupolar field
current peaks (J ~ 4.99 A/m?*) coincide with stagnation zones, providing electrostatic
repulsion at regions susceptible to cell settling.

Fig.3 (a)- shows the incompressible Flow Streamlines: Shows smooth, laminar fluid
flow deflection around the spherical optic with localized velocity reduction (v —
0 mm/s) at axial stagnation points. Fig3(b)- shows the field current magnitude (J):
maps the spatial distribution of current density (J), showing quadrupolar field current
buildup (J = 4.99 A/m?) precisely at boundary stagnation zones, preventing protein
accumulation and cell settling. Fig.3 (c) shows— Lens Coating Thickness Profile:
Displays the spatial distribution and variation of the functional coating profile along the
lens surface coordinate X (um). Panel (d)-shows the cross-sectional velocity & current
density distributions: graphical profiles comparing fluid velocity (v in mm/s)and
current density (J in A/m?) across the lateral axis of the eye model.
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Eye Dimensions & Lens Coating Simulation Analysis
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Figure 3. Multiphysics electro-hydrodynamic simulation around coated IOL optic:
(a) Fluid flow streamlines; (b) Field current density magnitude (J); (c) Surface coating
profile; (d) Cross-sectional velocity (v) and current density (J) distribution profiles.

4.4. Spectral Transmission and Retinal Photoprotection

Spectral transmission calculations across the visible spectrum (400 — 700 nm)
confirm that total light transmittance through the dual-layer coated optic exceeds
98.2 % . Photopic luminosity efficiency is preserved, while near-UV absorption (41 <
400 nm ) by the thin ferroelectric layer attenuates high-energy photons, providing
photoprotection to the retinal pigment epithelium (RPE) [30].

5. Conclusion

This study demonstrates a dual-functional anti-reflective and antifouling coating
system for intraocular lenses (IOLs). By combining an outer photo-ferroelectric P(VDEF-
TrFE) nanolayer (55.7 nm ) with an inner MgF, layer ( 28.6 nm ) on an acrylic substrate,
the design achieves:

1. Optical Optimization: Surface reflectance is suppressed from 0.196% to <
0.020% at A = 550 nm, eliminating ~ 87.8 % of glare photopsia.

2. Bio-adhesion Inhibition: Near-UV induced photopolarization establishes a stable
surface potential (V, ~ —56 mV ) and negative charge density (o; * —89 u C/m?).
DLVO force calculations confirm a net repulsive force (A F = +2.97 pN ) at 1.5 nm
that exceeds thermal Brownian fluctuations (> 15,k T), inhibiting protein
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adsorption and residual lens epithelial cell (LEC) attachment responsible for Posterior
Capsule Opacification (PCO).

3. Electro-Hydrodynamic Stability & Photoprotection: Quadrupolar field current
buildup (J = 499 A/m?) protects low-flow stagnation zones, while visible light
transmission ( > 98.2 % ) ensures high visual acuity alongside retinal UV protection.
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