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Abstract
This study employs a computational model to simulate the dynamics of tear fluid and
tear film in conjunction with contact lens motion, examining the interplay between
diverse contact lens characteristics—such as material, design, and dimensions—and
key ocular factors like dry eye conditions, corneal size, and blink rate. These interac-
tions are critical for customising lens fit to maximise wearer comfort. Utilising optical
measurements from a single participant, the study integrates data on tear meniscus
size, blink velocity, and palpebral fissure height with sixteen different contact lens
parameters, including Young’s modulus, thickness, diameter, and curvature. Corre-
lation analyses were conducted to determine the impact of these parameters on the
dynamics of the tear fluid and overall tear film. Results show that the diameter and
Young’s modulus of the contact lens significantly influence pre-lens tear film thick-
ness, with robust, statistically significant correlations. In contrast, lens thickness and
base curve showed minimal impact, as evidenced by weak and non-significant cor-
relations. These findings underscore the critical roles of lens diameter and Young’s
modulus in enhancing the stability and distribution of tear fluid, thereby improving
wearer comfort and advancing contact lens design.

Keywords Contact lens design · Tear fluid · Tear film dynamics · Correlation
analysis · Wearer comfort

1 Introduction

Selecting and fitting a contact lens (CL) is a nuanced process that profoundly impacts
ocular health, requiring a comprehensive evaluation of lens material, mechanics, and
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surface characteristics—such as lubrication, friction, and wetness (Hart et al. 2020).
With numerous people wearing CLs these days, design factors, including corneal
coverage, lens parameters, movement, tear exchange, and wear schedule, become
critical not only to the comfort of CL wearers but also to the effectiveness of the
lens and overall eye health. The subjective nature of comfort, coupled with variability
amongwearers, underscores the complexity of optimising CL usage tomeet individual
needs and ensure optimal ocular health.

At the heart of this optimisation is the human tear film, a multi-layered structure
that plays a vital role in maintaining ocular health and ensuring clear vision. This film,
with its layers of mucin, aqueous, and lipid, ranges in thickness from 2 to 5.5 μm
and is pivotal for providing moisture, protection, and a clear refractive surface (King-
Smith et al. 2004; Paranjpe et al. 2019). The insertion of a CL introduces a dynamic
alteration in the tear film, segmenting it into the pre-lens (PLTF) and post-lens tear
films (PoLTF), which in turn influences the behaviour and distribution of the tear film,
especially during blinking (Nichols and King-Smith 2003). When delving into the
specifics of CL interaction with the tear film, it is noted that CLs significantly alter
the structure of the tear film, creating the PLTF and PoLTF, with the CL itself being
markedly thicker than these tear film layers (Wang et al. 2003). The blinking process,
orchestrated by the ’lid wiper’ action of the upper eyelid (Jones et al. 2008), is integral
to spreading the tear film, thus affecting lens comfort and the health of the ocular
surface.

To gain an in-depth understanding of the interactions betweenCLs, blinking, and the
tear film, researchers employ mathematical models, incorporating non-linear partial
differential equations, that illuminate the dynamics of the tear film (Braun 2012).
These models examine aspects such as volume changes, evaporation rates, and the
detailed interactions driven by eyelidmovements (Braun 2003; Jones et al. 2005;Braun
and King-Smith 2007; Heryudono et al. 2007). They integrate specific CL-related
parameters to uncover how the material and geometric characteristics of the CL affect
tear film behaviour (Chauhan and Radke 2001; Anderson et al. 2021). Emphasising
the significance of lubrication regimes and frictional forces, these models are pivotal
in predicting the complex interplay among CLs, eyelids, and the tear film (Dunn et al.
2013). However, it is important to acknowledge that these models depend on certain
assumptions, including the prevalent flat cornea approximation and the treatment of
the tear film as a Newtonian fluid, despite its complexity (Braun 2003). Addressing
the vital roles of surface tension and viscosity is crucial, as these factors demand
sophisticated modelling techniques to accurately depict the intricate dynamics of the
tear film (Tiffany et al. 1989; Tiffany 1991).

Following the exploration of tear film dynamics and the assumptions underlying
mathematical models, it is imperative to delve into the mechanics of blinking—an
essential, semi-autonomous eyelid movement critical for distributing tears, ensuring
lubrication, and aiding tear drainage (Espinosa et al. 2018). The blink cycle comprises
four distinct phases (Braun et al. 2015): the downstroke (closing phase), a moment
when the upper eyelid turns without touching the lower eyelid (eye closed or turning
point), the upstroke (opening phase), and the upper eyelid returning to its original
position (eye is fully open). Numerous studies have employed high-speed cameras to
analyse different blinking models, enhancing the understanding of tear film behaviour
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during these phases. Initial models focused on the upstroke (Jones et al. 2005), sub-
sequently expanding to encompass the full spectrum of eyelid motions, including
sinusoidal and realistic movements (Braun and King-Smith 2007; Heryudono et al.
2007). Understanding the distinction between complete and partial blinks is essential;
complete blinks promote even tear distribution and prevent evaporation, while partial
blinks, often seen in individuals with dry eye or frequent digital device users, can com-
promise tear film quality (Braun et al. 2015). This distinction is especially relevant
for CL wearers, as rapid eyelid movements can impact the stability and distribution of
the tear film. Computational models that integrate these aspects of blinking, particu-
larly focusing on the vertical movements of the CL (Chauhan and Radke 2001), help
predict how these forces affect the lens in various directions. Assuming a constant
PoLTF thickness allows for precise measurement of the PLTF thickness (Anderson
et al. 2021), offering insights into the interplay between blinking dynamics and CL
usage.

Building upon the understanding of blinking dynamics and their influence on tear
film behaviour, it is pertinent to consider the adaptability of mathematical models to
individual ocular health. Enhancing the precision of these models involves incorpo-
rating real subject parameters, obtainable through advanced measurement techniques.
For example, employing Optical Coherence Tomography allows for precise determi-
nation of tear meniscus measurements (Garhöfer et al. 2020), illustrating how these
tailored parameters can refine the analyses. Integrating such specific data enables a
more nuanced understanding of individual variations in critical tear film attributes
like viscosity and surface tension (Tiffany et al. 1989; Tiffany 1991), and how these
variations affect CL interaction. This approach to personalised modelling is crucial
for predicting the comfort and ocular health implications of CL wear, ensuring that
analyses are customised to reflect the unique characteristics of eyes of everyone.

Following the integration of real subject parameters to enhance the precision of
computational models for ocular health, this study employs descriptive statistics to
further refine the understanding of tear film dynamics. Central to this analysis are
measures of central tendency, variability, and distribution (Kaur et al. 2018), which
encapsulates the dynamics of PLTF thickness through essential metrics such as mean,
standard deviation, skewness, and kurtosis. The mean PLTF thickness is particularly
vital, serving as an indicator of ocular surface hydration and lens functionality (Kaur
et al. 2018; Capote-Puente et al. 2023). The standard deviation highlights the uni-
formity or variability of the tear film, impacting its effectiveness as a lubricant and
protective barrier. Meanwhile, skewness and kurtosis provide more profound insights
into the asymmetrical and peaked nature of tear filmdistribution (Kim2013; Iyamu and
Enobakhare 2019), which are pivotal for clinical assessments and the design of CLs.
This approach ensures that the analysis not only accounts for individual variations but
also enhances the predictive accuracy regarding the comfort and health implications
of CL wear.

Building on the foundational analysis of tear film dynamics, this study employs cor-
relation analysis to further investigate the effects of various CL parameters on tear film
behaviour (Miot 2018; Lee et al. 2020). This statistical approach effectively quantifies
the strength and directionality of relationships between two variables, offering crucial
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insights without asserting causation. Particularly useful in observational studies, cor-
relation analysis helps to uncover the interdependencies among variables, facilitating
hypothesis development and directing subsequent research efforts (Miot 2018). By
applying this methodology, the study gains a deeper understanding of how CL motion
influences PLTF dynamics. This knowledge is critical for enhancing CL design and
optimising wearer comfort and ocular health outcomes, ensuring that innovations in
CL technology are both effective and tailored to meet diverse user needs.

This study advances personalisedmodelling by applying amathematical model that
simulates the dynamics of the tear film in conjunction with CLmotion, customised for
individual subjects (Anderson et al. 2021). By adjusting the material and geometric
properties of the CLs, it aims to precisely analyse the impact of these parameters on
tear film behaviour. The research utilises descriptive statistics and correlation analysis
to methodically evaluate the interactions between CL properties and tear film dynam-
ics. Specifically, the study explores the complex relationships between CL parameters
such as Young’s modulus, base curve, diameter, and thickness, and PLTF dynamics
metrics including mean, standard deviation, skewness, and kurtosis. This comprehen-
sive examination seeks to determine how alterations in CL design affect the behaviour
and distribution of the tear film on the ocular surface, elucidating the influence of lens
physical properties on tear film stability and enhancing ocular comfort.

The subsequent section outlines the methodology used to analyse tear film and
blink dynamics, explaining how the model can be adapted to accommodate individual
subjects and several types of CLs. It will also cover the descriptive statistics and data
distribution of PLTF thickness utilised in this study. The findings from this tailored
approach will be presented in the third section, which will detail the impact of various
CL parameters on PLTF dynamics. Following the results, a comprehensive discussion
and conclusion will synthesise these insights, exploring their wider implications for
ocular health and CL design.

2 Materials andMethods

This section explores the mathematical model by Anderson et al. (2021), which sheds
light on the complex interactions between blinking, CLwear, and tear film dynamics. It
also addresses how subject-specific parameters, along with the material and geometric
properties of the CL, are incorporated into the model. This incorporation facilitates the
development of personalisedmodels, enabling an accurate representation of individual
tear film behaviour in the context of CL usage, enhancing the understanding of the
factors that influence tear film dynamics.

2.1 Mathematical Modelling of Tear Film Dynamics with Blinking and CLMotion

Figure 1 illustrates the dynamics of the tear film for CL wearers, as described by
Anderson et al. (2021). The palpebral fissure half-width (L) is modified based on
previous research to represent a specific characteristic of an individual, while the
typical tear film thickness (d) is set at a distance from the menisci. The length scale
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Fig. 1 Schematic diagram of the eye with the tear film dynamics for CL wearers. The parameters described
in this figure are mentioned in the text

ratio is given as ε � d/L << 1, simplifying the problem to solving a nonlinear partial
differential equation for the tear film thickness. The velocity components in the x and
y directions are denoted as U � (u, v). At the leading order, the conservation of
mass and momentum in the x and y directions characterises the parallel flow problem,
underpinning the fundamental dynamics of themodel. During a blink, the upper eyelid
moves vertically while the lower eyelid remains stationary at x � +L , and the position
of the upper eyelid varies with time, represented as x � X (t). The centre of the eye is
considered as x � 0, with the total eyelid span being 2L . The maximum blink speed
(Um) is influenced by the closing phase of the blink cycle, which varies according to the
blinking characteristics of an individual. The time scale for real blink speeds is L/Um .
The thickness of the PLTF is indicated by hPLT F (x , t) (or h(x , t) for simplification),
while the tearmeniscus height is noted as h0. The derivation of themathematicalmodel
employed the following properties: viscosity (μ), density (ρ), surface tension (σ0)
and gravitational acceleration (g). The next subsection will provide a comprehensive
discussion of the parameters mentioned, encompassing both subject-specific factors
and tear film characteristics.

The non-dimensionalities involve scaling variables using dimensional quantities
denoted by a “*”, which is exemplified in Eq. 1, illustrating the transformation of the
variables of the model into a non-dimensional form, which is given by the governing
equations of the leading contributions from lubrication theory on 0 ≤ y ≤ h∗(x ,
t) and X∗(t) ≤ x∗ ≤ +L (Heryudono et al. 2007; Anderson et al. 2021). The non-
dimensional domain is in the form 0 ≤ y ≤ h(x , t) and X (t) ≤ x ≤ 1.

x∗ � Lx ; h∗ � dh; t∗ � L

Um
t ; u∗ � Umu; v

∗ � εUmv

X∗ � LX ;U∗
s � UmUs ; X

∗
cl � LXcl ;U

∗
cl � UmUcl

G � ρgd2

μUm
;Ca � μUm

σε3

(1)
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The fluid pressure (p) is influenced by the interface curvature and tear film param-
eters, as detailed in Eq. 2. Ca in the fluid pressure equation represents the Capillary
number.

p � − ε3

Ca

∂2h

∂x2
(2)

Equation 3 illustrates the volume flux (q) and the tangential velocity at the free
surface modulated by the position and velocity of the upper eyelid (Us).

q � h3

12

(
1 +

3βcl

h + βcl

)(
−∂p

∂x
+ G

)
+
h

2

(
1 +

βcl

h + βcl

)
(Us −Ucl) + hUcl

Us � 1 − x

1 − X(t)

dX

dt

(3)

The slip coefficient specific to the CL is denoted by βcl , which characterises the
slip boundary condition at the CL interface. Equation 4 describes the change in PLTF
thickness over time, directly proportional to the negative volume flux gradient across
the space.

∂h

∂t
� −∂q

∂x
(4)

Boundary conditions correspond to the tear meniscus height, enforcing zero flux at
the boundaries relative to the lid motion (Qtop � Qbot � 0), as illustrated in Eq. 5. A
polynomial function is utilised as the initial condition, also described in Eq. 5.

qup � −dX

dt
h0 + Qtop; qlow � −Qbot

h(1, t) � h(X(t), t) � h0
h(x , 0) � hmin + (h0 − hmin)x

m

(5)

where hmin is the value determined by equating it to the desired dimensionless vol-
ume with an even value of m (for most cases, m � 4) (Braun and King-Smith 2007;
Heryudono et al. 2007). Equation 6 presents the initial dimensionless volume (Vi � 8,)
formula, which is used to determine the value of hmin based on the initial position of
the upper eyelid, the tear meniscus height (h0), and the parameter m (Anderson et al.
2021).

Vi � 1 − X(0)

m + 1
[mhmin + h0] (6)

Equation 7 represents the motion of the upper eyelid, which is modelled as a sinu-
soidal function where λ indicates the proportion of the eye that remains open, and
ωblink is the non-dimensional blink frequency, which is set to 1 to denote that a com-
plete blink cycle corresponds to 2π/ωblink . For a complete blink, λ is set to 0.1,
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reflecting that the upper and lower eyelids do not completely touch, leaving 10% of
the eye open at the peak of closure. In scenarios representing half blinks, the eyelid
only completes half its motion, corresponding to λ � 0.5, before the eye opens.

X(t) � [−λ + (1 − λ) cos(ωblink t)]

X ′(t) � [−(1 − λ) sin(ωblink t)]
(7)

2.1.1 CL Motion Equations

The mathematical framework used to analyse tear film dynamics, which examines the
interaction between blinking and CL movement, is based on the seminal research by
Anderson et al. (2021). A detailed derivation of this framework can be found in the
referenced citation and summarised in this section. Adhering to Newton’s second law,
the dynamics of the superior-inferior motion of the CL equates the acceleration of the
CL to the result of the total forces acting on it, as described in Eq. 8.

M
dUcl

dt
� F∗

PoLT F + F∗
uplid + F∗

lowlid + F∗
PLT F + F∗

elastic (8)

where M is the mass of the CL, and the dimensional forces are represented with “*”.
The dimensional viscous force of thePoLTF (F∗

PoLT F ), accounts for thefluid dynamics
between the CL and the cornea, explicitly incorporating the area of the CL. The fluid
interaction in the gap between the eyelids and the CL is modelled by considering the
regions of fluid influenced by blinking dynamics, represented by the dimensionless
forces F∗

uplid and F∗
lowlid . The dimensional PLTF viscous force (F∗

PLT F ) describes
the fluid interaction between the CL and the external environment, which is heavily
influenced by the dynamics of the lipid layer in the tear film. These dimensional forces
are scaled by multiplying themwith L3/MUmd to convert them into non-dimensional
viscous forces, simplifying the model and aiding in comparative analysis.

Additionally, the centring elastic force (F∗
elastic) is always directed to promote the

alignment and centring of the CL on the cornea. The non-dimensional elastic force
(Felastic) is obtained by normalizing the dimensional elastic force with the inertial
force. Equation 9 defines the non-dimensional PoLTF force (FPoLT F ), while Eqs. 10
and 11 describe the non-dimensional forces acting within the gap between the CL and
the eyelids (Fuplid , Flowlid ). The non-dimensional PLTF force (FPLT F ) is outlined in
Eqs. 12 and 13 provides the definition of the non-dimensional elastic force (Felastic).

FPoLT F � FV

[
− Acl

D + βcl + βeye
Ucl

]
(9)

Fuplid � FV

[
Auplid(t)

hlid + βcl + βlid

(
dX

dt
−Ucl

)]
(10)

Flowlid � FV

[
− Alowlid(t)

hlid + βcl + βlid
Ucl

]
(11)
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FPLT F � FV

⎡
⎣Wcl

1∫
X

Us −Ucl

h + βcl
dx

⎤
⎦ (12)

Felastic � −FEsign
(
Xcl − Xeye

)
(13)

where FV and FE represent the dimensionless viscous and elastic forces, respectively.
D denotes the PoLTF thicknesswhile Acl is the area of theCL. Auplid (t) and Alowlid (t)
represent the areas of the CL covered by the upper eyelid and lower eyelid, respec-
tively. Xcl and Ucl correspond to the position and the velocity of the upper eyelid,
respectively, while hlid denotes the constant thickness of the fluid layer between the
CL and the eyelids. Finally, Xeye represents the position of the eye, which is assumed
to remain stationary during blinking (Xeye � 0). The slip coefficients, βcl , βeye and
βlid , correspond to the CL, the corneal surface, and the eyelids, respectively. It is
assumed that there is no slip between the tear film and the eyelids or the corneal sur-
face, indicating that the tear film adheres fully to these surfaces (βeye � βlid � 0).
However, the CL exhibits relative motion concerning the tear film and, therefore, a
slip coefficient of βcl � 0.01 is applied.

The elastic centring force (Felastic) is integrated to facilitate the alignment of the
CL, which is influenced by the peripheral pressure on the sclera and CL-specific
properties such as the elastic modulus (εm), a Poisson ratio (ν � 0.49), and the CL
geometric parameters such as thickness (Hcl ), diameter (Wcl ), and radius of curvature
(Rcl ). The dimensional magnitude of the elastic force (Fe) is described in Eq. 14,
while the assumed constant elastic energy per unit area (E) is defined in Eq. 15,
where the sine of the semi-angle of the lens (θ ) is expressed as (sin(θ) � Wcl/2Rcl ).
Further expansion of the elastic centring force reveals that the dimensional elastic
force (Fe) is directly proportional to Young’s modulus, thickness, and diameter while
being inversely proportional to the base curve, as outlined in Eq. 16.

Fe � 2Rcl E sin(θ) (14)

E � 1

12

εmH3
cl

1 − ν

(
1

Rcl
− 1

Rsc

)2

(15)

Fe �
[
Wcl

12

εmH3
cl

1 − ν

(
1

Rcl
− 1

Rsc

)2
]

(16)

Equation 17 defines the mass of the CL as the product of its density and volume.

M � ρclπ

(
Wcl

2

)2

Hcl (17)

Expanding the non-dimensional viscous and elastic forces offers a detailed insight
into the influence of each CL parameter on its motion. The non-dimensional viscous
force (FV ), defined in Eq. 18, can be defined as the ratio of the dimensional viscous
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force (μUmL/d) and the inertial force (MU 2
m/L), which is inversely proportional

to both the CL diameter and thickness. In contrast to the dimensional elastic force
(Fe) shown in Eq. 16, the non-dimensional elastic force (FE ), defined as the ratio of
dimensional elastic force (Fe) and inertial force, is directly proportional to Young’s
modulus and thickness and inversely proportional to the diameter and base curve.

FV �
(

μUmL

d

)
∗

(
L

MU 2
m

)
� μL3

MUmd
� 4μL3

πρclW 2
cl HclUmd

(18)

FE � Fe ∗
(

L

MU 2
m

)
� FeL

MU 2
m

� 1

3π

(
L

U 2
m

)(
εmH2

cl

ρcl(1 − ν)Wcl

)[
1

Rcl
− 1

Rsc

]2

(19)

An area function is utilised to depict the area of a segment with a specified height
from a circle, aligning with the methodology outlined by Chauhan and Radke (2001).
Equation 20 gives the area of theCL covered by the lids, represented as an area function
that defines the area of a segment of height (y) taken from a circle of radius (r).

Â(y, r) � r2

⎧⎪⎪⎨
⎪⎪⎩

1
2

[
acos

(
2
(
1 − y

r
)2 − 1

)
− 2

(
1 − y

r
)√

1 − (
1 − y

r
)2], 0 < y ≤ r

1
2

[
2π − acos

(
2
(
1 − y

r
)2 − 1

)
− 2

(
1 − y

r
)√

1 − (
1 − y

r
)2], r < y ≤ 2r

(20)

This area function enables calculating the gap area between the CL and the eyelids
and the area of the CL itself, as described in Eq. 21.

Acl � π

(
Wcl

2

)2

Auplid(t) � Â

(
X(t) − Xcl(t) +

Wcl

2
,
Wcl

2

)

Alowlid(t) � Â

(
Xcl(t) +

Wcl

2
− 1,

Wcl

2

)
(21)

Therefore, the equations of CL motion are detailed in Eq. 22.

dXcl

dt
� Ucl

dUcl

dt
� FV

[
− Acl

D + βcl + βeye
Ucl +

Auplid(t)

hlid + βcl + βlid

(
dX

dt
−Ucl

)

− Alowlid(t)

hlid + βcl + βlid
Ucl +Wcl

1∫
X

Us −Ucl

h + βcl
dx

]
− FEsign(Xcl) (22)

where the initial conditions are defined as Xcl(0) � 0 and Ucl(0) � 0.
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The resolution of the partial differential equations pertinent to these models is elab-
orately discussed in Anderson et al. (2021), which includes the numerical approach
introduced in the previous literature (Braun and King-Smith 2007; Heryudono et al.
2007), where the moving domain (X (t) ≤ x ≤ 1) is converted to the fixed domain
(−1 ≤ ξ ≤ 1). For computational implementation, the Chebyshev spectral method is
employed for spatial discretisation (Kosloff and Tal-Ezer 1993; Trefethen 2000), com-
plemented by the ode23s solver in MATLAB for temporal discretisation (Shampine
and Reichelt 1997; The MathWorks Inc. 2021), facilitating the practical solution of
thesemodels. The forthcoming subsectionswill elaborate on the subject characteristics
and material and geometric parameters pertinent to the CL.

2.2 CustomizingModels with Subject Characteristics and Different CL Parameters

Adapting mathematical models to the unique ocular features of individuals is critical
due to the variation in physiological factors like tear meniscus height, eyelid dis-
tance, and scleral curvature. The effectiveness of these models in reflecting the tear
film behaviour of each subject relies on precise, subject-specific data. Consequently,
there is a growing reliance on non-invasive diagnostic techniques that offer detailed
insights into eye anatomy and function without causing patient discomfort. Utilising
data from these advanced diagnostic tools enables the refinement of mathematical
models, enhancing their ability to accurately represent the distinct tear film dynamics
of individuals.

In this study, the parameters and outcomes are customised for a single subject,
with ethical approval from the Ethics Committee of the Complutense University of
Madrid. Table 1 presents the parameters indicative of tear film dynamics and specific
subject characteristics for the single subject mentioned, obtainable via diverse labo-
ratory instruments or imaging modalities. Parameters in bold emphasise traits unique

Table 1 Parameter values for tear film dynamics with blinking, highlighting subject-specific characteristics
in bold, including variables like viscosity and surface tension reflective of individual eye health

Parameters Values Parameters Values

Half-height palpebral fissure (L) 5.5 mm Initial tear meniscus height
(h0)

206 µm

Characteristic tear film thickness
(d)

5 μm Non-dimensional Initial tear
volume (V0)

8

Length scale ratio (ε � d/L) 9.1 × 10–4 Sclera radius of curvature (Rsc) 12.2 mm

Maximum blink closing speed
(Um)

108 mm/s Gravitational acceleration (g) 9.81 m/s2

Time scale (L/Um) 0.051 s Surface tension (σ 0) (Tiffany
et al. 1989)

0.045 N/m

One blink cycle duration* 0.32 s Viscosity (μ) (Tiffany 1991) 6 mPa s

PoLTF thickness (D) 2 μm Density (ρ) 103 kg/m3

*Blink period calculated from blinking characterisation as described in Fig. 4
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to the subject, reflecting personal variability. For example, the palpebral fissure height
(2L) is measured with a flexible ruler and Optical Coherence Tomography is employed
to determine the tear meniscus height (h0) (Raj 2016), while the scleral radius of cur-
vature (Rsc) is assessed using a Pentacam (Upadhyaya et al. 2020). These parameters,
alongside tear film properties such as viscosity and surface tension (Tiffany et al. 1989;
Tiffany 1991), are critical as they fluctuate with the eye health of an individual. The
current study focuses on a subject deemed to have healthy eyes, and thus, the viscosity
and surface tension values listed are representative of a subject with healthy ocular
conditions.

In the intricate interplay between CL wear and tear film dynamics, especially dur-
ing the blinking process, the geometric and material properties of the CL emerge as
critical factors. A comprehensive understanding of these parameters is essential for
optimising CL design, aiming to enhance user comfort while maintaining effective
tear film stability and distribution. In the context of CL design, understanding the
forces at play between the CL and the tear film is paramount. The diameter of the
CL is a critical parameter, especially when considering viscous forces, as outlined in
the previous section. Furthermore, the elastic centring force, vital for maintaining the
optimal position of the lens, is influenced by the base curve of the CL. This force is
crucial for the alignment of the CL and depends on a range of factors, including the
material properties of the lens, such as Young’s modulus and Poisson’s ratio, alongside
its thickness, diameter, and base curve. These interactions underscore the importance
of each geometric and material property in the design of the CL, affecting not only the
comfort of the CL wearer but also the functional performance of the lens in synchrony
with the dynamic tear film during eye movements.

This study does a comprehensive evaluation of the factors influencing tear film
dynamics with CL interaction, which is undertaken through sixteen distinct simula-
tions. Each simulation ismeticulously designed to represent a uniqueCLconfiguration,
with the specific details of these configurations enumerated in Table 2. To maintain
consistency across the simulations, Poisson’s ratio (ν) and the CL density (ρcl) were
assumed to be constant, with the former set at 0.49 and the latter at 1500 kg/m3. Addi-
tionally, the sclera radius of curvature and other tear film parameters, customised for
an individual subject, are detailed in Table 1.

A plethora of methodologies, encompassing advanced imaging technologies and
biomechanical assessments, enable the precise measurement of upper eyelid move-
ment, shedding light on its dynamic function and implications for ocular health (Mas
et al. 2010; Perez et al. 2011; Kwon et al. 2013; Lee et al. 2017; Espinosa et al.
2018). Among these, the Particle Image Velocimetry (PIVlab) application on MAT-
LAB stands out for its accuracy in quantifying the nuanced motions of the eyelid
(Thielicke and Stamhuis 2014; The MathWorks Inc. 2021). Digital particle image
velocimetry (DPIV) is a non-intrusive method widely employed for quantitative flow
mapping and particle tracking. The accuracy of DPIV flow measurements hinges on
several computational steps, such as image pre-processing, sub-pixel peak estimation,
data validation, interpolation, and smoothing techniques. PIVlab, an open-source tool
for DPIV analysis, is available as a MATLAB toolbox (William Thielicke 2021a,
b), featuring an intuitive graphical interface. This tool facilitates the calculation of
velocity distributions at specific points within image pairs.
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Table 2 Material and geometric parameters of different CLs (Kim et al. 2018)

No CL brand Young’s
modulus εm
(MPa)

CL base curve
Rcl (mm)

CL diameter
Wcl (mm)

CL thickness
Hcl (μm)

CL1 AirOptix Night
& Day Aqua

1.44 8.6 13.8 80

CL2 Dailies 1.01 8.7 14 100

CL3 AirOptix Aqua 0.94 8.6 14.2 80

CL4 BioInfinity 0.8 8.6 14 80

CL5 Acuvue Oasys 0.74 8.8 14.3 70

CL6 Dailies Total 1 0.66 8.5 14.1 170

CL7 Biotrue 0.59 8.6 14.2 100

CL8 Clariti 0.56 8.6 14.1 175

CL9 Avaira 0.55 8.5 14.2 60

CL10 MyDay 0.53 8.4 14.2 80

CL11 Clariti 1Day 0.5 8.6 14.1 70

CL12 Proclear 0.49 8.6 14.4 90

CL13 Xtensa RX 0.47 8.7 14.4 100

CL14 Acuvue 2 0.45 8.3 14 84

CL15 Soflens 0.4 8.6 14.2 140

CL16 Acuvue Moist 1
Day

0.38 8.5 14.3 84

In this study, the velocity of the upper eyelid is determined using thePIVlab software
to characterise blinkingdynamics andobtain both theblinkperiod and thepeakvelocity
of the upper eyelid. These values are essential for modelling how the tear film behaves
in the movement of CLs. Themethodology involved both experimental and simulation
steps. The experimental setup consisted of a custom-built table with a headrest to
stabilise the head movement, allowing isolation of eyelid motion. For this study, a
Sony Cyber-shot DSC-RX100 IV camera is employed, featuring a 20.1 MP 1′′-type
stacked CMOS sensor, an F1.8–2.8 24–70 mm equivalent Zeiss Vario-Sonnar T* lens,
a maximum shutter speed of 1/32000 s, an ISO range of 125–12800, and a video
resolution of 1920 × 1080. This camera is mounted on a tripod stand and captures
at 500 frames per second (Perez et al. 2011; Kwon et al. 2013; Lee et al. 2017)
and is used to record natural blinking. Recorded videos were then processed on a
computer for further analysis. Pre-processing steps included converting video frames
into individual red, green, and blue (RGB) channels and subsequently to grayscale
images for simplicity (Saravanan 2010). This grayscale image will undergo principal
component analysis to reduce noise in the frames.

Themotion detection in PIVlab application is highly sensitive to image noise, which
can lead to spurious results. To mitigate this, principal component decomposition is
applied to filter the images. This technique generates principal components, which
are linear combinations of the original images with zero correlation between them

123



Influence of Contact Lens Parameters on Tear Film Dynamics Page 13 of 40    45 

and progressively decreasing variance values. Principal component decomposition
is commonly used to reduce data dimensionality (López-Alonso et al. 2002; Lo´pez-
Alonso2002;Ng2017). The coefficients for these linear combinations are derived from
the eigenvectors of the covariance matrix of the data. The mathematical representation
of this process is provided in Eq. 23.

Yα(p) �
N∑
t�1

eα(t)
(
Ft (p) − Ft

) ↔ Ft (p) − Ft �
N∑

α�1

eα(t)Yα(p) (23)

where Yα(p) is the α principal component at pixel “p”, Ft (p) is the image at time “t”
and pixel “p”, Ft is the mean value (over pixels) of image at time “t”. eα(t) are the
eigenvectors of the covariance matrix S between images, as described in Eq. 24.

Seα � λαeα (24)

where λα is the eigenvalue associated with the eigenvector eα .The eigenvalue asso-
ciated with the eigenvector is used to measure the percentage of total data variance
represented by each principal componentα, as given inEq. 25. This quantity, expressed
as the ratio of the eigenvalue to the sum of all eigenvalues, provides insight into the
significance of each component.

�α � 100 ∗ λα∑
α λα

(25)

Using this method, the original images can be reconstructed with only the most
representative principal components, discarding those primarily associated with noise.
Various methods in the literature have been proposed to determine the optimal number
of principal components, including approaches based on randomness tests, the differ-
entiation of eigenvalues, or the identification of knee points in the eigenvalue curve
as shown in Fig. 2 (scree plot). In this study, using the first fifteen principal compo-
nents obtained from the randomness tests, account for 99.27% of the total variance.
Figure 2 illustrates the percentage of total data variance versus the number of principal
components, accompanied by examples of original and filtered images reconstructed
using this approach for comparison. This preprocessingmethod significantly enhances
the accuracy of the results obtained from PIVlab and will be utilized in subsequent
analyses of blink speed.

In PIVlab, the region of interest is defined around the eyelid area. A Fourier trans-
form window deformation algorithm, known for its accuracy in analysing complex
image movements, is applied. This method used multiple passes, with an initial inter-
rogation area of 64 pixels followed by 32 pixels with a 50% overlap in step size. After
completing the PIV analysis, velocity maps were generated, displaying velocity vec-
tors representing the magnitude and direction of eyelid movement. The PIV analysis
are illustrated in Fig. 3, representing three phases of the blink cycle: (A) upstroke; (B)
eye fully open and (C) downstroke phases of the blink cycle. Calibration of the data
to physical dimensions is achieved by measuring the distance between the upper and
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Fig. 2 Logarithmic percentage of variance versus number of PCA components. The first 15 components are
used for image reconstruction, comprising 99.27% of total images variances. Two different original and
filtered images are shown for comparison purposes

Fig. 3 PIV analysis at different phases of the blink cycle.AUpstroke phase,BEye fully open,CDownstroke
phase of the blink cycle

lower eyelids when the eye is open, using a flexible ruler that recorded this distance
as 11 mm for the subject. Additional post-processing steps filtered out low-contrast
and overly bright objects, ensuring high-quality data for analysis.

A custom MATLAB code then processes the PIVlab results, focusing on the x and
y velocity components provided in m/s (Antonio Morales Sanjuán and José Manuel
López-Alonso 2021). Since the upper eyelid movement is primarily vertical, the y-
component of the velocity is selected as the main parameter for analysis. A detailed
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Fig. 4 Average (avg) upper eyelid velocity (mm/s) versus time (s). Blinking characterisation of the vertical
velocity components that measures the period of the blink (ωblink ), which is equal to the time taken for
one blink cycle, calculated from the maximum and minimum velocities of the upper eyelid observed at t �
0.08 s and t � 0.24 s, respectively (ωblink � 2 × (0.24—0.08) � 0.32 s)

examination of each point in the PIVlab data indicated that the central region of the eye
exhibited the highest velocity, which aligned closely with previous literature findings.
The average y-velocity component of the upper eyelid is then calculated by averaging
the values from the central region across each frame, focusing specifically on points
covering the upper eyelid area. This computed y-velocity is comparedwith a sinusoidal
function (Braun and King-Smith 2007), as shown in Fig. 4, to characterise the periodic
movement of the upper eyelid during blinking. The blink period is calculated based
on the maximum and minimum velocities of the upper eyelid, observed at times t �
0.08 s and t � 0.24 s, respectively. This results in a blink period of 2 × (0.24—0.08)
� 0.32 s. Additionally, the maximum absolute velocity of the upper eyelid is recorded
as 108 mm/s at time t � 0.24 s, which is updated in Table 1.

2.3 Descriptive Statistics and Data Distribution of PLTF Dynamics

Following the measurement of PLTF thickness for an individual subject using various
CL types, this section of the study focuses on analysing descriptive statistics related to
PLTF thickness. Employing a linear correlationmethodology, the research investigates
the influence of diverse CL parameters on PLTF dynamics. It provides a detailed
examination of CL properties such as Young’s modulus, base curve, diameter, and
thickness, as detailed in Table 2. By conducting a thorough cross-analysis of these
parameters against critical PLTF metrics, the study aims to determine how alterations
in CL design impact the behaviour and distribution of the tear film across the ocular
surface. This approach clarifies the relationship between the physical properties of
CLs and tear film stability, contributing to a deeper understanding of their interaction
and effects on ocular health.

In the initial phase of this study, a detailed analysis of PLTF thicknesswas performed
using kernel distribution, a nonparametric method for constructing probability density
functions (PDFs) for each CL type (Bowman and Azzalini 1999; TheMathWorks Inc.
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2023a, b). For this study, the PDFs were generated in MATLAB using the “ksdensity”
function (The MathWorks Inc. 2023b), with the normal (gaussian) kernel serving
as the default smoothing function. The kernel density estimator, which defines the
estimated PDF of a random variable, is described in Eq. 26. In this equation, for any
real values of x, xi represents the random samples drawn froman unknowndistribution,
n denotes the sample size, K(.) stands for the kernel or smoothing function, and b is
the bandwidth parameter that determines the smoothness of the estimator ( f̂b(x)).
This statistical approach enabled the identification of PLTF thickness values showing
significant differences across various CL types. Through detailed examination of these
PDFs, specific ranges of PLTF thickness where the most substantial variations were
observed were pinpointed.

f̂b(x) � 1

nb

n∑
i�1

K

(
x − xi

b

)
(26)

To verify the PDFs (Parzen 1962), they must satisfy specific conditions, as outlined
in Eq. 27.

f̂b(x) ≥ 0, f or all x ∈ R

∞∫
−∞

f̂b(x)dx � 1
(27)

The PDFs must be verified to ensure they correctly represent probability dis-
tributions. This verification confirms that PDFs are non-negative and integrated to
one, guaranteeing the validity of statistical models. Accurate PDFs are crucial for
hypothesis testing, simulation accuracy, and reliable statistical analysis, ensuring that
conclusions drawn from data are based on sound probabilistic foundations.

The PDFs for PLTF thickness enable the identification of specific regions where
PLTF thickness is of interest. These regions are selected based on the corresponding
PDFs, which exhibit a Gaussian-like distribution, particularly emphasizing central
areas of interest. Once the critical PLTF thickness values were identified from the
PDFs, descriptive statistics were applied to these targeted measurements for each CL
type, as summarized in Table 2. The formulas for calculating the descriptive statistics
of variable X— where X and σX represent the mean and standard deviation of X,
both expressed in μm, and s and k denote the skewness, and kurtosis of X, which are
dimensionless—are presented in Eq. 28.
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X � 1

n

n∑
i�1

Xi

σX �
√√√√ 1

n − 1

n∑
i�1

∣∣Xi − X
∣∣

s �
1
n

∑n
i�1

(
Xi − X

)3
(√

1
n

∑n
i�1

(
Xi − X

)2)3

k �
1
n

∑n
i�1

(
Xi − X

)4
(√

1
n

∑n
i�1

(
Xi − X

)2)4

(28)

Building on this groundwork, Pearson correlation analysis is employed to delve
deeper into the relationship between various CL parameters and tear film behaviour
(Schober et al. 2018). Pearson correlation, a widely used method for assessing linear
relationships, evaluates the strength and direction of associations between two vari-
ables through the correlation coefficient (r) and p value (p). Equation 29 defines the
correlation coefficient as the quotient of the covariance of two variables and the prod-
uct of their respective standard deviations (The MathWorks Inc. 2023c), which can
span from −1 to 1. A positive correlation (r between 0 and 1) indicates that variables
change in the same direction, and a negative correlation (r between −1 and 0) sug-
gests they move in opposite directions. A correlation coefficient value of 0 indicates
no correlation. Correlations with a p-value less than 0.05 are considered statistically
significant, highlighting meaningful relationships that warrant further investigation to
enhance CL design and improve ocular health outcomes.

r �
∑n

i�1

(
Xi − X

)(
Yi − Y

)
∑n

i�1

(
Xi − X

)2 ∑n
i�1

(
Yi − Y

)2 (29)

whereXi and Yi represent the individual data points for variablesX and Y respectively,
X and Y denote themean values of theX and Y datasets, respectively (TheMathWorks
Inc. 2023c).

In the analytical framework, the mean tear film thickness gauges the overall thick-
ness of the tear film, while the standard deviation provides insights into its stability
and uniformity. Additionally, skewness and kurtosis examine the asymmetry and pres-
ence of anomalous values, respectively. This section culminates in calculating Pearson
correlation coefficients, with 95% confidence intervals, for these descriptive statistics
against the lens parameters used in the simulation. The upcoming section presents
results from computational models incorporating subject characteristics and various
CL parameters, detailed in Tables 1 and 2, developed using MATLAB software (The
MathWorks Inc. 2021). It includes analyses based on PDFs that outline data distri-
bution and execute a descriptive examination of PLTF thickness. Leveraging Pearson
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correlation, it decodes which CL parameters significantly impact PLTF thickness,
further elucidating the nature and magnitude of these relationships.

3 Results

This section is dedicated to exploring the influence of CL parameters on the PLTF
dynamics to enhance the understanding of their significance in CL wear. The PLTF
thickness emerges as a critical factor in this context, with substantial implications for
the comfort and functionality of CL usage, as well as for overall ocular health and
lens efficacy. Figure 5 illustrates the PLTF thickness throughout one complete blink
cycle, modelled using sinusoidal eyelid motion to replicate full blinks. The figure
is organised into three columns highlighting various aspects of the blink cycle. The

Fig. 5 PLTF thickness for one blink cycle using sinusoidal lid motion for full blinks of the CL1 type. Left
column: PLTF thickness versus Upper eyelid position at distinct phases of blink cycle; middle column:
PDFs with its respective descriptive statistics; right column: real eye movement. a Eye closed, b Opening
of the eye (upstroke), c Eye fully open, d Closing of the eye (downstroke), e Eye closed again
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left column relates the PLTF thickness with the upper eyelid position at various blink
phases, providing a dynamic view of the variability of the tear film. Themiddle column
presents a PDFs, offering a statistical analysis of PLTF thickness distributions during
the blink. The right column captures actual eye movements, grounding the predictions
in the real-life physiological behaviour of themodel. The sequence includes five stages:
(a) the eye fully closed, (b) the opening phase or upstroke, (c) the eye at maximum
openness, (d) the closing phase or downstroke, and (e) the eye closed again, effectively
mapping the cyclical nature of eyelid movement and its impact on tear film thickness.

In this study, PDFs for PLTF thickness have been elucidated, centring on values
that typify the tear film across various phases, barring the closed-eye state. During eye
closure, the PDFs exhibit a bimodal distribution with two distinct peaks, as presented
in Fig. 5a, e, signifying two dominant PLTF thickness measurements within the evalu-
ated population or given condition. Consequently, the closed-eye phase is considered
negligible for this purpose due to consistent PDFs across different CL types. Con-
versely, the upstroke phase, portrayed in Fig. 5b, shows PDF concentration around a
PLTF thickness near 5.4 μm, signifying a central tendency of data points. Open-eye
and downstroke phases, depicted in Fig. 5c, d, similarly demonstrate a clustering of
PLTF thickness around their respective mean values. This pattern underscores a uni-
form distribution of PLTF thickness throughout the various phases of the blink cycle,
shedding light on the dynamic behaviour of the tear film.

Following the initial analysis of PDFs for PLTF thickness across various phases
of the blink cycle, as illustrated in Fig. 5, the PDFs in this study were essential for
isolating specific regions within the overall distribution of PLTF thickness values.
This method enabled a targeted analysis of subdomains where the variation in PLTF-
related parameters—such as diameter, thickness, base curve, andYoung’smodulus—is
limited, facilitating a more precise understanding of their impact on PLTF dynamics.
By isolating segments of the PLTF thickness distribution, particularly areas where
thickness values are densely clustered or exhibit extreme values, the analysis sheds
light on how these CL characteristics influence tear film stability, uniformity, and
variability. This targeted use of PDFs enables the detection of subtle trends that may
be obscured in a broader analysis, making it a valuable approach for examining the
interaction between CL parameters and tear film dynamics.

Five PDFs were created for each simulation to represent different CL brands,
resulting in a total of 80 PDFs, each corresponding to a specific phase of the blink
cycle. These phases include the eye closed at tPDF � 0s, followed by upstroke
t∗PDF � 0.08s, eye fully open t∗PDF � 0.16s, downstroke t∗PDF � 0.24s, and con-
cluding with the eye closed again after blinking t∗PDF � 0.32s. For each of these
times, t∗PDF , the PDFs are constructed using the values of h(x , t∗PDF ), representing
the spatial locations along the vertical axis of the eye, as indicated in Fig. 5. Here,
x∗ � 0 corresponds to the center of the eye, extending across the total eye height from
−5.5 to 5.5 mm, which is the distance between the lower and upper eyelids (given as
11 mm in Table 1 of the revised manuscript). The exact values for these regions are
detailed in Table 3.

The default Gaussian kernel smooths data across the range to produce a density
estimate that balances bias and variance, using an automatic bandwidth selection rule
to optimize the kernel window. For instance, when the eye is fully closed (t∗PDF � 0),
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Table 3 Spatial regions (x∗ in mm) used for constructing PDFs during each phase of the blink cycle for
each simulation. The x-values range from −5.5 to 5.5 mm with x � 0 represent the centre of the eye

t∗PDF (s) Blink cycle phase Spatial domain (x∗ in mm)

0 Eye closed at the beginning of time (4.4, 5.5)

0.08 Upstroke (0.96, 3.3)

0.16 Eye fully open (-3.2, 2)

0.24 Downstroke (1.1, 2.48)

0.32 Eye closed after blinking (4.4, 5.5)

with b � 1.0188 across all simulations due to identical initial conditions. During
the upstroke phase, b is between 0.1408 and 0.1468; in the fully open-eye phase, b is
between 0.0622 and 0.0634; in the downstroke phase, b is between 0.0524 and 0.0598;
and finally, when the eye closes again after blinking, b between 1.5388 and 1.5425.

Additionally, the integral of f̂b(x) for the fully closed-eye phase at the beginning
of the cycle (t∗PDF � 0s) is approximately 0.9996 across all 16 simulations. At the
end of the blink cycle, when the eye is closed again, the integral value is around
0.9997 for all simulations with various CL types. During the upstroke phase, the
integral is 0.9999, while in the open-eye and downstroke phases, it is 0.9998. These
values remained consistent across all simulations for each phase, confirming that the
integral of f̂b(x) is nearly one. Such minor deviations (e.g., 0.999) are typical in kernel
density estimation, indicating that the PDFs are effectively normalized. These slight
discrepancies are expected in numerical computations with real-world data and are
generally acceptable in statistical analyses.

The targeted measurements of the PLTF thickness, as highlighted by the red boxes
in the PLTF thickness vs. upper eyelid position plots in Fig. 5, are selected based on the
corresponding PDFs. The PDFs determined for the PLTF thickness exhibit an approx-
imately Gaussian distribution, as shown in the plots, particularly in the central regions
of interest. This observation is consistent across the different cases. Proceeding from
the analysis of the PDFs for PLTF thickness, the study transitions to a comparative
examination of the targeted PLTF thickness against various CL parameters specified in
Table 2. This comparison utilises the correlation coefficient (r) and p value (p), along-
side the lower (rl) and upper (ru) bounds of the correlation coefficient, to delineate
the extent and nature of linear relationships. These bounds are critical in elucidating
the scope of the correlation, thereby offering a precise and interpretable metric for
analysing how distinct CL parameters affect the PLTF thickness. This comprehen-
sive statistical approach aids in discerning the impact of varying CL designs on the
distribution and dynamics of the tear film, contributing to the optimisation of lens
performance and wearer comfort.

Subsequent subsections explore the impact of various CL parameters on critical
tear film metrics, providing an in-depth analysis of their effects on tear film behaviour
throughout distinct phases of the blink cycle. The primary focus will be on the three
pivotal phases of the blink cycle: the upstroke, the fully open-eye phase, and the
downstroke.
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3.1 Influence of CL Diameter

In this section of the study, the interplay between CL diameter and PLTF dynamics
is investigated. Utilising data presented in Table 4, this analysis spans the entire blink
cycle, divided into three distinct phases, to delineate the relationship between the
diameter of the CLs and the tear film behaviour across these phases.

During the upstroke phase of the blink cycle, there is a significant negative cor-
relation between the CL diameter and the mean tear film thickness, with larger CL
diameters corresponding to thinner tear films. Concurrently, the standard deviation of
tear film thickness shows a positive correlation with CL diameter, indicating a trend
towards increased variability with larger lenses, whichmay impact the ocular health of
CL users. Despite these changes, the skewness of the distribution exhibits a substantial
negative correlation yet demonstrates minimal variance with different CL diameters,
indicating a stable asymmetry in the distribution of tear film thickness regardless of
CL diameter. Furthermore, kurtosis is revealed to have a negligible and statistically
insignificant correlation, denoting that the peakedness of the tear film thickness distri-
bution remains unaffected amidst variations in CL diameter throughout the upstroke
phase.

Further analysis during the fully open eye phase showed strong positive correlations
between the CL diameter and the mean thickness, standard deviation, and skewness
of the PLTF. This highlights a pronounced and statistically significant relationship,
demonstrating that increased CL diameter is associated with increases in PLTF thick-
ness, variability, and asymmetry. Consequently, a larger CL diameter is indicative of
a thicker tear film, which could infer a reduced impact on wearer comfort and ocu-
lar health. In contrast, kurtosis revealed a significant negative correlation, implying
that larger CL diameters tend to produce a distribution with less pronounced tails,
denoting reduced peakedness. The trends observed in skewness and kurtosis—toward
slightly improved symmetry and decreased likelihood of extreme values in tear film
thickness, respectively—suggest a progression toward a more normal distribution of
PLTF thickness as CL diameter enlarges.

In the downstroke phase of the blink cycle, analysis revealed a persistent negative
correlation between the CL diameter and the mean tear film thickness, thereby cor-
roborating the trend of the upstroke of the blink cycle that larger CL diameters are
associated with a reduction in tear film thickness. Simultaneously, a positive corre-
lation between CL diameter and the standard deviation is observed, indicating that
the variability of tear film thickness tends to increase with larger CL sizes. These
findings suggest that as CL diameter enlarges, the tear film not only thins but also
exhibits greater dispersion. Moreover, a positive trend in both skewness and kurtosis
were identified, which points to a progressive shift towards a more asymmetrical and
leptokurtic distribution, suggesting an enhanced occurrence of both exceptionally thin
and thick tear film measurements in conjunction with increasing CL diameter.

These observations highlight the crucial role of CL diameter in tear film dynamics
and CL design, as evidenced by the reliability and significance outlined in Table 4.
This underscores its importance in CL design and fitting throughout the blinking cycle.
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3.2 Influence of Young’s Modulus

The study commencedwith an evaluation of the influence exerted byYoung’sModulus
on tear film dynamics, uncovering a significant association with tear film behaviour.
Table 5 summarises the results of the correlation analysis, providing quantitative mea-
sures of the strength and statistical significance of the relationship.

In the upstroke phase of the blink cycle, a statistically significant moderate positive
correlation is observed between Young’s modulus and the mean tear film thickness,
indicating that an increase in material stiffness might lead to a thicker tear film on
average. Conversely, the standard deviation showed a moderate negative correlation,
also significant, suggesting that a stiffer CL material could result in more uniform
tear film thickness. Skewness exhibited a weaker yet significant positive relationship,
hinting at a longer tail in the tear film thickness distribution as the Young’s modulus
increases. Kurtosis, however, is negligibly correlated and not statistically significant,
indicating that the extremity of the tails of the data distribution is unaffected by changes
in the stiffness of the CL material.

Following the observed trends during the upstroke phase of the blink cycle, the
study further reveals contrasting patterns when the eye is fully open. The correlation
analysis indicates a moderate negative relationship between Young’s modulus and the
mean tear film thickness during this phase, suggesting a thinner tear film is associated
with increased material stiffness, a notable shift from the upstroke phase. Similarly,
the standard deviation of the tear film thickness during the open-eye phase mirrors
this trend, where increased stiffness correlates with reduced variability, hinting at the
possibility of a more homogenous tear film with stiffer materials. Skewness continues
to demonstrate a negative correlation, pointing to a distributionwith a longer left tail as
the Young’s modulus increases, a contrast to the positive skewness seen in the upstroke
phase. Furthermore, in terms of kurtosis, the open-eye phase shows significant change,
which implies that the tails of the data distribution become heavier asYoung’smodulus
increases, suggesting a more peaked distribution with more extreme values in tear film
thickness as the material stiffness increases.

During the downstroke phase of the blink cycle, there is a positive correlation
between Young’s modulus and the mean tear film thickness, indicating that materials
with greater stiffness are associated with an increase in mean tear film thickness.
Conversely, standard deviation and measures of distribution shape, skewness, and
kurtosis, all show negative correlations with Young’s modulus. This reveals that as the
stiffness of the CLmaterial increases, there is a tendency toward reduced variability in
tear film thickness, with distributions exhibiting less skewness and flatter tails. These
findings suggest that the mechanical properties encapsulated by Young’s modulus can
significantly influence the stability and uniformity of the tear film over the course of
a blink.

These observations emphasise Young’s modulus’s influence on tear film dynamics
and CL design, confirmed by the bounds of the correlation coefficient in Table 5.
Although statistically significant, Young’s modulus affects tear film dynamics less
than CL diameter, positioning it as the second most critical factor in CL design.
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3.3 Influence of Base Curve

This section delves into the base curve of CLs and its effect on PLTF dynamics.
Utilising Table 6, the analysis delineates the relationship between the CL base curve
and PLTF thickness throughout the three distinct phases of the blink cycle. It reveals
that during the upstroke, the base curve shows a negligible relationship with tear
film thickness, as evidenced by weak and statistically insignificant correlations across
mean thickness, standard deviation, skewness, and kurtosis. This trend persists when
the eye is fully open; the influence of the base curve on PLTF metrics is statistically
insignificant, with only slight positive correlations noted for mean thickness, standard
deviation, and skewness, and a small negative correlation for kurtosis, implying the
dominance of other factors over the base curve in affecting tear film properties. Sim-
ilarly, in the downstroke phase, the impact of the base curve on tear film thickness
remains limited, supported by weak correlations that lack statistical significance. The
bounds of the correlation coefficients, being opposite to each other, further reinforce
the minimal influence of base curve on PLTF dynamics. Collectively, these findings
across all blink cycle phases suggest that the role of the base curve in modulating
tear film thickness and its variability is overshadowed by other variables that more
profoundly affect tear film dynamics.

3.4 Influence of CL Thickness

The study examines the influence of CL thickness on PLTF dynamics and finds that
across the blink cycle phases—upstroke, fully open eye, and downstroke—there are
only marginal negative correlations between CL thickness and mean PLTF thickness,
but these correlations are not statistically significant as outlined in Table 7. The anal-
ysis further shows very weak correlations between CL thickness and PLTF metrics
such as standard deviation, skewness, and kurtosis, emphasising their minimal impact
on the variability and distribution of tear film thickness. Overall, the negligible influ-
ence of CL thickness on these tear film parameters suggests that there are other, more
impactful factors that dictate PLTF dynamics. The opposite bounds of the correlation
coefficients further emphasise theminimal impact of CL thickness on tear film dynam-
ics. These findings highlight the complex nature of the interactions that determine tear
film behaviour, pointing to the need for a broader investigation into the variables that
influence the tear film beyond just CL thickness.

4 Discussion

In this study, the mathematical models were employed to analyse tear fluid and tear
film dynamics in conjunctionwith blinking and CLmotion (Chauhan and Radke 2001;
Anderson et al. 2021). The model incorporates subject-specific characteristics for a
single subject, allowing for the personalisation of simulations to reflect individual vari-
ability in tear film behaviour. A focal point of the methodology is the examination of
critical CL parameters—Young’s modulus, base curve, diameter, and thickness—and
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their influence on tear film dynamics. The influence of these parameters is studied
through descriptive statistics, including mean, standard deviation, skewness, and kur-
tosis of tear film thickness, which describe the thickness, stability, asymmetry, and
anomalies in the tear film. To achieve a comprehensive evaluation, sixteen distinct
simulations were conducted, each corresponding to a different CL configuration, util-
ising a diverse array of sixteen CL brands (Kim et al. 2018). This method emphasises
capturing the nuances of CL-tear film interaction and broadens the relevance of the
findings across various CL types and wear scenarios. It lays a solid foundation for
further analysis and discussion on the relationship between CL properties and tear
film dynamics.

The mathematical model by Anderson et al. (2021) integrates key physiological
processes, including eyelid motion, tear film dynamics, and dynamic models for CL
movement (Chauhan and Radke 2001). Coupled with partial differential equations for
tear film thickness, this approach enables an in-depth analysis of tear film behaviour
over the CL in response to various blinking motions. By adapting boundary conditions
to account for the CL presence and movement, the model provides a realistic and
comprehensive representation compared to models that may overlook these factors.
This adaptability makes the model a valuable tool for studying tear film dynamics and
CL interactions.

However, the model has certain limitations. It does not account for the suction
pressure generated along the PoLTF (Martin and Holden 1986; Maki and Ross 2014),
which could affect findings related to parameters like the CL base curve. Addition-
ally, the model relies on assumptions and simplifications, such as treating the CL as
impermeable and rigid and assuming a fixed PoLTF thickness, which may not fully
capture physiological variability across individuals or conditions. The model can cur-
rently be validated only by comparing its results with measurements reported in the
literature, where most studies provide mean values of PLTF thickness measured using
interferometry or optical coherence tomography. Thesemean values, typically ranging
between 3 and 5 μm (Nichols and King-Smith 2003, 2004; Wang et al. 2003), serve
as valuable metrics for validation. In most cases, mean PLTF thickness is measured
when the eye is fully open, either immediately after a blink or 2 s later, allowing the
tear film to redistribute and stabilize. The findings of this study align closely with
these reported values, with mean PLTF thickness values of approximately 3–5 μm, as
illustrated in Fig. 5. Addressing these limitations, especially by incorporating PoLTF
dynamics and performing experimental validation, would enhance the accuracy and
practical relevance of the model in predicting tear film and CL interactions.

The forces exerted by CLs, expressed in both dimensional and non-dimensional
terms, are influenced by key CL properties, including thickness, diameter, base curve,
Young’s modulus, and Poisson’s ratio (Chauhan and Radke 2001; Anderson et al.
2021). The dimensional elastic force (Fe) is directly proportional to the Young’s mod-
ulus, thickness, and diameter of the CL, while inversely proportional to the base curve.
In comparison, the non-dimensional elastic force (FE ) exhibits a similar dependence
on Young’s modulus and thickness but is inversely related to the diameter and base
curve. Furthermore, the non-dimensional viscous force (FV ) is inversely proportional
to both the CL diameter and thickness. These relationships illustrate the non-linear
interactions between CL parameters and non-dimensional viscous and elastic forces,
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emphasizing that these forces alone do not fully account for CL motion and PLTF
dynamics. The integration of these forces into the equation governing CL motion
(Eq. 22) demonstrates that CL behaviour is influenced by a combination of factors,
including upper eyelid velocity, PLTF thickness, and other tear film parameters, high-
lighting the complexity of CL dynamics and their interactionswith tear film properties.
In this study, the main focus is on the three phases of the blink cycle, which occur at
different moments in time: the upstroke phase at 0.08 s, the eye fully open phase at
0.16 s, and the downstroke phase at 0.24 s.

In this study, the interaction between CL parameters and tear film behaviour during
various phases of the blink cycle is meticulously analysed, revealing that CL diameter
significantly influences PLTF dynamics. During the upstroke phase, no statistically
significant relationship is found between CL diameter and the kurtosis of tear film
thickness, indicating that anomalies in tear film thickness cannot be reliably controlled
by adjusting CL diameter. Correlation analysis identified CL diameter as a pivotal
factor affecting tear film thickness, variability, and distribution, especially during the
open-eye and downstroke phases. This highlights the critical role of CL diameter in
design, with significant implications for wearer comfort and eye health, emphasizing
the importance of considering diameter variations in tear film interactions.

The correlation between CL diameter and PLTF thickness exhibits distinct pat-
terns: negative correlations are observed in the upstroke and downstroke phases where
smaller CL diameters are associated with increased PLTF thickness, suggesting an
inverse relationship. Conversely, a positive correlation emerges during the fully open-
eye phase, with larger diameters correlating with thicker PLTF. For example, in the
upstroke phase, while PLTF thickness generally remains consistent across different
lens types, notable variations on the right side of Fig. 6A demonstrate that smaller
diameters tend to increase PLTF thickness. This shift continues in the fully open-eye
phase, where a decrease in CL diameter results in reduced PLTF thickness, indicating a
direct relationship, as illustrated in Fig. 6B. Similarly, although PLTF thickness is rela-
tively consistent during the downstroke phase, the right side of the plot in Fig. 6C shows
smaller diameters correlating with thicker PLTF values, reinforcing the inverse corre-
lation seen in the upstroke phase. These observations highlight the complex interaction
between CL diameter and tear film dynamics, underscoring the significant impact of
lens physical properties on tear film stability across different phases of the blink cycle.

The findings of this study expand on the current understanding of role of the CL
diameter in PLTF dynamics, offering insights that are particularly relevant during the
eye-open phase—a critical period for ocular surface hydration. This aligns with a
body of research exploring the intricate relationship between various CL parameters
and their implications for ocular health and the CL performance. Although direct
references to PLTF thickness were not made (McNamara et al. 1999), the implications
of tear mixing—integral for the maintenance of tear film homeostasis—were noted.
Inadequate mixing could result in a stagnant and potentially thinner tear film over
time for larger CL diameter, particularly if tear fluid evaporation surpasses the rate of
replenishment. Complementing these findings, other studies, such as those examining
the use of large-diameter multifocal CLs by presbyopic adults with dry eye syndrome
(Hsiao et al. 2023), have shed light on the complex influence of CL diameter. These
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Fig. 6 A–C PLTF thickness values with respect to CL diameter obtained after the analysis of the PDF,
focusing only on the clustered values. D–F PLTF thickness values with respect to CL Young’s modulus
were obtained after the analysis of the PDF, focusing only on the values clustered around the mean. A, D
Upstroke, B, E Eye full open and C, F Downstroke phases of the blink cycle. In all the cases, the x-axis
represents the number of points in the sample space derived from the PDFs

studies suggest that CL diameter has significant, multifaceted impacts on the ocular
surface environment, visual acuity, and overall visual function.

The analysis also underscores the significant impact of material stiffness, as indi-
cated by Young’s modulus, on PLTF dynamics, identifying it as the second most
influential parameter. The material stiffness variably affects PLTF thickness and dis-
tribution throughout the blink cycle. During the upstroke phase, there is no statistically
significant relationship between Young’s modulus and the skewness or kurtosis of tear
film thickness, suggesting that stiffness does not systematically affect the asymmetry
or extremes of the tear film thickness distribution. However, significant correlations
during the open-eye and downstroke phases underscore the importance of material
stiffness in maintaining tear film stability and homogeneity, as these phases show
statistically significant correlations between Young’s modulus and all PLTF metrics.

In examining the relationship between Young’s modulus and PLTF thickness, posi-
tive correlation coefficients were observed during the upstroke and downstroke phases
of the blink cycle, where higher values of Young’s modulus correspond to increased
PLTF thickness. Conversely, the highest values of Young’s modulus are associated
with reduced PLTF thickness, indicating a negative correlation. The response of PLTF
thickness to changes in Young’smodulus appears less consistent. However, the highest
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values generally correspond to greater thickness, and values near the lowest modulus
show reduced thickness in both phases. Figure 6D–F describes the PLTF thickness
values concerning CLYoung’smodulus obtained after the PDF analysis, focusing only
on the values clustered around the mean. These findings indicate that PLTF dynamics
are influenced by a complex interplay of factors and not solely by Young’s modulus.

Building on the findings of this study, related research has examined the impact of
CLmaterial, design, and fitting characteristics on user discomfort. Specifically, a study
found that lenses exhibiting less movement are linked to improved comfort (Stapleton
and Tan 2017). This aligns with the observations from the upstroke and downstroke
phases of the blink cycle, where an increase in Young’s modulus is correlated with
an increase in PLTF thickness. The implication is that a thicker tear film, potentially
resulting from a stiffer lens material, could enhance lubrication and reduce lens move-
ment, thereby increasing wearer comfort. Additionally, another study on tear fluid
exchange suggests that stiffer, thicker lenses may enhance PoLTF exchange due to
larger mechanical suction pressure gradients (Maki and Ross 2014). This indicates
that the mechanical properties of CLs, including Young’s modulus, play a significant
role in both tear film dynamics and user comfort.

Conversely, the study finds that the base curve and thickness of CLs have a compara-
tively minor impact on PLTF dynamics than Young’s modulus and diameter. Research
demonstrating how variations in base curve and thickness affect lens fit through math-
ematical modelling aligns with the observations, reinforcing that these parameters
might not be the primary influencers of PLTF dynamics (FINK et al. 1992; Young
et al. 2017). Further investigations into lens movement and oxygen uptake in relation
to base curve changes corroborate the notion that while base curve adjustments can
influence tear pump efficiency, their overall effect on tear film is constrained (Muntz
et al. 2015). Additionally, in the mathematical model of the tear film dynamics with
CL motion (Chauhan and Radke 2001; Anderson et al. 2021), CL thickness primarily
influences the elastic force, which facilitates the centring of the CL on the cornea by
affecting tear film dynamics. Although elastic energy per unit area is directly related to
CL thickness, the base curve (measured in mm) emerges as the more influential factor
compared to thickness (measured in μm). However, it is not as impactful compared to
CL diameter and Young’s modulus, which markedly affect the interaction of the CL
with the tear film.

The study advances understanding of CL design by incorporating findings from
lubrication regimes (Dunn et al. 2013). It becomes evident thatwhile the base curve and
thickness of CLs modestly impact tear film dynamics, other factors such as lubrication
regimes—boundary, hydrodynamic, and mixed—play significant roles in lens fitting
and comfort. These insights call for a holistic approach in CL design and selection, bal-
ancing material properties, geometric dimensions, and individual user characteristics
to optimise tear film stability and performance. This strategy is vital for enhancing
tear film stability and overall lens efficacy, ensuring that designs accommodate the
specific lubrication needs critical for maintaining ocular health and comfort.

The impact ofCLparameters onPLTFdynamics necessitates calculating correlation
sample size, obtained from the correlation coefficient alongside probabilities set for
hypothesis testing and a 95% confidence level. The study reveals the varying necessity
of sample sizes based on correlation strength with PLTF thickness across different
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CL parameters (Hulley 2013; Kohn and Senyak 2024). For instance, a minimum
correlation coefficient of 0.74 with CL diameter suggests a smaller required sample
size of 12, confirmed by the adequacy of the study with 16 samples. In contrast,
Young’s modulus shows a minimum correlation coefficient of 0.512, necessitating 28
samples to ensure significant results, hinting at nearly significant current observations.
The base curve parameter displays a weaker correlation, indicating the need for 158
samples to achieve reliable significance, underscoring its limited impact on PLTF
thickness. Additionally, the minimal correlation of 0.048 with CL thickness implies
a vast requirement of 3404 samples, highlighting its negligible effect within practical
limits. Given the high sample size demands, particularly for base curve and thickness
parameters, which exceed the feasibility of testing multiple CL brands on a single
subject, bootstrap sampling is proposed as a practical solution (Berrar and Dubitzky
2013; The MathWorks Inc. 2023c). This resampling technique uses existing data to
generatemultiple samples, effectively approximating larger datasets without extensive
sample collection.

Bootstrap sampling was applied to explore the relationships between Young’s mod-
ulus, base curve, and thickness of CL with PLTF thickness. For Young’s modulus,
bootstrap sampling was performed with more than 28 samples, determined from the
correlation sample size calculations. The PDF of approximately 200 resampled corre-
lation coefficients is depicted in Fig. 7, illustrating the distribution and variability of
these coefficients. This visualization provides valuable insights into the density and
consistency of the estimated correlations across the resampled data. Table 8 further
presents the mean, standard deviation, and 95% confidence interval for the correla-
tion coefficients between Young’s modulus and mean PLTF thickness during the three
phases of the blink cycle: upstroke, eye fully open, and downstroke.

For the CL base curve, the bootstrap sampling approach was extended to calculate
the Pearson correlation coefficient between the base curve and mean PLTF thickness
for more than 158 samples. Figure 8 illustrates the kernel density estimate for 200
samples, offering a smoothed probability density and a visual representation of the
variability of the correlation coefficients across the blink cycle phases. Similarly, for
CL thickness, the bootstrap sampling was performed with 4000 resamples, and Fig. 9
shows the kernel density estimate for these samples, providing another smoothed
probability density and a detailed visualization of the variability in correlation coeffi-
cients during upstroke, eye fully open, and downstroke phases. Table 8 also includes
the mean, standard deviation, and 95% confidence interval for the correlation coeffi-
cients between the CL parameters and mean PLTF thickness obtained from bootstrap
sampling across all three phases.

The combined analysis of correlations presented in Table 8 and Figs. 7, 8, and
9 clarifies the significance of the relationships between CL parameters and PLTF
thickness. A primary objective of this study is to identify which CL parameters most
significantly influence tear film thickness. As an initial step, it is crucial to evaluate
whether the correlations are predominantly positive or negative. Using the probability
distributions of the correlation coefficients generated through the bootstrap procedure,
the probabilities for these values are estimated, as shown in Table 9.
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Fig. 7 Kernel density estimate of
the correlation coefficient
between CL Young’s modulus
and mean PLTF thickness, after
the bootstrap sampling approach
is applied with a sample size of
200 (more than 28 correlation
sample size). a Upstroke phase,
b Eye fully open, c Downstroke
phase of the blink cycle

The analysis confirms that significant correlationswere observed onlywithYoung’s
modulus, as highlighted in Table 5 of themanuscript. Table 9 further supports this find-
ing, indicating a high probability of consistent results through the bootstrap method.
Conversely, for the other parameters, such as CL thickness and base curve, the boot-
strap results show no clear distinction between positive or negative correlations,
aligning with the non-significant statistical results (p > 0.05). Additionally, the sam-
ple size required to achieve significance for these parameters is impractically large,
making it unfeasible in clinical scenarios. Therefore, Young’s modulus emerges as
the most relevant parameter influencing PLTF thickness. In contrast, the base curve
and thickness parameters have limited impact and may instead be selected based on
other considerations, such as wearer comfort. Furthermore, the variability of these
parameters in commercially available CLs is relatively limited, further reducing their
practical significance.

A limitation of this study is that the computational model is tested using sixteen
CL parameters for only a single subject. This narrow scope may not capture the
full variability in tear film dynamics and CL interactions across a diverse population.
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Fig. 8 Kernel density estimate of
the correlation coefficient
between CL base curve and
mean PLTF thickness, after the
bootstrap sampling approach is
applied with a sample size more
than 158 (obtained from
correlation sample size).
a Upstroke phase, b Eye fully
open, c Downstroke phase of the
blink cycle

Extending the model to include data frommultiple subjects would enhance the robust-
ness and generalizability of the findings, offering amore comprehensive understanding
of comfort and effectiveness in CL wear. Additionally, integrating these models into
a Multiphysics approach, combined with a biomechanical model of the human eye,
could further refine the accuracy and applicability of the results, ultimately contribut-
ing to more personalised and effective CL designs.

5 Conclusion

The study employed mathematical models to investigate the dynamics of the tear film
in relation to various CL parameters, revealing the significant roles of CL diameter
and the material stiffness, as indicated by Young’s modulus, in influencing tear film
behaviour throughout the blink cycle. While the base curve and CL thickness were
found to have a minor impact, the diameter and material stiffness significantly affect
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Fig. 9 Kernel density estimate of
the correlation coefficient
between CL thickness and mean
PLTF thickness, after the
bootstrap sampling approach is
applied with a sample size of
4000 (greater than the
correlation sample size of 3404).
a Upstroke phase, b Eye fully
open, c Downstroke phase of the
blink cycle

Table 9 Probability of positive and negative correlation coefficient between CL parameters and tear film
thickness from bootstrap estimation and for different moments of blink cycle

CL
parameters

Upstroke Eye fully open Downstroke

Positive
correlation
(%)

Negative
correlation
(%)

Positive
correlation
(%)

Negative
correlation
(%)

Positive
correlation
(%)

Negative
correlation
(%)

Youngs’
modulus

95.57 4.43 4.66 95.34 93.65 6.35

Base curve 13.59 86.41 78.20 21.80 8.10 91.90

Thickness 33.38 66.62 33.21 66.79 2.98 97.02
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tear film stability, thickness, and distribution. These findings align with contemporary
research, suggesting that optimal CL design should transcend conventional parame-
ters and advocate for a personalised selection process. This process should consider
a combination of material properties, geometric dimensions, and individual wearer
characteristics to foster tear film stability and enhance lens performance. This study
adopts an integrated approach to CL design, stressing the need for nuanced strategies
tailored to individual wearers to enhance comfort, optimise performance, and promote
ocular health. Expanding this research to include multiple subjects will improve the
generalizability and applicability of the findings, further aiding the development of
personalised and effective CL designs.
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