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Abstract—In this paper we propose an artificial iris to tackle
photophobia. This artificial iris is made with a twisted nematic cell
(TNC) sandwiched between two linear polarizers. The light
attenuation performance of a commercial TNC was compared
with TNCs made from 5CB and E7 liquid crystals (LC) over a
standard digital voltage range of 0 to 5V, automatically controlled
by a light dependent resistor (LDR). The 5CB-based TNC
exhibited lower threshold voltage than commercial TNC and
entire light attenuation range around 3.3V, making it compatible
with low-power electronic platforms. Maximum light attenuation
equivalent to that of a ND32 filter was achieved. Utilizing
polarizers in cross-plane or in-plane configuration, photophobia
mitigation can be achieved in outdoor and indoor environment,
while minimizing power consumption.

Keywords—artificial iris; photophobia; smart contact lens; light
intensity modulation; twisted nematic cell

I. INTRODUCTION

Photophobia is a misnomer, meaning fear of light
Lebensohn defined photophobia as an abnormal sensitivity to
light. This sensory disturbance provoked by light could cause
uncomfortable vision or induce or exacerbate pain [1].
Conditions associated with photophobia can be broadly
classified into ophthalmologic disorders, neurological disorders,
psychiatric disorders, or drug-induced photophobia [2].
Migraine is the most common disorder causing photophobia [3].
Approximately 80% of the people affected by migraine are
affected by photophobia [4]. It is also seen that light can trigger
between 30 to 60% of all migraine attacks [5]. Another cause of
photophobia is a genetic disorder called aniridia. The pupil
regulates the amount of light entering the eye. The iris is
responsible for the dilation and constriction of the pupil in low-
light and bright-light environments. Aniridia is a condition in
which a person’s iris is either partially or entirely missing [6]. In
all these cases, patients complain of discomfort in lighting,
which can be normal for others, such as natural sunlight,
fluorescent lights, etc. [7]. Photophobia is almost always a
symptom of some underlying condition. Hence, it can be
mitigated once the underlying condition is cured. Presently, a
complete cure for migraine and aniridia is unavailable.
Photophobia is thus not completely curable in these cases, and
hence the discomfort caused because of it has to be alleviated
[8]. Reducing the amount of light entering the eye is the most
commonly used method to tackle photophobia. Some optical
tints have been successful in tackling photophobia. FL-41, a
rose-colored tint, was found to increase the discomfort threshold
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[9]. It filters out about 80% of the flicker found in fluorescent
lighting. Several other tint colors have been tried in literature.
However, a significant difference in light tolerance threshold
was not observed between FL-41 and gray tints [10]. Along with
filters, artificial iris incorporated in eyeglasses, intraocular
lenses, and contact lens have been used to reduce photophobia
[11]-[13]. The breakthroughs in smart contact lens technologies
has been made possible through advancements in miniaturized,
soft, stretchable systems [14], [15]. This facilitated integration
of a variety of vital components like object distance rangers
[16]-[18], energy harvesters [19]-[24], and liquid crystal (LC)
lens [25]-[27] onto flexible contact lens platforms. A non-
invasive, artificial iris integrated into a smart contact lens system
could ideally modulate the ambient light to suit the needs of a
person with photophobia. Guest-host liquid crystal-based
artificial iris was developed earlier [28]. Here, the artificial iris
was made of concentric electrodes. Each section could be turned
on or off by applying voltage, thus effectively reducing the pupil
diameter. However, at a set pupil diameter, it does not allow for
modulating the intensity of light incident on the pupil. In this
paper, we propose a novel structure of artificial iris where a
twisted nematic cell (TNC) is sandwiched between two linear
polarizers, either in-plane or cross-plane. Depending on the
polarization configuration, light can be attenuated when a
voltage is applied or vice versa. A light dependent resistor senses
the amount of ambient light and automatically adjusts the
attenuation level.

II. WORKING PRINCIPLE
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Fig. 1. Ideal working principle of the Polarizer-TNC-Polarizer, artificial
iris stack for cross-polarization configuration.

The working of a Polarizer-TNC-Polarizer artificial iris
stack is shown in Fig. 1. The polyimide alignment layers on
ITO-coated glass are rubbed parallel to the glass surface and
then assembled orthogonally. This causes the LC to adopt a
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twisted state [29]. The TNC thus behaves as a polarization
rotator. It rotates the polarization of the light on the application
of an external AC voltage. This assembly is then placed between
two orthogonally placed linear polarizer films. Without the
TNC, a cross-polarizer configuration should block the light.
However, when a TNC is introduced between two cross-
polarized films, due to the twisted nature of the liquid crystals
and their birefringence property, the polarization of the light
ideally changes by 90 degrees. Thus, all the incoming light is
passed through the assembly. When a voltage above the
threshold voltage is applied between the two glass plates, the
generated electric field causes the liquid crystals to start to lose
their twisted arrangement, and the assembly starts getting
darker. When the voltage is increased beyond a saturation point,
the liquid crystals become perpendicular to the glass plates,
ideally resulting in complete light attenuation [30], [31]. For
cross-polarizers, the voltage-dependent optical transmission
factor is given by (1), where 0 is the twist angle of the cell, A
is the phase retardation acquired by the LC and U =
ndAn/(A8) [31].
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III. DEVICE STRUCTURE
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Fig.2. (a) Fabrication process flow of TNC. (b) Artificial iris stack on
flexible, smart contact lens platform.

The TNC was constructed using a simple parallel plate
chamber filled with 5CB liquid crystal material. A thin layer of
ITO (~200 nm) is deposited using DC sputtering in a 2%
oxygen environment. Then we spin-coated a 1:2 solution of
Polyimide PI 2555 and N-Methylpyrrolidone (NMP) by weight
on the ITO-coated substrate at 4000 RPM for 60 seconds. The
sample was soft-baked at 90°C and 100°C for 1 minute each and
then baked at 300°C for 3 hours in a nitrogen-rich environment.
The post-curing thickness of the polyimide layer is about ~
nm. A thin polyimide layer ensures a low threshold switching
voltage for the twisted nematic cell. After curing, we etch part
of the polyimide using oxygen plasma and deposit a thin layer

of copper (~200 nm) on the ITO for improved electrical
connectivity. After that, the polyimide-coated ITO layer was
softly rubbed with a rayon cloth-covered roller. This process
aims to provide an initial ~0° LC director tilt alignment. The
thin PI layer is susceptible to scratching and peeling off while
rubbing. Hence, after the buffing process, the sample was
inspected under a high-resolution optical microscope (Keyence
VHX 5000) to ensure the polyimide on the ITO’s surface was
intact and continuous. Using a carbon dioxide laser, we
assemble the TNC by cutting glass coverslips into the required
shape. We also make two holes (~100 pm) on one of the glass
substrates for LC injection, arrange them orthogonally with
respect to the rubbing direction and attach them with a ~4 pm
thick double-sided tape (Nitto Denko 5600). This tape also acts
as a uniform spacer for the TNC chamber. The orthogonal
alignment of the buffing direction is critical for the TNC
application. The exposed copper-coated part of the TNC is
attached with flex PCB using a conductive polymer (MG
Chemicals 9410) and cured at 90°C for 30 minutes to form a
conductive path between the TNC and the flex PCB. The TNC
(attached with flex PCB) is then vacuum filled in a desiccator
attached to a vacuum pump. A droplet of of the LC is dropped
on the holes on the glass substrate and vacuum filled. The liquid
crystal fills into the chamber of the TNC because of capillary
effect. The holes on the TNC are then sealed with silicone glue.
The holes are outside the optical aperture for the contact lens,
and hence they do not interfere with the wearer’s vision. After
this process, we attach two linear polarizers (American
Polarizers, S-AP42-005T-PSA-12aX19) in cross-plane or in-
plane arrangement on either side of the TNC on the flexible
PCB. The fabrication process flow is shown in Fig. 2. (a). Fig.
2. (b) shows the artificial iris stack on a smart contact lens
platform.

IV. SETUP AND EXPERIMENTS

Digital Light
a) e-Irls_ intensity meter
Collimated Light Source -
b)
edris.
Imaging Target Canon DSLR
Camera

Fig. 3. (a) Experimental setup to measure the light intensity. (b) Setup for
imaging target through the artificial iris.

Two different setups were built. One measured the
transmitted light intensity through the artificial iris, as shown in
Fig. 3. (a), and the other was for imaging a target through the
iris, shown in Fig. 3. (b). To measure the intensity of the light,
we used a 625 nm wavelength collimated LED light source
(M625L3-C1). The light source is placed at a distance of 144 cm
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from the artificial iris stack, and the modulated light intensity is
measured using a light intensity meter (LX 1330B). Using an
Arduino, we supplied a 5V, 1kHz square wave signal with 50%
duty cycle, to a voltage divider circuit. One arm of the voltage
divider consisted of a light-dependant resistor (LDR) as shown
in Fig. 3. The other resistance (R) can be set according to the
baseline light sensitivity of the wearer, thus fixing a base light
attenuation level. Using a variable white light lamp, the intensity
of the light incident on the photodetector was changed. For
cross-polarizer configuration, when it is bright outside, the
resistance of the LDR is low. Depending on the value of the
baseline setting resistor, light can be attenuated accordingly. We
measured the light intensity modulation performance of the
artificial iris stack with TNCs made with 5CB and E7 nematic
liquid crystal and with a commercial TNC (Boulder Vision). For
target imaging, we placed a target image at a set distance from
the artificial iris stack and maintained a constant illumination.
We took images of the target using a commercial DSLR camera
(Canon EOS 1200D) through a 4 mm aperture of the contact lens
at different voltages provided through the LDR-based voltage
divider.
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Fig. 4. Light attenuation performance of (a) Commercial, 5CB and E7-
based TNC. (b) In-plane vs cross-plane polarizer configuration for 5CB-
based TNC.

V. RESULTS AND DISCUSSIONS

Fig. 4. (a) shows the normalized attenuated light intensity for
the commercial TNC and the TNCs made with 5CB and E7
liquid crystals. It can be observed that the TNC made with SCB
has a lower threshold voltage and covers the entire attenuation

range under 3.3 V, thus, making it suitable for use in low-power
electronics. The attenuation range is also higher than that of the
commercial TNC. Fig. 4. (b) shows the comparison of light
attenuation in in-plane polarization and cross-plane polarization
configuration. Cross-plane polarizer configuration can be
utilized where a photophobic person spends the majority of their
time in indoor conditions. Here without any voltage, maximum
light is allowed to pass through. Conversely, the in-plane
polarization configuration may be used in majorly outdoor
conditions. This will result in the least power consumption. Fig.
5.a. shows target images for cross-plane polarization
configuration when the iris is absent. Fig 5.b. to 5.d show
represent an iris made with 5CB is present but no voltage is
applied and 5CB iris when 1.5 and 2 V are applied. As observed,
when iris is introduced, light is attenuated even if voltage is not
applied. This reduction of light is equivalent to having a ND4
filter. When voltage is increased, the iris becomes darker. The
maximum light attenuation is equivalent to having a ND32 fiter.
A comparison of voltages required to be applied to the artificial
iris in cross-plane configuration to achieve equivalent optical
filter attenuation is shown in Table 1.

b) 5CB Iris at OV

a) Iris absent

c) 5CB Iris at 1.5V d) 5CB Iris at 2V

Fig. 5. Imaging for SCB-based TNC at different voltages for cross-plane
polarization.

TABLE L APPLIED VOLTAGE VS EQUIVALENT OPTICAL ATTENUATION
Optical Filter ND4 NDS ND16 ND32
Voltage oV 1.45V 1.65V 3.2V

VI. CONCLUSION

We demonstrated an artificial iris using twisted nematic cells
on a smart contact lens platform with the ability to modulate the
light intensity automatically using a LDR. Based on external
lighting conditions and based on the wearer’s sensitivity to light,
a smart, automated system is built to deliver the appropriate
amount of light to the user’s eyes. It was shown that the
fabricated iris stack has a lower threshold voltage than
commercial one and an entire attenuation range (equivalent from
ND4 to ND32) suited for 3.3V low-power systems. Further, the
polarizer configuration can be modified to provide light
attenuation in user-preferred indoor or outdoor environments.
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