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Abstract: Ocular UV doses accumulate all-day, not only during periods of direct sun exposure.
The UV protection efficiency of three clear lenses was evaluated experimentally, validated
by simulation, and compared to non-UV protection: a first spectacle lens with a tailored UV
absorber, a second spectacle lens, minimizing UV back reflections, as well as a third spectacle
lens, combining both. A tailored UV-absorber efficiently reduced overall UV irradiance to 7%,
whereas reduction of back-reflections still left UV irradiance at 42%. Thus, clear lenses with a
tailored UV absorber efficiently protect the eye from UV, supplementing sun glasses wear to an
all-day protection scenario.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Extended ocular UV exposure is well known to impact long-term ocular health (for review, see [1]).
Whereas skin generally can efficiently be protected by textiles or application of sunscreens [2, 3],
efficient everyday UV protection of the sensitive tissue of the eye and surrounding skin is a
technological challenge. Sun glasses constitute the current standard protection of the eye against
UV [4]. Australian sun glass standards are the common UV protection bench mark, those define
light in the range of 315 up to 400 nm as harmful UVA [5,6]. Although wearing of sun glasses is
socially acceptable outdoors during sunny weather, its usage is not commonly accepted under all
potential UV exposure conditions, such as during cloudy weather conditions as well as indoors [7].
Furthermore, practical reasons limit the use of (corrective) sun glasses to rather long-term
UV exposure situations, as frequent exchange with corrective clear spectacles is cumbersome,
furthermore storage of an extra pair of spectacles becomes necessary. But, harming UV exposure
is not limited to extended outdoor stays in sunny weather. Instead, UV exposure constantly occurs,
be it during short-term sun exposures while commuting to work e.g. within a car as a passenger
while being exposed through the side windows [8–11], be it even indoors [12]. Thus, optimal UV
protection will be reached if clear lenses efficiently minimize UV exposure as well.
In this work, clear lenses are compared according to their efficiency in ocular UV protection.

Contributions to overall UV exposure are evaluated by simulating as well as measuring UV
irradiances at the eye in a realistic geometrical simulation of the eye located within the human
head, equipped with spectacle lenses. Experiment and simulation systematically assess the UV
irradiance at the position of the eye by a sun-like light source. Irradiance is measured by a spectral
sensor behind a diffusing plate. The following contributions to UV exposure are determined
separately for all realistic angles of incidence of light: UV-light entering the eye through a clear
spectacle lens (Idirect ), UV light entering the eye bypassing spectacle lens and frame (Iindirect ),
as well as UV light entering the eye by back reflection from the lens surface (Iback), see Fig. 1.
The impact of three spectacle lenses, designed to minimize ocular UV exposure is evaluated:
a first spectacle lens, minimizing UV transmission through the lens (Idirect ) up to 400 nm (L1
UV-block), a second spectacle lens, minimizing UV back reflections by an AR coating on the
back side of the spectacle lens (L2 Back-UV), as well as a third spectacle lens combining both
(L3 Combined).

The experimental results show, that the spectacle lens L1 UV-block, which minimizes the
influence of Idirect reduces overall UV exposure down to 7% relative to the naked eye. Only
1% of the overall exposure at the naked eye originates from the back reflex, which is reduced to
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Fig. 1. Scheme of irradiance contributions, a) condition C1, contribution Iindirect , b)
condition C2, contribution Iback , c) condition C3, contribution Idirect .

0.3% by the spectacle lens L2 Back-UV. Spectacle lens L3 combines both benefits to reducing
UV exposure to 6%.

2. Methods

2.1. Study design

Clear lenses with single vision optical design, out of 1.5 organic material and with premium
coatings were evaluated. A spectacle lens generally consists of three components, namely
an organic lens substrate, a hard coating protecting the lens substrate, applied to both lens
surfaces, as well as an anti reflection coating, determining the reflective properties of the
lens surface. Figure 2 shows the schematic layout of the spectacle lens. UV protection
is realized through either lens substrate or anti reflection coating. UV absorption of the
lens substrate is increased through dedicated UV absorber. UV absorbers are a common
additive in organic spectacle lens material, increasing material durability. But their absorbing
properties do traditionally not reach up to 400 nm, as UV absorption in this range usually
causes yellow tinting due to extension of absorptions into the blue VIS range. Therefore,
the level of UVA protection to date was the result of a trade-off towards spectacle lens
clarity. Thus, new products now focus on UV absorption specifically in the UVA range. Back-
surface reflections are reduced by a specifically tailored anti reflection coating on the back surface.

anti reflection coating

hard coating

base lens substrate

anti reflection coating

hard coating

Fig. 2. Basic components of an organic spectacle lens: The main body of lens is plastic
material (base lens substrate), protected by a hard coating of a few micron thickness and
optionally equipped with an anti reflection coating on both sides. Layers are not in scale.

                                                          Vol. 9, No. 4 | 1 Apr 2018 | BIOMEDICAL OPTICS EXPRESS 1951 



Four spectacle lenses were evaluated, they varied in spectral absorption, mediated by the lens
material, as well as in reflectivity of the back surface of the lens, mediated by the anti reflection
coatings. UV transmission as well as reflection spectra of all used clear lenses are shown in
Fig. 3. The first lens (lens L0, Basic) represents a standard clear spectacle lens, and is used as
comparison to UV protective spectacle lenses. The second lens, L1 UV-block, shows increased
UV absorption through optimized appliance of UV absorbers in the lens substrate. The third lens,
L2 Back-UV, shows a decreased UV reflectance at the back surface of the lens, and thus intends to
reduce UV back reflections. The fourth lens, L3 Combined, combines the UV absorbing substrate
and the decreased UV reflectance at the lens back surface. All lenses had dioptric power zero
(‘plano lens’).
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Fig. 3. a) Reflection spectra, as well as b) transmission spectra of the four clear lenses tested,
measured at 6 deg with a spectrophotometer (type LAMBDA 950S UV/Vis Spectrophotome-
ter by PerkinElmer Inc., Waltham, Massachusetts, USA).

2.2. Data simulation

A simulation was performed in MATLAB (MathWorks Inc., Natick, Massachusetts, USA). It
contains a spherical spectacle lens of radius 87mmwith an oval shape of 56mmwidth and 45mm
height, positioned at a back vertex distance of 17.5mm, a wrap angle of 8 deg and a pantoscopic
tilt angle of 5 deg. It furthermore contains a 3D avatar of the styropor mannequin head, recorded
with a multicamera system (ZEISS VISUFIT 1000 by Carl Zeiss Vision International GmbH,
Aalen, Germany). The male Caucasian mannequin head out of expanded polystyrene (type
Styropor-Kopf männlich 30.5 cm by RAYHER, Laupheim, Germany) measured 21.0 cm from
chin to top of the head, 16.5 cm from ear to ear, and 21.5 cm from tip of the nose to the back of the
head with an interpupillary distance of 67mm. The light source is simulated by a parallel grid of
rays of the according azimuth and elevation angle with a ray distance of 0.3mm. A plane detector
with a diameter of 14mm is placed at the surface at the position of the eyeball. Thus, irradiance
was estimated at the ocular surface, and applies equally to the eye, eyelid, and eye-surrounding
tissue. Clinical impact of the irradiance on the different ocular tissues is treated separately in the
discussion.

Within the simulation the different irradiance contributions Idirect , Iindirect , as well as Iback
are disentangled by the incidence angle and the number of refractions or reflections. Rays
contribute to Idirect when coming from the frontal hemisphere, which equals azimuthal angles
of 90 deg to -90 deg, and are refracted twice by the spectacle lens surfaces. Rays contribute to
Iback when entering from the retral hemisphere, which equals azimuthal angles between -90 deg
to -180 deg, and are reflected once at the back surface. Rays contribute to Iindirect when hitting
the sensor directly from the frontal hemisphere. Idirect is calculated as the sum of all rays with
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Fig. 4. Simulation of irradiance at the eye of a spectacle wearer: two views of avatar, spectacle
lens, and a set of typical ray bundles of Idirect , Iindirect , and Iback .

an according transmission value T . Iback consists of the sum of all rays with their according
reflexion coefficient R(λi,Ω), whereby the incident angle to the back surface of the lens Ω is
taken into account. Iindirect was calculated as sum of all rays without any weighting function.
The transmission coefficient T(λ) depends on the wavelength of the transmitted ray. It is weighted
with the Xenon arc lamp spectrum. The reflection coefficient R(λi,Ω) was calculated forward
from the design parameters of the coating as well as the reflection angle Ω and is weighted with
the spectrum of the Xenon arc lamp in steps of 1 nm (type XBO 150W Xe OFR by OSRAM
Licht AG, Munich, Germany).
The 3D avatar together with a set of typical rays is shown in Fig. 4. First evaluations show

that the three contributions of irradiance originate from largely differing angles of incidence.
Direct light Idirect enters the eye through the lens from a range of frontal angles. Indirect light
Iindirect bypasses the frame at oblique angles. In contrast, back reflected light Iback is found in
the simulation for a rather restricted angular range from the back. Thus, a simulation of the full
set of incidence angles at high angle sampling is executed. Furthermore, an experimental setup
is designed to measure UV irradiances of a sun-like light source at the full range of angles of
incidence selectively for the contributions of Idirect , Iindirect , and Iback .

Simulations as well as experimental measurements were performed for all four lenses.

2.3. Experimental procedure

Irradiance at the human eye was collected by a spectral sensor positioned behind a diffusing plate,
placed at the position of the left eye in the mannequin head, positioned at the natural location of
the cornea.
UV irradiance was measured by a UV VIS spectrometer (Insion UV VIS SENS /H Mi-

crospectrometer by INSION GmbH, Heilbronn, Germany) with CMOS linear image detector
(type Hamamatsu S11639-01 by Hamamatsu Photonics K.K., Hamamatsu, Japan) through a
Polytetrafluoroethylene (PTFE) diffusing plate, approximating a Lambertian radiator. Sensitivity
of the spectrometer was larger than 16 ∗ 1015 cts*nm/Ws at 450 nm and 650 nm. The PTFE
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diffusing plate had a diameter of 14mm, an aperture of 12mm, and a thickness of 2.2mm. It was
located at 23mm distance from the end of the optical fiber that is connected to the spectrometer.
Figure 5(a) shows the holder for the spectrometer fiber (dark red arrow) and the diffusing plate
(light red arrow). The mannequin head was mounted on a rotatable platform, which allowed
rotation of the head around the center of the diffusing plate along two axes, pitch and yaw, thereby
simulating a change in elevation of the sun as well as different viewing directions of the head
relative to the sun (Fig. 5(b)). A photo of the mannequin head is depicted in Figure 5(d). For
simplicity, in the manuscript pitch of the mannequin head will be reported as elevation of the light
source, thus allowing direct comparison to elevation angles of the sun. Mannequin head yaws
will be reported as executed. UV irradiance was created by a Xenon arc lamp (type XBO 150W

23mm

3
8
m
m

42mm

a)

b)

c)

d)

Fig. 5. a) Eye-shaped mount of spectrometer fibre and PTFE diffusing plate, arrows indicate
position of the fiber (light red), and the diffusing plate (dark red), b) Mechanically rotatable
mount of mannequin head, c) Schematic setup of head rotations, d) Photo of mannequin
head, equipped with spectacle frame and sensor.

Xe OFR by OSRAM Licht AG, Munich, Germany), providing a broad UV spectrum. The UV
spectrum of the light source is compared to D65 spectrum in Fig. 7(a). The source was positioned
at a distance of 2.90m from the spectral sensor, centered in front of the sensor center. A second
spectrometer was used as permanent reference, illuminated by a fraction of the illuminating light
reflected at a beam splitting silica glass plate. The beam splitting plate was placed at 45 deg in
the illumination path. The reference spectrometer was equipped with an identical diffusing plate
and holder. A schematic setup of the two light paths is shown in Fig. 6(b).
The mannequin head was covered with make-up (type essence camouflage 2in1 make-up &

Concealer 30 honey beige by Cosnova GmbH, Sulzbach, Germany), which was tested to closely
match the reflectance properties of skin. The spectrum of the make-up is shown in Fig. 7(b),
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Fig. 7. a) D65 spectrum [13], compared to Xenon arc lamp spectrum, b) Reflection spectrum
of make-up, white head, and two human skin samples.

together with spectra of two different hand skin samples and the spectrum of the naked styropor
mannequin head out of expanded polystyrene without make-up.
The different clear lenses were inserted in the left lens position of a frame positioned on the

mannequin head. All lenses were framed in the identical standard spectacle frame (type Menrad
C39 Mod.11019-6699 56/16 140 MfL by Ferdinand Menrad GmbH+Co.KG, Schwaebisch-
Gmuend, Germany). The frame was clipped tightly to the mannequin head behind a set of screws
to ensure identical positioning of the frame and to prevent any minimal movement of the frame
during rotation of the head. The right spectacle lens was a standard lens (type ZEISS Single
Vision org. 1.5 DuraVision Platinum by Carl Zeiss Vision International GmbH, Aalen, Germany).
Spectacle lenses L0, L1 and L3 had back radius of 87.5mm, spectacle lens L2 had a back radius
of 84.4mm.

2.4. Spectral recording procedure

At the beginning of each measurement series, a dark current measurement was acquired.
Figure 6(a) shows the irradiance decay at the sensor with increased azimuth, demonstrating the
homogeneous illumination at the spectral sensor.
Spatial inhomogeneity of the light source was controlled. In the case of back reflections a

correction factor of 1.13 was introduced counteracting a decay of intensity of the back reflected
light. It was based on repeated radiometric measurements of the incident light intensity back
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reflected to the eye relative to the light incident from straight ahead. Based on Fresnel equations
the degree of polarization of the incident light is expected to be < 5%.
Each spectrum was acquired as average of 10 measurements. Spectra were automatically

calculated relative to dark current of the respective measurement series. Reference signal variance
was 1.6% over the whole measurement series with a maximum of 3.6%, providing an irradiance
stability of 96.4%.
In each condition, the UV spectrum from 350 nm to 400 nm was analyzed. Head yaws from

90 deg (light coming from the right side towards the nose) to -180 deg (light coming from the
back) were sampled at 4.5 deg, and solar elevations equivalents from 0 deg to 90 deg in steps of
22.5 deg, thus assessing the full range of potential irradiance orientations. Figure 5(c) summarizes
the set of recording orientations. Integrated and peak irradiances are reported for all clear lenses.

Table 1. List of measurement conditions
Cond B C1 C2 C3
Ix Iall Iindirect Iback Idirect

+Iindirect
realization no back front blinders

cover covered covered
without frame x - - -
empty frame x x - x
Basic L0 x - x x
UV-block L1 x - x x
Back-UV L2 x - x x
Combined L3 x - x x

A set of four measurement conditions was defined to disentangle the contributions of Idirect ,
Iindirect and Iback , see Fig. 1 and Table 1. The conditions varied in covering or shading of lenses
or diffuse irradiance assessment area. In addition, one baseline is recorded, measuring overall
irradiance Iall without any modification (B). It is recorded without frame, with an empty frame
as well as all four lenses. The contribution of Iindirect is evaluated by a condition, in which the
backside of the spectacle lens is covered (C1). As there is no contribution of the clear spectacle
lens, it is measured only once. The contribution of Iback is determined by a condition with the
frontside of the spectacle lens covered (C2). It is measured for all four spectacle lenses. The
contribution of Idirect is evaluated by a condition, in which Iindirect and Iback are blocked by
blinders (C3). Condition C3 is evaluated for all four lenses as well as the empty frame. The
different light source orientations are recorded in one block, for each condition separately. Overall
16 conditions were recorded.

2.5. Data analysis

Data preparation included the following four steps: clipping, integration, solid angle correction,
and normalization to overall irradiance without frame. In the first step, Idirect data were clipped
to zero at 340 nm± 15 nm for each solid angle separately. This is valid, as in this wavelength
range, UV transmission measured in Idirect is zero in all tested clear lenses (see Fig. 3). Identical
clipping factors are applied to Iall , which is largely dominated by Idirect . Thereafter, data from
350 nm to 400 nm was integrated. Acquired counts per solid angle are weighted according to the
surface area the grid patch of the solid angle spans on a reference sphere. Finally, all irradiances
are normalized to the integrated irradiance of the naked eye. All irradiances will thus be reported
in percentage of overall irradiance at the naked eye. As condition C2 contained indirect light
together with light back-reflected from the spectacle lens surface, all following calculations
of Iback are restricted to the area of the well-defined small area of the back reflex, namely an
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azimuthal range of 157 deg to 175 deg, and an elevation of 22.5 deg.
In a first step, average Idirect (C3), Iindirect (C1), as well as Iback (C2) are calculated for

all four tested clear lenses (L0 Basic, L1 UV-block, L2 Back-UV, L3 Combined), integrated
over all elevations and yaws. Errors are estimated as standard deviations together with condition
B, which contains the sum of all three irradiance contributions. For condition C2, B of the
according angular area was taken as reference, Iall − Idirect served as reference for Iindirect , and
Iall − Iindirect for Idirect respectively. In a second step, relative irradiances are analyzed spatially.
Peak irradiances are reported. Furthermore, integrated irradiances at different solar elevations are
analyzed, and different head yaws relative to the sun. Finally, 2D spherical maps of irradiances
detail relevant incidence angles of the three irradiance contributions Idirect , Iindirect , and Iback .

3. Results

Figure 8 shows a clear picture of ocular irradiances with the tested clear lenses relative to the
naked eye. Already 18% of the incoming irradiance is filtered by a frame. Of the remaining
irradiance, the vast majority (79±3% of the overall irradiance at the naked eye) is entering
the eye through the empty spectacle frame. When equipping the frame with the clear spectacle
lens L0 Basic, the contributions of Idirect constitutes 32±4% of the overall irradiance at the
naked eye, whereas overall irradiance is 83±5% of the overall irradiance at the naked eye. Thus,
although reduced, still the majority of UV enters the eye through the spectacles. In our example,
only 3.1±2.6% of the overall irradiance at the naked eye is coming from indirect light bypassing
the frame.
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Fig. 8. Overview on experimental data of UV irradiances reaching the eye integrated in the
range of 350 - 400 nm. Idirect , Iindirect , Iback as stacked bar charts for empty frame as
well as four different clear lenses.

Figure 9 compares irradiance contributions between the analyzed clear lenses, L1 UV-block,
L2 Back-UV, as well as L3 Combined in experiment and simulation. When comparing the three
spectacle lenses to the Basic lens L0, the most dominant protective effect occurs for Idirect . It is
clearly visible, that Idirect is strongly diminished by the spectacle lens UV-block. The overall
irradiance is reduced to only 7± 3%.

When comparing simulated and experimental data in Fig. 9, the simulated data show a slightly
smaller Idirect in the lenses L1 UV-block, as well as L3 Combined. When looking specifically at
the contribution Iback , lenses L2 Back-UV and L3 Combined are significantly decreased in both
simulation and experimental data (Fig. 9(b), 9(d)). Experimentally the irradiance reduction of
Iback by lens L3 Combined seems to be slightly overestimated, whereas the reduction of Iback
by lens L2 Back-UV is underestimated in comparison to the simulation.
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When simulating the contribution of the higher energy irradiance in the range of 300 - 350 nm,
covering the relevant range within the UV of D65, the contribution of Iback increases to up
to 4%, whereas the impact of Idirect vanishes. Therefore, the measured range of 350 - 400 nm
constitutes the relevant wavelength window of UVA with respect to ocular protection.
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Fig. 9. Simulation (a) and experimental data (c) of UV irradiances reaching the eye integrated
in the range of 350 - 400 nm. Idirect , and Iback as stacked bar charts the for four different
clear lenses. b) Simulated integrated irradiance contributions of back-reflected irradiances
for the four different clear lenses, together with d) experimental data for comparison.

Depending on the incidence angle of the light, irradiance contributions of direct and back-
reflected light vary. Thus, in a second step, peak irradiances are evaluated, determining the worst
case scenario. In Fig. 10(b), peak Idirect , as well as Iback of all four clear lenses are reported
together with the simulated contributions in Fig. 10(a). Please note, that the overall level of the
peak irradiances depends on angular sampling of the dataset. Frontal illumination is contributing
strongest to Idirect (head yaw 5.6±8.5 deg/sun elevation 0±0 deg).

Iback peakswhen illuminating from the back (head yaw -165.5±2 deg/sun elevation 22.5±0 deg)
in the experiment Iback peak irradiances are relatively high in comparison to the integrated con-
tribution of Iback . This hints towards a reflection pattern confined in angular space. Nonetheless,
it is still smaller than Idirect in lens L0 Basic.

When comparing irradiances at different sun elevations in Fig. 11, it is nicely visible that Idirect
and Iback are strong for small sun elevation angles. The simulation in Fig. 11(a)-(d) specifically
demonstrates the broad distribution of Idirect as well as the rather confined occurrence of Iback . It
is furthermore nicely visible, that the reduction of Idirect by lens L1 UV-block fully applies to the
broad range of elevations, in which a significant amount of Idirect occurs. In contrast, reduction
of Iback by lens L2 Back-UV is restricted to the very narrow range of elevation, in which a
significant contribution of Iback occurs. Irradiances for different head yaws are shown in Fig. 12.
The quasi symmetric shape of Idirect around the central position is clearly visible, as well as the
directionally strongly limited occurrence of Iback . Only at -166.5 deg, a sharp, but noticeable
amount of Iback occurs with a width of less than 20 deg. In Fig. 12(a)-(d) the simulated average
irradiance is shown depending on head yaw angle relative to the light source. Not only peak
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Fig. 11. Simulated (a-d) and experimentally measured (e-h) UV irradiances reaching the
eye. Idirect (blue), and Iback (red) for a, e) L0 Basic, b, f) L1 UV-block, c, g) L2 Back-UV,
as well as d, h) L3 Combined as function of elevation angle, shaded error bars represent
standard deviations from Iall .
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position and shape of Iback match nicely, even a slight shift of Idirect from the nasal direction at
positive azimuthal angles is replicated by the model, originating in the asymmetric placement
of the spectacle lens in front of the eye next to the nose. In both, sun elevations as well as head
yaws, angular distributions of irradiances resemble each other among the different clear lenses.
Between them, mainly the overall level of the different irradiance contributions varies.
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Fig. 12. Simulated (a-d) and experimentally measured (e-h) UV irradiances reaching the eye.
Idirect (blue), and Iback (red) for a, e) L0 Basic, b, f) L1 UV-block, c, g) L2 Back-UV, as
well as d, h) L3 Combined as function of head yaws, shaded error bars represent standard
deviations from Iall .

When mapping the measured irradiances of the contributions Idirect , Iindirect and Iback on
a sphere, the characteristic angular distributions are well visible. Figure 13 shows such a map
exemplary for lens L0 Basic. Idirect is distributed broadly over illuminations from the front, with
a stronger spread in azimuth, than in elevation. Iindirect is showing contributions from both sides,
showing an almost ring-like structure. In the simulation, the ring-like structure is more dominant.
Deviations originate from the fact, that simulation lacks occlusions due to a spectacle frame.
Therefore, the contribution of Iindirect is much larger in the simulation as well, stressing the
impact of frame shape, size and fit on the indirect light. Iback is forming a sharp peak from the
posterior hemisphere. Please note that for better visibility the contribution of Iback is inverted on
the y-axis, changing from ‘front-back’ to ‘back-front’.

4. Discussion

The main contribution to ocular UV exposure originated from direct exposure (Idirect ), be it
with an empty frame (79%) or clear spectacle lens L0 Basic (31%). Contributions of indirect
irradiance (Iindirect ) constituted only 3% of the overall irradiance of the naked eye. Lens L0
Basic thus reduces direct exposure down to approximately a third of the irradiance of the naked
eye, but adds a small irradiance of approximately 1% through back reflections (Iback), more than
an order of magnitude smaller than Idirect . An overall reduction of exposure to 7% was achieved
by spectacle lens L1 UV-block, whereas lens L2 Back-UV reduced exposure to 42%. Spectacle
lens L3 Combined reduced irradiance to 6%. Although Iback reached comparable peak values as
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Fig. 13. Surface maps of experimantally measured as well as simulated irradiance contribu-
tions Idirect , Iindirect , and Iback of lens L0. Right/left indicates that the light is coming
from the right/left side, front/back indicates that the light is coming from the front/back
and bottom/top indicate that the light is coming from the horizon/zenith. Colorcodes show
magnitude of irradiance in units of the overall irradiance at the naked head. For visualization
purposes irradiances are interpolated to a grid of 0.025 unit radii.

Idirect in lens L0 Basic, the overall reflection was very confined in angular space, and thus would
seldomly be matched in natural behavior. Idirect was much broader in angular space, leading to a
more powerful reduction of irradiance by clear lenses L1 UV-block and L3 Combined.

Simulations confirmed the overall contributions of the different types of irradiances, replicating
magnitudes and angular distributions in a higher angular resolution. One specific difference
between simulation and experiment constituted the shading effects of the frame reducing the
indirect light in the experiment.
Experimental limitations were mainly imposed by the repeatability of the exact position of

the frame on the mannequin head. Impact of the frame position was minimized by a fixation of
the frame with screws on the mannequin head. Smaller contributions to experimental variations
were introduced by the repeatability of the spectrometer measurements, and slight variations in
light source intensity, as well as spatial illumination profile. Both were carefully characterized.
Differences in Iback in lens L2 Back-UV compared to the others might have been introduced by
a deviating lens curvature.

The experimental conditions Idirect , Iindirect , and Iback included some simplifications, which
were considered small. Although Iindirect does not include back reflections from the spectacle
lens, which was covered, it does include back reflections of the frame. Iback neglects contributions
of multiple reflections of light entering from the front.
From the literature, it is known that clear lenses contribute to ocular UV protection [14,15].

But, awareness of the approach is limited in comparison to ocular UV protection through sun
glasses. Information on the efficiency of UV protection by clear spectacle lens was perceived
as rather confusing and unclear to practitioners and consumers [16]. In fact, the efficiency of
UV protection (through limited UV transmission, equivalent to UV-block) has been shown to
effectively prevent UV related ocular damage in mice recently [17]. Recent publications brought
a potential danger of back reflections from spectacle lens back surfaces into play [18,19]. The
presented data now clarifies two aspects of UV protective effects of clear spectacle lenses. First,
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high protection levels are reached in clear spectacle lens L1 UV-block, reducing UV exposure by
more than an order of magnitude. Secondly, back reflections contribute only insignificantly to
overall ocular UV exposure.
It is furthermore known, that contributions to ocular UV exposure from indirect as well as

back-reflected light can additionally be minimized by a beneficial choice of spectacle frame as
well as a carefully adjusted position of wear [14, 20, 21]. Larger frames with broader temples
efficiently shadow UV. Careful fitting of frames prevents leakage of UV from the side. Specifically
the comparison between simulation, which does not include a spectacle frame, and experimental
data, which includes a spectacle frame, in Figure 13 shows the impact of a well-fitted frame on
Iindirect , namely UV light entering the eye from the side. The present dataset demonstrates ocular
UV irradiances in a controlled laboratory surrounding, individual all-day UV doses vary distinctly
based on environmental and behavioral factors. Significant differences in UV exposure have been
shown depending on textural and topographic properties of the environment, varying reflectivity
even differently throughout the day. Beach environments have been shown to provide stronger
UV levels than grass surroundings [22], valley like arrangements of the surrounding topography
have shown highest exposure levels under full illumination [23]. Reflectivity of the surrounding
textures has been shown to significantly impact ocular UV doses as well [12,24–26]. Additionally,
increased altitude as well as ozone levels are well-known to increase UV doses [12,27,28]. During
the day, ocular UV exposure varies. Strongest exposure from direct sun light is expected under
sun elevation angles between 30 deg and 50 deg [29–35]. These results are well in line with the
low elevation angles found for direct, indirect, as well as back-reflected light. The time during the
day, in which these angles are reached, varies with latitude. Generally ocular UV exposure shows
a bimodal distribution with peak exposure times during morning and evening. Thus, specifically
in the morning and evening times, in which the solar elevation is low, spectacle lens wearers
benefit from UV protecting lenses. The impact of diffuse light is less time dependent, and most
relevant from the top [36,37]. In sum, overall ocular UV exposure is a conglomerate of direct,
indirect exposure and exposure reflected from the surrounding, varying differently diurnally [39].
UV doses during cloudy weather conditions have been shown to significantly contribute to overall
UV doses, thus stressing the importance of all-day ocular UV protection [38].

Additionally, individual behaviors and habits strongly shape ocular UV doses. Girls have been
shown to expose themselves stronger to UV compared to boys [11], outdoor workers have been
shown to collect greater UV doses compared to indoor workers and adolescents [12]. Maximum
exposure in terms of sun elevation angles clearly depends on head posture, which has been
shown to vary, even depending on the task [11, 34, 40]. In a direct comparison of different
body postures, forehead UV exposure was strongest for sitting and lying postures [25]. In these
situations, in which the head is tilted towards the sun, spectacle lenses provide specifically
efficient protective effects. Due to the plurality of factors influencing individual UV exposure,
strong efforts have been made to estimate UV-exposure from UV dose readings at different
inclinations as well as inclination estimations of human body surface [41–44]. Estimates of ocular
UV exposure from general UV exposure range from 2%– 23% [24, 45], indicating a significant
impact on the sensitive ocular tissue and surrounding skin. The detrimental impact of UV on
ocular health has been described in detail in numerous reviews, stressing the relevance of ocular
UV protection [1,46–50]. Eyelid, ocular surface, as well as crystalline lens have been shown to be
impacted by UV irradiance [1]. Clinical relevance of ocular UV exposure varies with incidence
angle. Whereas eyelid, and ocular surface are affected strongest by direct irradiance, peripheral
UV exposure has been related to pterygium, pinguecula and cortical spoke cataract [46]. Direct
exposure is minimized with an appropriate choice of spectacle lens, such es lens L1 or L3 of the
present study. A careful selection of frame best minimizes peripheral exposure through indirect
UV.
Thus, instead of limiting ocular UV protection to situations subjectively judged as critical,
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all-day wear of clear lenses optimized for UV irradiance reduction optimally protects eye and
surrounding tissue from UV.

5. Conclusion

Three spectacle lenses minimizing UV irradiance at the eye (UV-block, Back-UV, and Combined)
were simulated and subsequently evaluated experimentally with respect to sun irradiance at the
eye. UV irradiance was evaluated by a spectral sensor, which was placed behind a diffusing
plate. By more than an order of magnitude more irradiance reached the eye through the spectacle
lens, compared to light, back-reflected from the lens surface. Thus, clear lenses with a tailored
UV absorber efficiently protect the eye from UV, supplementing sun glasses wear to an all-day
protection scenario.
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