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A B S T R A C T   

The role of eyelashes in ocular radiation protection has been hypothesized for some time. There is however no 
quantitative knowledge of the shading they provide. The ocular protection provided by eyelashes is investigated 
in this study. A numerical model able to simulate an arbitrary source of light to illuminate a 3-dimensional head 
model with realistic details was used for this purpose. The eyelashes’ filtering effect was studied for various light 
incidence angles, diameter and density of cilia. Using average values provided by literature to define their 
characteristics, we found that eyelashes reduce ultraviolet light received by the cornea by about 12–14%, with 
maximum values of 24%. These results suggest that the eyelashes can be an important element of the human eye 
protection system and their role should be further investigated.   

1. Introduction 

Eyelashes are a distinctive trait of mammals and similar features can 
be also noted in few species of birds and reptiles. They can change in 
structure, length, density and shape, suggesting that this is the result of a 
selection process and that these attributes correspond to specific needs 
now or in the distant past [1]. It has also been suggested that these at
tributes are correlated with the environmental context for each specific 
species. While their function is not yet elucidated, various hypotheses 
have been postulated about their role. It has been proposed that eye
lashes protect the eye surface from dust, wind and light. They also 
facilitate the detection of close objects potentially dangerous for the 
eyes, producing an involuntary blink [1]. 

During the last decades eyelashes have become a field of interest 
from ophthalmology point of view and some studies have further 
investigated their characteristics. A previous study showed, through a 
physical model and tests in a wind tunnel, how mammals’ eyelashes 
length is related to the eyes width and how this length is optimized to 
reduce deposition of airborne particles and to minimize evaporation of 
the tear film [2]. Another study further highlighted the importance of 
the eyelashes optimal length to reduce water evaporation, disregarding 
their direction and orientation [3]. 

There is little evidence on the role of the eyelashes in protecting the 
eye from radiation. Evidence of ocular shading was reported in a species 

of bird, noticing that a tiny layer of distanced fibers can stop a portion of 
light and protect the eyes [4]. In humans, longer eyelashes were 
observed in patients with Vernal Keratoconjunctivitis compared to 
healthy patients. The authors of the study hypothesize that this is a 
defense mechanism against factors promoting Keratoconjunctivitis, such 
as sun exposure, wind and foreign particles [5], presuming therefore a 
correlation between ocular exposure to solar radiation and protective 
role of eyelashes. 

Although some authors have put forward this implication, such as 
[6–8], it remains essentially speculative. Arguably, however, the role of 
hair, which is similar in structure to eyelashes, in protecting the face 
from the sun is known. In particular, head hair was shown to effectively 
protect against solar ultraviolet radiation, with protection factors of 5–7 
depending on the solar zenith angle [9]. It was also shown that facial 
hair (beard and mustache) reduces exposure to ultraviolet light by 
approximately one-third [10]. The level of protection offered by hair 
according to its density, thickness and the presence of melanin was 
further investigated by deGalvez [11], who notes the importance of the 
role of hair in protection against UV-A and UV-B. 

Knowing and understanding the true role of eyelashes with respect to 
ocular exposure to ultraviolet radiation could be of considerable 
importance for the entire field dealing with adverse effects caused by 
this radiation, largely studied in literature [12]. 

The present study investigates, through modeling, the role of 
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eyelashes in ocular radiation protection. Shading mechanisms are 
formalized to examine the extent to which light received by human 
cornea is reduced by the presence of cilia. All results are obtained by 
performing virtual experiments using a numerical model able to predict 
light received by a 3-dimensional virtual object under an arbitrary 
condition of illumination. 

2. Methodology 

The general procedure adopted in this work to determine the eye
lashes’ filtering effect is to compare light received on human cornea with 
and without eyelashes. In this work, the word filter describes a compo
nent which, when crossed by a light beam, reduces its intensity. The 
filtering amplitude can be defined as 

α =
IR

I
, (1)  

where IR and I stand for reduced intensity and intensity, respectively, 
received by a captor under the same condition of illumination. They 
represent irradiance (W/m2), radiant flux (W), radiant dose (J/m2) or 
any radiometric quantities derived, with and without the filter, respec
tively. The dimensionless variable α can take values in the interval [0, 1] 
and indicates how much light gets through the filter. Extreme values are 
α = 1 which means that there is not filtering effects (I = IR), and α =
0 which means that the whole light is stopped. 

All experiments are ”virtually” carried out by a numerical model able 
to simulate an appropriate light source and detect how this light is 
received by a complex 3-dimensional virtual object (detailed explana
tion in Section 3.1). Every virtual object used in the numerical model is 
composed by meshes of flat triangles that approximate the shape of a 
real object. The higher the number of triangles, the closer the object is to 
the real object. 

In this work, a realistic human head model is used as 3-dimensional 
virtual object (here after called head model) with realistic eyes designed 
from data in the literature (detailed explanation in Section 3.2) and 
approximated virtual eyelashes (detailed explanation in Section 3.3). 

To facilitate the measurement process, the experiment is divided in 
two different parts, keeping the same final target. The first experiment 
consists in determining the amplitude of the filter (i.e. Equation (1)) for 
eyelashes in relation to their parameters (e.g fibers density, fibers 
diameter) and light (direction) without considering the filtering effect 
on the cornea. This procedure aims to represent the filter in the form of 
an equation. The advantage of doing this is firstly to avoid doing sim
ulations with a head model with detailed eyelashes, potentially too 
heavy for model efficiency and computational resources of simulations. 
Secondly, a filter in the form of an equation facilitates sensitivity ex
periments for various eyelashes. Furthermore, there may be a simple 
interest to merely know the filtering effect of eyelashes. The second 
experiment consists in determining the light finally received by the 
cornea surface, implementing the result of the first experiment. In this 
step, eyelashes are represented by simple triangles, instead of realistic 
fibers, carefully designed on the head model. Intensity of light rays 
changes according to triangles interactions and it is described through 
the previously determined equation, reproducing a realistic effect of 
filtering. 

The action of the filter on the human cornea is represented in terms 
of diffuse radiation view factor [13]. Diffuse radiation view factor is 
calculated through numerical integration for each cornea finite element 
(represented by a triangle mesh) and it represents the portion of radia
tion that reaches each triangle. The radiation source is represented, for 
each triangle, by a hemisphere of constant-intensity light. Light rays are 
emitted from the corresponding hemisphere which is centered in each 
triangle’s center and orientated toward the perpendicular to the surface 
(the normal vector). The total number of light rays for each hemisphere 
is 105. The numerical integration takes into account orientation, 

shadows due to other triangles and, clearly, filtering effect of eyelashes. 
The maximum value is 1 and this means that the triangle receives light 
from the whole corresponding hemisphere. The value of 0 means that 
the triangle is completely in shadow. 

3. Modeling 

3.1. The numerical model 

The numerical model used in this experiment is a rewritten and 
improved implementation of SimUVEx [14,15]. SimUVEx is used as a 
tool to predict ultraviolet radiation received by human skin. The model 
uses 3-dimensional virtual objects (meshes) composed of many triangles 
which replicate an arbitrary posture of a person and real irradiance data 
(W/m2) as input. 

In this new implementation, SimUVEx has been taken as reference 
for rewriting a new model from scratch in Python language in a stand- 
alone modality (SimUVEx is a plugin of Meshlab software [16]), using 
optimized ray-tracing libraries that make it at least 10 times faster than 
before. In addition, a few algorithms have been improved to make the 
model more precise. For instance, the new implementation is able to 
estimate the visibility maps using about 105 points, instead of the 400 
used in the original program, without resorting to a bounding sphere but 
only to a mathematical-based implementation. 

Furthermore, light is detected by triangles’ centers instead of the 
vertices as in SimUVEx, which has the advantage of that it is no longer 
necessary to approximate the normals and areas of each detection point 
(page 724 of [14]). The model’s output has also been thought in line 
with the necessities of users. Now it is possible to visualize directly the 
distribution of light received on the 3-dimensional virtual object at any 
simulation timestep. This new functionality, which was not imple
mented previously, allows to better understand several interesting fea
tures such as spatial coverage of light, dynamic shadow mapping, and 
instantaneous dose received on the object. 

3.2. Head and eye model 

The head model used in this experiment is a realistic 3-dimensional 
head of a young man made up of about 15 000 triangles (detail of ocular 
region in Fig. 1-a). It does not represent an average head but rather a 
generic head with Caucasian traits. We are aware that results can be 
different from head to head because they can be affected by different 
individual facial features such as eyelids, forehead prominence, or eye 
position. The results presented here are for this particular head model. 
However, it is assumed that other head morphologies should not change 
the results to the extent that the conclusions of this study are altered. 

The cornea is modeled as a classical aspherical surface without 
further terms of Taylor expansion. The conic constant is k = − 0.1 and 
the radius is 7.76 mm (average values for a 30-year old men [17]). 
Aperture diameter is about 12 mm (real value is 11.77 mm [18] but due 
to the discretization it is approximated). The graphical representation of 
the eye is shown in Fig. 1-b. To avoid a not-uniform light sensitivity 
consequently a not-uniform subdivision of the cornea (light is detected 
by the center of the triangles), the cornea was initially modeled as 
geodesic polyhedron in order to obtain a quasi-uniform distribution of 
light receptors. Then a geometrical isometry has been applied to the 
vertices of the solid in order to make the geodesic polyhedron conic. 
Successively it was cut to have the desired aperture diameter. The 
geometrical isometry does not keep the quasi-uniform subdivision, 
because it alters the local density of receptors. However, it is a good 
compromise between an uniform subdivision and an ordinary subdivi
sion of variables θ (zenith) and ϕ (azimuth). The total number of visible 
triangles of the cornea is about 10 000. The eyes are positioned in the 
head model according the measurements found in Ref. [19]. 

M. Marro et al.                                                                                                                                                                                                                                  



Computers in Biology and Medicine 141 (2022) 105135

3

3.3. Eyelash model 

The eyelash is simplified to a periodical flat lattice of cylinders. Each 
cylinder, which represents a single fiber, is made up of 100 triangles. 
Cylinders have a diameter of d and a centre-to-centre distance of h, 
where d ≤ h. Thanks to its symmetry the lattice can be described by only 
two vectors: a normal vector e→n and a transverse vector e→t (the vector 
transverse to the eyelashes’ fibers). 

A graphical representation of the lattice is shown in Fig. 2, together 
with an arbitrary light source I in order to show the angles that will be 
used later: θ (angle between light source direction and e→n) and ϕ (angle 
between light source direction and vector e→t). 

In the head model eyelashes are represented by flat triangles. Each 
eyelash is made up of 6000 triangles. 

4. Implementation 

The optical phenomena that characterize the light and cilia inter
action (absorption, transmission and reflection) depends on the type of 
light used and the material under examination. Studies on this interac
tion are however scarce, and it is not possible to have precise data that 
can be directly implemented in the model. To solve this drawback, we 
considered the great similarity between human eyelashes and hair in 
terms of structure [20] and anatomy [21]. Human hair has quite often 
been studied from an optical point of view, especially with regard to the 

phenomenon of transmission. It is for instance hypothesized that vellus 
hair may serve as an alternative pathway in the transmission of ultra
violet photons to stem cells and be a possible origin of melanoma after 
exposure to ultraviolet radiation [22,23]. Regarding the reflection 
phenomenon, however, only a few studies can be found (e.g. Refs. [24, 
25], where infrared spectroscopy is used to determine structural infor
mation about hair). There are some models that, based on optics, 
simulate light-fiber interaction (such as [26–28], and [29]). However, 
they use the visible wave spectrum, since their ultimate goal is to create 
realistic virtual objects. Thus, the only validity regarding the perfor
mance of these models is aesthetic, which does not imply that it is also 
numerically correct. 

The only data found involving spectral reflection measurements for 
hair are from a wavelength of 360 nm upwards. Around this range, 
reflection is characterized by a relatively low value, probably due to the 
strong absorption determined by the amount of melanin and its type, 
which in fact has an absorption spectrum that increases with shorter 
wavelengths. For example, the reflection in this range for brown hair 
found in Ref. [30] is around 2%, in Ref. [31] it is around 2.5–3.5%, and 
in Ref. [32], where light reflection measured from strands of brown hair, 
it is less than 4%. In Ref. [22] there is also a list of attenuation co
efficients (expressed as the sum of absorption and scattering co
efficients) derived from different studies, which are characterized by a 
high value for the short wavelength. In Ref. [33], the same trend is 
found. 

In light of these data, it was decided to use a light source for which 
reflection can be neglected, namely an ultraviolet light source (more 
specifically the UV-A and UV-B interval, 280–400 nm), collimated for 
the first experiment, hemispherical (as explained in Section 2) for the 
second part. Eyelashes are considered, in terms of interaction with light, 
as dark hair. In terms of transmission, in Ref. [11] we find an almost 
constant value of about 20% sufficiently covering the considered 
wavelength range. Thus, the model implemented here models the opti
cal properties of cilia through 80% absorption and 20% transmission. 

For the first experiment (derivation of α without considering the 
effect on the cornea) light is detected by a well-defined area (repre
sented by green color in Fig. 3), which represents a real sensor. It is 
located under the filter, with a size smaller than the filter itself to avoid 
registering light not filtered during the experiment and large enough to 
detect light through a sufficient number of fibers. The sensor is 
composed by about 12 000 triangles and consequently the same number 
of light receptors. Light is detected and registered by each receptor and 
the final value of total intensity received is the average value of intensity 
among the receptors. For uncertainty estimation an algorithm that 
take the receptors’ position randomly on each corresponding triangle 
surface has been implemented [34]. This algorithm is used only in 
this configuration and allows to compute the variance as 

σ2 =
∑M

i=1(Ii − I
̄
)
2
/(M − 1) where I

̄
=

∑M
i=1Ii/M is the average value of 

light intensity received for each random case and Ii is the average value 

Fig. 1. Figure (a): detail of the head model used with eyelid contour, cornea and eyeball. Figure (b): 3-dimensional virtual eye placed in the head model. Figure (c): 
graphical representation of Equation (2) by taking a horizontal section of ocular region: O is the eye center and the eyelid profile is represented by a circular arc while 
Ci is the i-th center of eyelashes’ triangles. From this last figure is clear that cilia have a normal direction to the eyelid profile. 

Fig. 2. Graphical representation of the lattice used in the virtual environment 
as eyelashes and its referent system. 

M. Marro et al.                                                                                                                                                                                                                                  



Computers in Biology and Medicine 141 (2022) 105135

4

of light intensity received among receptor for each random case. M is the 
number of simulations for each set of eyelashes parameters. In addition, 
it has been noticed that each error shows a Gaussian distribution. 

The behavior of the filter can be illustrated with some specific ex
amples. To simplify the configuration we can image a simple situation 
where light source illuminates the sensor only along the transverse di
rection of fibers (the x-axis in Fig. 3, or alternatively when ϕ = 0). 
Because of the filter geometrical symmetry, a variation of light-source 
direction only along fiber direction (y-axis in Fig. 3) does not change 
the value of α. Therefore, for this configuration is reasonable to write 
that α = α(θ; d, h). It is also reasonable to expect that, for reasons of 
symmetry, the function α is an even function in this configuration 
(α(− θ) = α(θ)). 

Taking into account an arbitrary direction of light source, instead, 
filter amplitude will clearly depend also on ϕ. It is reasonable to suppose 
that in the most general configuration α = α(θ, ϕ; d, h). Moreover, the 
sign of e→t does not change the filter amplitude, and it can also be 
assumed that α is an even function also for the ϕ variable, so α(θ, − ϕ) =
α(θ, ϕ). 

Thanks to the two vectors that can describe eyelashes orientation in 
space, we are able to orient the lattice on the head model to improve the 
virtual representation. In reality, eyelashes follow the eyelid curve and, 
consequently we can consider that fibers are roughly oriented along the 
vector radius centered on the eyeball center. To formally do this, we 
define the vector OCi

̅̅→, where O is the coordinate of the eyeball center, Ci 
is the coordinate of the i-th triangle center of the structure which rep
resents eyelashes. Vector e→n,i, the normal vector of the i-th triangle of 
eyelashes, is automatically defined by the virtual structure of eyelashes 
on the head model. Finally, e→t,i can be calculated as the orthogonal 

vector to the vector OCi
̅̅→ and e→n,i. So, formally e→t is defined as 

e→t,i = e→n,i × OCi
̅̅→

, (2)  

where × is the vectorial cross product. A graphical representation of 
eyelashes orientation is shown in Fig. 1-c. This latter figure illustrates 
how the cilia have a normal direction to the eyelid profile. In this figure, 
a horizontal section of ocular region is schematically shown. The eyelid 
profile is represented by a circle arc and the eye center from the point O. 
Points Ci represent the center of the eyelashes’ triangles. Because of 
Equation (2) cilia are always perpendicular to the eyelid profile. 

In the second experiment an eyelash structure is built on the head 
model by using flat triangles. Diffuse radiation view factor is calculated 
for each cornea triangle, taking into account light ray filtered from this 
structure. Filtering amplitude is applied according to the light direction 
and filter trend derived in the next section. 

5. Mathematical formulation of the filter 

A mathematical formulation of the filter is not mandatory but useful 
to understand what kind of mathematical function (α) is expected from 
the first experiment. Additionally, after carrying out this experiment it is 
possible to compare the results obtained with the model and the derived 
function. The purpose of this is to ensure that the derived function can 
satisfactorily describe the trend of the filter, so that this function can be 
used directly for the second experiment. This process also avoids having 
to fit our data and find a relationship between fit parameters and eye
lashes parameters (which may not be so obvious). 

First of all, we would like to analyze the simple case where light il
luminates the eyelashes structure from a direction transverse to the fi
bers (i.e. when ϕ = 0). Fig. 4 represents a single interval of the periodical 
lattice onto the plane xz of Fig. 3, illuminated by a collimated light 
source of direction θ, such that θ ∈ [ − π/2, π/2]. For all conditions 
described in Section 4 filter amplitude can be formulated in terms of 
visible area between two contiguous fibers. Indeed, the quantity of light 
that the sensor can detect depends on the shadows area projected by the 
lattice, which in turn depends on the angle of illumination θ. Therefore, 
the ratio between light intensity with and without the filter is propor
tional to the ratio between visible area with and without the filter. 

A more formal motivation of this can be expressed in terms of radiant 
flux received. Radiant flux received for a collimated light without the 
filter is proportional to the visible sensor area, which is smaller if the 
periodical lattice of cylinders covers it. The ratio between the first and 
the second case (e.g. to the function α) is therefore the ratio between the 
visible areas in these two configurations. 

The filter being a periodic lattice, we can focus the study on one 
single interval and reduce the study to a one-dimensional problem. It is 
noted that the visible area is actually the distance between two parallel 
planes, internally tangent to a couple of fibers and parallel to the light 
direction, projected onto the plane of the sensor. Considering a reference 
frame centered in the left fiber’s center of Fig. 4, with the tangency 
condition, the first tangent plane for left fiber is: 

xcos θ − zsin θ − d/2 = 0 , (3)  

whereas the second tangent plane for right fiber is 

xcos θ − zsin θ − hcos θ + d/2 = 0 , (4) 

Fig. 3. Graphical representation of the first experiment to determine the 
filtering effect given a light source I along the axis e→t of direction θ. 

Fig. 4. Transverse section of the lattice illuminated from a collimated light 
source from a direction θ. Light has been graphically represented with yellow 
color while in grey the shadows projected from it. 
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clearly parallel to the first one. Perpendicular distance Dperp is 

Dperp = hcos θ − d . (5) 

The quantification of the transmission of light through the fibres can 
be obtained by considering that this is equal to the sum of the two fiber 
radius r multiplied by the transmission factor kT. Therefore, the total 
visible area with the eyelashes, Afilt, also considering the absorbed part, 
can be written as 

Afilt = Dperp + kT d . (6) 

This last equation is valid as long as |θ| ≤ cos − 1(d/h). For other 
values of θ we have a mix of filtered and double filtered light (thus 
proportional to a k2

T term) due to the perspective superposition of two 
contiguous fibers. The light will be filtered multiple times starting from 
when Dperp (which now is negative) assumes a value equal to − d/2, i.e. 
when |θ|. > cos − 1(d/2h), which is also the value for which the minimum 
number of transmissions is two. 

The treatment of multiple transmission is beyond this simplistic 
formulation, as well as the range of use of the numerical model. How
ever, in order not to lose consistency, we can in any case determine a 
range of possible solutions. The filter for |θ| ≤ cos − 1(d/h), being the 
visible area without the filter always Anofilt = h cos θ, is described from 
the following equation 

α(θ; d, h, kT) = 1 −
d(1 − kT)

hcosθ
. (7) 

The value of the filter in the extremes of this validity interval is al
ways kT. The filter amplitude, starting from this value, will decrease 
until it ideally reaches 0 at θ = ±π/2. So the ”true” value of the filter is 
always between 0 and kT for cos− 1(d/h) < |θ| ≤ ±π/2. We can then 
estimate the extremes of our range of possible solutions by considering α 
= 0 as the maximum filtering (αmax) and α = kT as the minimum filtering 
(αmin) for this reference interval. So the final general equation of the 
filter can be summarized as follows 

α(θ; d, h, kT) =

⎧
⎪⎨

⎪⎩

1 −
d(1 − kT)

hcosθ
|θ| ≤ cos− 1

(
d
h

)

0 or kT otherwise
. (8) 

The filter amplitude depends on, in particular, the ratio between the 
two parameters d and h, which can take values between 0 and 1 (kT is 
always treated as a constant). In order to find out if the model results can 
satisfactorily be reproduced by Equation (8) for the interval of usability 
of the model, a virtual experiment using the same condition of illumi
nation was implemented by using the numerical model. The periodical 
lattice of cylinders is illuminated in this instance by a collimated light 
source of unitary irradiance (W/m2) from different values of θ, such that 
|θ| ≤ cos − 1(d/h), in order to estimate IR. The experiment was carried out 

Fig. 5. Results of the model (red areas correspond to the 95% of the confidence interval) calculated in terms of α by using Equation (1) and Equation (8) (bold lines) 
for different values of θ, ϕ = 0, the same set of pairs d and h, and kT = 0.2. 

Table 1 
Fitting parameters, using the fit function f(x) = a + bx, according to Ref. [35]. First table shows the parameters obtained with the method of Least Squares by using 
Equation (8) as fit function. It shows also the total number of points (n) used in the fit (n varies with the configuration, because we only used non-zero values), the root 
mean square error (RMSE) and Pearson correlation coefficient ρ. The second table shows the fitting parameters obtained by using Equation (9) for different values of ϕ 
and the parameters of the first table.  

d [mm] h [mm] d/h a b n RMSE ρ 

0.03 0.2 0.15 − 0.002 ± 0.003 1.000 ± 0.006 6584 0.002 0.999 
0.06 0.2 0.3 − 0.002 ± 0.005 1.001 ± 0.004 3175 0.002 0.992 
0.09 0.2 0.45 0.003 ± 0.007 0.995 ± 0.005 1982 0.002 0.992 
0.09 0.15 0.6 0.008 ± 0.007 0.99 ± 0.03 1330 0.002 0.991 
0.09 0.12 0.75 0.001 ± 0.002 1.00 ± 0.03 880 0.002 0.995 
0.09 0.1 0.9 − 0.002 ± 0.002 0.99 ± 0.07 480 0.002 0.992  

ϕ[degrees] d/h a b n RMSE ρ 

0 0.5 − 0.002 ± 0.002 0.997 ± 0.002 1728 0.003 0.996 
15 0.5 0.003 ± 0.003 1.003 ± 0.003 1789 0.004 0.997 
30 0.5 0.002 ± 0.005 0.997 ± 0.009 1996 0.005 0.993 
45 0.5 0.005 ± 0.003 0.999 ± 0.002 2444 0.002 0.994 
60 0.5 − 0.007 ± 0.005 1.001 ± 0.002 3458 0.002 0.992 
75 0.5 − 0.005 ± 0.004 1.001 ± 0.002 6681 0.003 0.995 
90 0.5 0.002 ± 0.002 1.000 ± 0.002 9999 0.001 0.996  
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using six different values of d/h (0.15, 0.3, 0.45, 0.6, 0.75, 0.9) and 
repeated for each configuration without the filter to derive I. 

Results of the model are calculated in terms of the dimensionless 
variable α by using Equation (1). They are shown in Fig. 5 for M = 10, 
superimposing also the plot of Equation (8) using the same values of θ 
and parameters d and h. In Table 1 the fitting results are shown using 
[35] as reference. It can be observed that Equation (8) can optimally 
reproduce the results of the model. For all six trends, the Pearson cor
relation coefficient is always greater than 0.99 and each set of regression 
parameters (a and b) responds positively to a hypothesis test with a line 
1:1. 

In order to take into account the variable ϕ, the previous process 
has to be reformulated for a light ray from an arbitrary direction. The 
only modification that changes in this new configuration is the 
tangency condition of two parallel internal planes and the arbitrary 
direction of light, whereas the entire formulation remains the same. 
The difference is the substitution θ → arctan(tan θ cos ϕ) in Equation 
(8). Defining βθ,ϕ = β(θ, ϕ) = arctan(tan θ cos ϕ) Equation (8) becomes 

α(θ,ϕ; d, h, kT) =

⎧
⎪⎨

⎪⎩

1 −
d(1 − kT)

hcosβθ,ϕ
|βθ,ϕ| ≤ cos− 1

(
d
h

)

0 or kT otherwise
. (9) 

To apply the same process also for Equation (9) (i.e. evaluate this 
function with the model results), which becomes Equation (8) for ϕ = 0, 
it was decided to keep the d/h ratio constant and vary the variable ϕ. The 
simulations performed with the model obviously demonstrate a peri
odicity in the results given the cosine dependence of the variable ϕ. 
Consequently, a reasonable range for this variable is between 0◦ and 90◦. 
Choosing a range of θ values such that |βθ,ϕ| ≤ cos− 1(d/h), seven 
different values of ϕ have been chosen (ϕ = 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 
90◦) to estimate again IR with the filter and then I by using the same 
configurations without the filter. Model results calculated in terms of the 
dimensionless variable α by using Equation (1) are shown in Fig. 6 for M 
= 10, superimposing also the plot of Equation (9) and using the same 
values of θ, ϕ, and a constant value of d/h (0.5). In Table 1 the fitting 
results are shown. As in the previous case, Equation (9) fits well the 
results of the model. The Pearson correlation coefficient is again always 
greater than 0.99, and each set of regression parameters (a and b) re
sponds positively to a hypothesis test with a line 1:1. 

In conclusion, Equation (9) can satisfactorily describe the trend of 
the filter in the interval of usability of it (e.g. when there is only single 
transmission), which implies a correct analytical construction of the 
filter. Consequently, Equation (9) will be used for the second part of the 
experiment. 

Fig. 6. Results of the model (red areas correspond to the 95% of the confidence interval) calculated in terms of α by using Equation (1) and Equation (9) (bold lines) 
for different values of θ, seven different values of ϕ, fixed value of d/h, and kT = 0.2. 
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6. Results 

First, we present the percentage difference for typical eyelashes values 
found in the literature, calculated through the 100⋅(I − IR)/I = 1 − α 
formula, where I is unitary intensity of light without the filter, while IR is 
with the filter, for minimum and maximum filtering. Then, through 
sensitivity experiments we investigate the behavior of filtering with 
different eyelashes values (ratio of d/h and length l). 

According to Ref. [20], which population was composed by 29 
Caucasian female, upper eyelashes length varies from 8 to 12 mm, even 
though rarely exceeds 10 mm, while lower eyelashes length varies from 
6 to 8 mm. According to Ref. [36], which population was composed from 
10 Caucasian female and 20 Asian female, there is not a significant 
difference in upper eyelashes length between these two population 
samples. Average length is about 7.1 mm. In Ref. [37], which population 
was composed of 50 Japanese people, no significant difference in upper 
eyelashes length was observed between gender. Average value is about 
7.4 mm. This study reported however that both lower eyelashes length 
and density changed significantly between gender.The observed lower 
eyelashes’ length was in average of 4.98 mm and 5.56 mm, while the 
eyelashes density was of 6 fibers per mm and 7.6 fiber per mm for men 
and women respectively. Another important value for this work is the 
fibers diameter, or thickness. Diameter of 71.7 μm and 61.0 μm were 
reported for Asian to Caucasian women, respectively [23,36]. In 
Ref. [38], which intended to build an apparatus similar to the eyelashes 
structure, an aluminum wire of 100 μm of diameter has been used as 
eyelashes fiber. Furthermore, in Refs. [36,37] average values of the 
eyelashes angle are reported. 

For this work, we choose a length of 7 mm for upper eyelashes and a 
length of 5 mm for lower eyelashes. We considered an average eyelashes 
density of 7 fibers per mm (h = 0.143 mm) and a diameter of d = 65 μm 
(d/h = 0.455). For simplicity, the orientation of the eyelashes is always 
90◦ compared to the vertical for both upper and lower eyelashes and 
density is always the same as well. All these values are reported in 
Table 2. 

Due to the symmetry of the head model, we show the results only for 
the left eye (Fig. 7). Fig. 7-a shows the diffuse radiation view factor for 
left cornea without eyelashes. The upper and lower parts that appear cut 
off are due to the shading of the upper and lower eyelids. Indeed, the 
triangles of these two regions have a reduced visibility and the effect of 
the filter is not relevant. It shows how the view factor of diffuse radiation 
can reach values close to 1 in the region that is probably not affected by 
the shadow of the nose or the prominence of the eyelids and forehead. 

Fig. 7-b represents diffuse radiation view factor with eyelashes (7 
mm and 5 mm of length of upper and lower eyelashes, respectively) by 
using the filter equation with αmax for the left figure and αmin for right 
figure. The effect of the filter in this configuration, as compared to the 
first Fig. 7-a, is obvious. The diffuse radiation view factor is considerably 
reduced for both configurations. The effect of the filter is applied almost 
uniformly on the cornea region, except for regions close to upper and 
lower eyelid, where eyelids already stop the incoming light for both 
configurations acting as filter themselves. Diffuse radiation view factor 
is also reduced in the central-nasal part of the cornea, where the initial 
value was not as so high as in the central-temporal part. Moreover, the 
difference between minimum and maximum filtering is hardly notice
able. It can be seen that the figure representing the results using αmin has 

slightly higher values especially on the temporal-central part, near the 
border. 

Fig. 7-c shows the percentage difference for each triangle of the 
cornea, calculated from the results shown in Fig. 7-a and the results 
corresponding of Fig. 7-b. Fig. 7-c on the left side is then the percentage 
difference between the results without the eyelashes and with the eye
lashes parameterized using Equation (9) (and αmax for |βθ,ϕ| > cos− 1(d/ 
h)). Similarly, Fig. 7-c on the right side is the percent difference between 
the results without the eyelashes and with the eyelashes parameterized 
using Equation (9) (and αmin for |βθ,ϕ| > cos− 1(d/h)). The percentage 
difference can reach values of approximately 24% for the results pre
sented in the left figure and 20% for the results depicted in the right 
figure. These values are found for both configurations in the border 
region (nasal and temporal), and decreases toward the center. Unsur
prisingly, since the two Fig. 7-b are very similar, little differences can be 
observed between the two Fig. 7-c. It is quite clear that the influence of 
the filter for values where the minimum number of transmissions is two 
is low. The difference between two configurations, taking the percent
age difference of the two mean values, is 14% for maximum filtering and 
12% for minimum filtering, meaning that the diffuse light intensity is, on 
average, reduced by 12–14% by the presence of upper and lower eye
lashes. In these figures, we can better appreciate the effect of the filter 
and how the two configurations (with and without the eyelashes) have 
changed. The action of the filter is not constant over the cornea surface. 
Although the maximum values of diffuse radiation view factor are in the 
central-temporal part of the cornea in the configuration without eye
lashes, the filtering effect decreases these values in the configuration 
with eyelashes. The greatest value of filtering (20–24%) in the central- 
temporal and central-nasal part together with the action of the filter 
make the region around the center of the cornea the area with the 
maximum value of diffuse radiation view factor. Plus, in this configu
ration, the less protected is the cornea center, whereas the most pro
tected parts are the border regions, especially upper ones. 

In Fig. 8 some sensitivity experiments are shown with different 
eyelashes parameters. In this second experiment a particular eyelashes 
length (for upper and lower eyelashes) has been chosen and then the 
percentage difference has been computed (y-axis) for different values of 
the ratio d/h (x-axis). Percentage difference is computed between the 
configuration with and without the eyelashes. For each length, a col
oured region delimited by two curve is shown: the upper curve is ob
tained from the configuration with eyelashes with maximum filtering 
(αmax), and the lower curve is obtained from the configuration with 
eyelashes with minimum filtering (αmin). Filtering amplitude increases 
with the length and with the increment of the ratio d/h. A value of d/h =
1 means that all radiation passing through the eyelashes is transmitted 
and absorbed in the case of minimum filtering and completely blocked 
in the case of maximum filtering. A value of d/h = 0 means that the 
eyelashes are completely transparent and no filtering effect is applied. 
These results show that the trend is a monotonic function similar to a 
logarithm. This trend is similar for different length of eyelashes, without 
overlap between the filtering efficiency curves. As expected, for a fixed 
value of d/h the filtering amplitude increases with length. Filtering ef
fect could be also the same for different eyelashes parameters. For 
example, for an upper eyelash length of 5 mm and a ratio of d/h = 0.45, 
the filtering is essentially the same for a length of 6 mm and a ratio of d/ 
h = 0.3. It does not mean however that the filtering effect is spatially the 
same in both situations, since it is an average value. 

7. Discussion 

Dividing the measurement of filtering effect of eyelashes in two parts 
has allowed to determine the amplitude of the filter itself and all pa
rameters that can affect it. The filter (Equation (9)) shows an amplitude 
variable with light direction (θ and ϕ) and structural parameters of 
eyelashes (diameter d and center-to-center distance h) as it was sup
posed to. 

Table 2 
Summary of average values used for a typical eyelash.  

component value 

upper eyelashes length 7 mm 
lower eyelashes lengtt 5 mm 
d 65 μm 
h 0.143 mm 
d/h 0.455  
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Eyelashes have been designed on the head model using lengths found 
in the literature. Their shape follows the eyelid curve and the orientation 
is always π/2, with respect to the vertical. In reality, the eyelashes are 
composed by different layers, even though the data found in the liter
ature often reports a single density value (an average value). With 
different layers, density could be increased and could furthermore rise 
the level of filtering, changing the form of Equation (9). Plus, cilia 
lengths change along the eyelash profile [36]. The maximum length of 
eyelashes is around the center, while the minimum one is in the 

temporal region. This length variation might change the distribution of 
the diffuse radiation view factor obtained. It is conceivable that a shorter 
length could reduce the filtering effect in the central-temporal region of 
the cornea, whereas a longer length in the center could increase the 
filtering effect around the center of the cornea, making the general 
filtering effect on the cornea even more uniform than observed. The 
orientation of the eyelashes might be another source of discrepancy. 

As mentioned in section 3.2, results are unique for a unique type of 
head. Discrepancies in results can be caused by eyelid and forehead 

Fig. 7. Figure (a): frontal vision of the diffuse radiation view factor for the head-model left-cornea without eyelashes. Figure (b): frontal vision of the diffuse ra
diation view factor for the head-model left-cornea with eyelashes by using αmax and αmin on the left and right figure, respectively (e.g. α = 0 and α = kT for |βθ,ϕ| >
cos− 1(d/h)). Figure (c): filtering percentage difference calculated from the results from Figure (a) and the corresponding results of Figures (b). 
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prominence, nose and cheek shape (which can put in shadow a little part 
of the cornea). With Equation (9) it is now possible to compute these 
differences by taking several head models to understand what the 
filtering amplitude is. 

Another interesting point would be to investigate the filtering 
amplitude with natural light. In this way, filtering effect depends on the 
direction of direct light, changes with location, season, weather, etc. 
Thus, there will be a percentage difference value for each set of these 
variables. 

8. Conclusion 

This work shows how ultraviolet radiation received by human eyes 
can be reduced by a tiny layer of opaque fibers. Light reduction depends 
on both dimension and orientation of fibers and direction of incoming 
light. Longer fibers have stronger filtering power and the filtering power 
changes with distance and dimension of fibers. For the values found in 
the literature (diameter, center-to-center distance and length of cilia) 
and a simple structural model, the average filtering effect provided by 
the eyelashes is estimated to be around 12–14% compared to same 
condition without eyelashes. 
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