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Soft Contact Lens With Embedded Moiré
Patterns-Based Intraocular Pressure Sensors

Xiaoke Ding, Mingze Chen, Xiaogan Liang, Member, IEEE, and Long Que™, Member, IEEE

Abstract— Soft contact lenses with built-in sensors have shown
great potential for real-time monitoring of intraocular pressure
(IOP). This paper reports a contact lens IOP sensor based
on the moiré patterns. One concentric ring grating (G1) is
fabricated on a commercial contact lens, the other line grating
(G2) is stored in a computer. Images of G1 are captured using
a smartphone camera. Then moiré patterns are generated by
superimposing the images of the two gratings in a computer.
The central angle ¢ formed between two innermost adjacent
moiré patterns is extracted as the IOP transducing signals. The
performance of the sensor has been evaluated using a home-made
hollow hemispherical silicone model eye. The sensitivity of the
contact lens IOP sensor is ~0.15°/mmHg with high repeatability.
Additionally, the sensor sensitivity is essentially independent of
the initial IOP exerted on the contact lens. Furthermore, the
virtual G2 provides great flexibility for the design and fabrication
of the sensor, the fabrication of G1 directly on commercial contact
lenses paves the way for clinic use. All these results indicate the
suitability of this type of sensor for monitoring I0OP. [2022-0111]

Index Terms— Contact lens, wearable strain sensor, intraocular
pressure, moiré patterns, feature extraction.

I. INTRODUCTION

LEVATED intraocular pressure (IOP) is a primary con-

tributing factor to glaucoma; its measurement is used for
diagnosis of the disease and monitoring the response to therapy
[1], [2]. IOP fluctuates significantly such that occasional IOP
measurements in the clinician’s office are not always sufficient
for glaucoma management [3], [4]. Similarly, the IOP of a
glaucoma patient who is perceived as well controlled with
anti-glaucoma medications may spike between medical visits.
Hence, continuous/frequent or real-time IOP monitoring in
glaucoma patients is critically needed. To address these issues,
a variety of IOP sensors have been reported for potentially
continuous monitoring IOP based on different sensing mecha-
nisms [5], [6], [7]. One promising category is the IOP sensors
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fabricated on the contact lens [8]. After the contact lens is
mounted on the cornea, during the IOP fluctuation, it will be
deformed along with the eye accordingly. To capture the defor-
mation, different contact lens IOP sensors based on various
working principles enabled by microfluidic network [9], [10],
photonic crystal [11], nanopore thin film [12], LC resonator
[13], [14], resistance [15], [16], and image-processing [9],
[10], [17], [18] have been reported. Recently, a 2-D strain
sensor based on moiré patterns and image processing algo-
rithms has been reported [19]. Some drawbacks exist for these
reported smart contact lenses including negative effects on the
retina, cornea, and other ocular systems [20].

Herein, an IOP sensor embedded in a contact lens using the
moiré pattern as the transducing signal is reported. Compared
to the reported approaches, the moiré patterns-enabled IOP
sensor has some considerable advantages including no elec-
tromagnetic radiation, no heating issues, power-free, low cost,
flexibility of the design and optimization of the virtual grating,
and convenient readout through simple imaging. This contact
lens IOP sensor (Figure 1) has the following features: one
concentric ring grating (G1) is fabricated on a commercial
contact lens. The other line grating (G2) is stored in a
computer. Images of G1 are taken using a smartphone camera
and subsequently transferred to a computer. Moiré patterns
are then generated by superimposing the images of these two
gratings in a computer [20], [21]. Finally, the feature extraction
of the moiré patterns is performed using an image process-
ing algorithm [19], [23]. The central angle & between two
innermost adjacent moir€ fringes in Figure 1(a) is extracted
as the transducing signals. Due to the corneal curvature’s
change under different IOP, the curvature of the contact lens
changes accordingly, thereby stretching or compressing the
contact lens, resulting in the change of the pitch of G1. The
moiré patterns in Figure 1(b) are expected to change when
the contact lens is under tensile strain/pressure or compressive
strain/pressure from those under the neutral status accordingly.

II. MATERIALS AND METHODS
A. Materials and Instruments

Polydimethylsiloxane (PDMS) and its curing agent were
purchased from Dow Corning, Midland, Michigan. Con-
tact lenses (with standard solution) were purchased from
Johnson & Johnson Vision Care, Inc., Jacksonville, FL. Deion-
ized (DI) water was obtained from a DI water purification
system (Millipore, FRANCE). Chrome steel balls were pur-
chased from Global Precision Ball and Roller, New Milford,
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Fig. 1. Moiré patterns-based soft contact lens for IOP sensing. (a) Schematic
illustration of the contact lens IOP sensor and its operational principle.
(b) Some representative moiré patterns when the contact lens under neutral,
tensile and compressive strain, respectively.
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Fig. 2. Design and modeling of the contact lens IOP sensors. (a) Schematic
illustration of the main dimensions of the concentric ring grating on contact
lens and the virtual line grating; (b—c) Two representative moiré patterns of
different shapes and directions with different pl and p2: (d-f) Simulated
results showing different Ap range due to different p2 and Wy, while p1=200
pum for all three designs. For the labels in (d—f): Tiop stands for the target
IOP range:; DP stands for the discontinuity point.

Connecticut. The pressure gauge was purchased from Fisher
Scientific, Pittsburgh, Pennsylvania. Syringe pumps were pur-
chased from Harvard Apparatus, Holliston, Massachusetts.

B. Design and Modeling of the Contact Lens IOP Sensors

Given the periodic nature of the gratings (Figure 2(a)), the
moiré patterns also change periodically when these two grat-
ings move relative to each other due to the IOP change [24].
For G1, the initial gap sizes between the adjacent grating-
lines under the neutral condition are the same. Such gaps
change under the applied strain, but it is reasonable to assume
they remain the same to each other. Since 21 mmHg is
regarded as the threshold value for glaucoma [25], the target
detection range of the sensor is from 0 to 30 mmHg, which
is the clinic relevant IOP range. Additional design specifi-
cations are described as follows. (i) To facilitate the feature
extraction from the moiré patterns, careful selection of the
pitch (line/gap) sizes of G1 and G2 is needed since their
sizes are related to the shape and direction of moiré patterns.
By overlaying virtual G1 (pitch pl = 190 gm) and virtual G2
(p2 = 200 gm) in a computer, the apex of the angle & does not
converge toward the center of G1 (Figure 2(b)). In contrast,

when p1=200 gm and p2=190 um, the angle § with an
apex at the center of G1 is formed (Figure 2(c)). In other
words, when pl > p2, the apex of the angle @ converges to
the center of the ring grating G1, which facilitates the feature
extraction of the patterns. In our designs, pl > p2 is used as
one guideline for designing G1 and G2. (ii) Attention should
also be paid to selecting p2 and Wi of G2 in Figure 2(a)
for optimizing the detection dynamic range and sensitivity of
the sensors. To this end, the behaviors and performance of
the sensors are further investigated by simulations. The pl
is 200 gm. The behaviors of the moiré fringes by changing
p2 and Wi, with the IOPs ranging from O to 30 mmHg, the
target IOP range (Tiop) for the sensors, are summarized in
Figure 2(d-f). Given the periodic nature of moiré patterns,
the extracted angle & may not be monotonically continuous
in the target IOP range. This behavior is not convenient for
IOP quantification since one angle # may correspond to two
IOP values. As such, a wider detection dynamic range can
be optimized by tuning the p2. As shown in Figure 2(d-e),
the detection dynamic range Ap is 157 mmHg when p2 is
180 pum, and the Ap is 165 mmHg when p2 is 190 xm.
Furthermore, if p2/Wr of G2 are 190 xm/400 pgm, when
the IOP reaches 45 mmHg, the angle & drops abruptly from
40.0° to 6.4° at the discontinuity point (DP) in Figure 2(e),
and then increases again as IOP increases. In contrast, when
p2/Wy, are 190 pm/186 um in Figure 2(f), such discontinuity
occurs when IOP reaches ~120 mmHg. The angle & changes
continuously in the range of 0-30 mmHg with a much better
linearity and larger margin. To facilitate the microfabrication
and the image capture of G1, pl is selected to be 200 pm.
As a demonstration, the parameters of G1 and G2 are selected
as pl= 200 gm, p2= 190 gm and Wi, = 186 um.

C. Fabrication of the Contact Lens IOP Sensors

To enable scalable fabrication of microstructures on curved
and hydrated contact lenses (Johnson & Johnson, Inc.),
we implement a shadow-mask-assisted flattening and deposi-
tion (SMAFD) method. Figure 3(a-f) illustrates the key steps
of the SMAFD processes. First, a hydrated contact lens is
placed on top of a 3D-printed sample holder. The lens is
properly centered to the truncated-cone feature on the holder
when its edge is well aligned with the bottom edge of the
holding cone (Figure 3 (a)). The central region of the lens can
be conformally flattened on the holder through pumping away
the trapped air in the lens (Figure 3(b)). Afterwards, a silicon-
based shadow mask bearing concentric ring features is applied
on top of the contact lens and aligned with the flattened region
of the lens through aligning the holes on the shadow mask
with the protrusive pillars on the lens holder (Figure 3(c)).
This shadow mask is fabricated by using photolithography
followed by deep reactive iron etching. After a drying process,
the dehydrated contact lens sandwiched by the shadow mask
and the sample holder is loaded in an electron-beam evaporator
(Enerjet Evaporator) and deposited with 30 nm thick Titanium
(Figure 3(d)). Ti is chosen because of its good adhesion to the
contact lens. Additionally, Ti has been widely used for medical
devices because of their excellent corrosion resistance and
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Fig. 3. Fabrication of the contact lens IOP sensors. (a—f) The process flow for
fabricating the contact lens IOP sensor; (g) the photo of a fabricated contact
lens TOP sensor and its close-up showing the concentric ring grating on the
contact lens.

good hard-tissue compatibility [26]. After deposition, the con-
tact lens is soaked into the standard contact lens solution for
5 minutes for re-hydrating the contact lens (Figure 3(e)). The
Ti deposition is expected to introduce stress and deformation
on the hydrogel substrate surface. However, such deposition-
induced stress and strain are expected to be very slight because
the thickness of deposited Ti (30 nm) is much thinner than that
of the substrate (~100 gm). In addition, they can be largely
reduced by the re-hydration process. Even if some residual
deformation or stretching exists in the contact lens, it does
not affect the intraocular pressure measurement using the Ti
pattern because the pressure is measured by the relative moiré
pattern change between pressurized and initial states of the
model eye. Therefore, the residual strain in the contact lens at
the initial state is not expected to affect the quantification of
the relative moiré pattern change. Finally, the Ti-based grating
rings are successfully produced on the curved and hydrate
contact lens (Figure 3(f)). We expect that the fabrication
process introduces sample-to-sample variations in Ti feature
sizes and residual strains. However, as aforementioned, the
effects of such variations on the final IOP measurements
can be effectively minimized through careful calibration of
the initial moiré pattern produced by the Ti pattern and
quantification of the relative moiré pattern changes. This
SMAFD method could be generically implemented to deposit
arbitrary functional metal patterns on other curved and flexible
hydrogel substrates dedicated to emerging wearable healthcare
devices.

Figure 3(g) displays the photograph of a representative
contact lens with as-deposited grating rings with a pitch
of 200 gm and duty cycle of ~50%. The inner and outer
diameters of the whole pattern area are 1.8mm and 7.2mm,
respectively, and the pattern consists of 14 rings. The close-up
shows an optical micrograph of Ti rings. Our further endurance
tests show that the deposited Ti patterns are intact even after
days of soaking in contact lens solution.
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Fig. 4. Experimental setup and image processing procedure. (a) Photo of the
setup for evaluating the performance of the IOP sensors. Contact lens attached
uniformly on a silicone model eye, which can be deformed by positive or
negative pressure from a syringe pump. The images of the concentric ring
grating on the contact lens are captured by a smartphone camera, and the
pressures applied on the contact lens are monitored by a pressure gauge;
(b) The procedure and algorithms for processing the moiré patterns to obtain
the relationship between the central angle # and the applied pressure (i.e., IOP)
on the contact lens; (c) Moiré pattern generated by superimposing the image
of concentric ring grating and the virtual line grating; (d) Transformed image
with polar coordinates; (e) Determination of the angle between two innermost
adjacent moiré fringes.

D. Experimental Setup and Procedure

The setup for the testing of the IOP sensor is shown in
Figure 4(a). The contact lens is conformally assembled on
a home-made hemispherical silicone model eye, which is
consequently mounted on a 3D-printed air chamber. Positive
or negative pressures are applied to the air chamber through
a syringe, which is connected to a syringe pump. As a result,
the model eye undergoes deformation, and the pressure on the
contact lens can be increased or decreased accordingly. For
the hollow hemispherical silicon model eye, its fabrication is
summarized as follows [12], [27]. Briefly, polydimethylsilox-
ane (PDMS, SYLGARD 184 from Dow Corning) is prepared
with a volume ratio of 9:1 to curing agent with thorough
mixing and degassing for 2 hours. A chrome steel ball is
then positioned on a hotplate preheated to 100 °C. The liquid
PDMS is poured onto the ball. Liquid PDMS slowly flows
down along the surface of the ball and is cured in 3 minutes.
Then, a tube with a circular rim is subsequently pressed against
the ball to cut through the PDMS, and a silicone model eye
with a circular boarder is obtained. The thickness, Young’s
modulus, and initial radius of curvature of the silicone cornea
are ~120 pm, ~0.40 MPa, and 8 mm, respectively, resembling
those of the human cornea [28]. The pressure for deforming
the contact lens is monitored by a pressure gauge (Fisher
Scientific, Inc.). A smartphone camera vertically aligned to the
topside of the contact lens is used to record the images of G1
in contact lens and transfers them to a computer. Thereafter
a series of moiré patterns are formed by superimposing the
G1 images with a corresponding line grating G2. Image
processing of these moiré patterns is implemented to extract
the angle # between the two innermost adjacent moiré fringes
(Figure 1). The procedure and algorithm (Figure 4(b-e))
are summarized as follows [19], [23]. The images of moiré
patterns are firstly converted into gray scale images, which
are subsequently smoothed by a Gaussian low-pass filter to
eliminate the grating lines. The processed images are then
transformed from Cartesian to polar coordinates. The extracted
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Fig. 5. Representative results of the contact lens IOP sensors. (a) Images
of three representative images of concentric ring grating (only part) on the
contact lens under different IOPs captured by a smartphone camera; (b) Images
of corresponding moiré patterns obtained by overlaying with the virtual line
grating; (c) Measured results of the central angle & vs the IOP for Device-I;
(d) Measured results of the central angle & vs the IOP for Device-II.

angle @ is obtained along a straight cutline in Figure 4(d-e)
from the patterns. As a result, the relationship between the
applied IOP and the angle @ can be established.

III. RESULTS AND DISCUSSIONS

The performance of the sensors has been characterized. The
measurements of two representative sensors fabricated in the
same batch, allowing us to evaluate the fabrication and per-
formance uniformity of the sensors, are reported. (i) Device-I:
As the IOP changes, the grating p1 on the contact lens could
be substantially changed in comparison with its original size.
However, it is difficult to observe these changes with the con-
tact lens image alone (Figure 5(a)). In contrast, the changes of
the angle # become visible in the moiré patterns (Figure 5(b)).
The measured result of the angle @ vs the pressure applied on
the contact lens demonstrates a clear correlation (Figure 5(c)).
When the pressure increases by pumping air into the air
chamber from 0 to 30 mmHg, the angle @ increases from
27° to 31.5° with high linearity. The results exhibit a high
repeatability in triple measurements. The sensitivity of the
contact lens IOP sensor is defined as AG/AIOP, where Af
refers to the change of the angle # and AIOP stands for
the IOP changes. Measurements show that the sensitivity of
the sensor is ~0.15°/mmHg. (ii) Device-II: The measured
results are shown in Figure 5(d). Again, the angle & shows
a linear correlation with the applied pressure with very good
repeatability. The sensitivity of this device is ~0.15°/mmHg,
consistent with that of the Device-1. These results demonstrate
(i) the high linear relationship of the angle # and the IOP with
high repeatability, and (ii) the consistence of the developed
process for fabricating the sensors. It should be noted that
since the silicone eye model is different from the real human
eye in terms of its mechanical properties and shape, therefore
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Fig. 6. Representative results of different initial IOPs. (a) Measured results
of the central angle & vs the IOP for Device-I under different initial IOP,
Ref. 1 refers to the initial pressure on the device as zero; Ref. 2 refers to
the initial pressure on the device as 15 mmHg; Ref. 3 refers to the initial
pressure on the device as 30 mmHg; (b) The relationship between A# and
AIOP for these three initial pressures on the contact lens. AIOP refers to the
IOP change relative to the initial IOP;: AIOP = IOP — IOP;. A# refers to
the & change relative to the & at initial pressure: A8 =6 — 6.

the measured relationship between the IOP and the angle @
may be different from that for the real eye. However, these
measurements can be used to evaluate the performance of
the contact lens IOP sensors rapidly before their in vivo
applications, allowing us to modify their performance quickly
by changing the parameters of the IOP sensors such as pl, p2
and Wr..

Due to different anatomy of eyes of different persons, the
curvatures of the eyes will be different. When the contact lens
is conformally mounted on the eye by a different person,
different initial tensile or compress strain on the contact
lens could be generated, causing different deformation of the
contact lens. Basically, the initial pitch of the G1 in the contact
lens could be changed somewhat from the original pitch on
the contact lens after being mounted on an eye. Hence it is
important to evaluate if the sensitivity of the sensor remains
the same or not when the initial pitch of the contact lens
is changed. Toward this goal, the following experiments are
carried out: (i) measurements of IOPs from 0 to 30 mmHg
with an initial pressure on contact lens of 0 mmHg (i.e., neutral
status); (ii) measurements of IOPs from 15 to 30 mmHg and
from 15 to 0 mmHg with an initial pressure on contact lens
of 15 mmHg, and (iii) measurements of IOPs from 30 to
0 mmHg with an initial pressure on the contact lens of
30 mmHg. In other words, the measurements of the responses
of an IOP sensor with three representative initial pressures
(0, 15 mmHg and 30 mmHg) in a dynamic range AIOP
from O to 30 mmHg are used as the examples. The measured
results are summarized in Figure 6(a). All these measurements
show that the angle @ and the IOP have a linear relationship
with essentially identical slopes, indicating all have the same
sensitivity even though the initial pressure on contact lens is
different. It should be noted that when other initial pressures
applied on the contact lens for the measurements, the similar
results can be obtained. Basically, the sensitivity of this type
of sensor is independent of the initial pressure applied on
the contact lens. By combining these measurements, a plot
showing the relationship between A# and AIOP for these
initial pressures on the contact lens is given in Figure 6(b),
where Af = 0 — 6; and 6; is the central angle at the initial
pressure; AIOP=IOP — IOP; and IOP; is the initial pressure.
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For the same IOP sensor, no matter what the initial IOP on
the contact lens is, the sensitivity of the sensor remains the
same. This feature suggests that for a specific contact lens IOP
sensor of this type, as far as we have determined its sensitivity,
potentially we do not need calibrate its sensitivity for its use
for different patients.

I'V. CONCLUSION

In summary, a moiré patterns-based contact lens IOP sensor
has been designed, fabricated and tested. The demonstration
of the concentric ring grating (G1) images simply captured by
a smartphone camera, and the formation of the moiré patterns
between the G1 and the virtual line grating (G2) in a computer
indicate the feasibility to develop a new type of contact
lens IOP sensors. The moiré patterns and image processing
approach are particularly attractive because of the flexibility
of design and optimization of the virtual line grating for the
targeted detection dynamic range and sensitivity of the IOP
sensor. A fabrication process has been developed to fabricate
gratings directly on the commercial contact lenses, eliminating
the possible barriers for clinic applications of this type of
sensor for achieving real-time and continuous monitoring of
IOP for glaucoma diagnosis.
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