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Abstract

®
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In this paper, we present the development of microfluidic contact lenses, which is based on

the advantages of wearable microfluidics and can have great potential in the ophthalmology
healthcare field. The development consists of two parts; the manufacturing process and the
usability tests of the devices. In the manufacturing process, we firstly extended silane coupling
and surface modification to irreversibly bond plastic membranes with microchannel-molded
silicone rubber, to form the plastic-PDMS plane assemblies, and then molded the plane into a
contact lens by thermoforming. We systematically investigated the effects of thermoforming
factors, heating temperatures and the terrace die’s sphere radius on channels by using the
factorial experiment design. In addition, various tests were conducted to verify the usability

of the devices. Through blockage and leakage tests, the devices were proved to be feasible,
with no channel-blockages and could stand high pressures. Through a wearing test, the contact
lenses were confirmed to be harmless on the living body. Furthermore, by performing the
manipulating test, the device was proved to be liquid-controllable. These works provide a
foundation for the applications of microfluidic contact lenses in ophthalmology.

Keywords: microfluidic contact lenses, thermoforming, factorial experiment, contact lens
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1. Introduction

Wearable microfluidics, incorporating microfluidics in wear-
able technologies, have shown great potential in healthcare
applications [1], including biochemical sensing of bodily
fluids (e.g. analyzing the metabolites in the sweat of glucose
[2—4], lactate [2, 3] and pH [3-5]), biophysical sensing (e.g.
tactile sensing [6—10], strain sensor [4, 11], bending moni-
toring [9, 11] and pulse pressure sensing [7]), microfluidic
drug patches [12], and soft actuators [13]. By utilizing current

1361-6439/18/105008+10$33.00

micro-fabrication techniques and the soft, flexible, stretch-
able materials, those microfluidic devices are fabricated to
be wearable and contain microstructures (usually microchan-
nels) that can accurately store, hand and dispense liquids
[1, 14], which provide the basis for the realization of various
healthcare applications. These wearable microfluidic devices
have many advantages, based on the material properties of lig-
uids. For example, by using the conductivity of liquid metal,
the micro-patterned structures can conduct with electrodes
on the substrate or MEMS with superior flexibility [1, 15].

© 2018 IOP Publishing Ltd  Printed in the UK
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Meanwhile, some devices for continuous healthcare moni-
toring applications can be more sensitive [6, 7], and easily
monitored by smart phones [2, 3].

However, despite all the research and their advantages,
the current wearable microfluidic devices all have a flex-
ible plane enabling them to be to worn and tested on the
finger, wrist, forehead or shoulder [2—13], which essentially
means that the devices have only been worn with contact
with our body’s most common organ—the skin. In fact, our
body contains many fragile and sensitive organs, like our
eyes. Similarly, smart contact lenses as minimally invasive
wearable platforms for ophthalmological diagnostics and
treatments have emerged in recent years [16], including bio-
chemical sensing of the tears (tears glucose monitoring [17]),
biophysical sensing for intraocular pressure (IOP) [18, 19]
and drug delivery contact lenses [20] (e.g. IOP lowering [21],
treating Fungal keratitis [22]). Smart contact lenses have the
same functions and applications as wearable microfluidics.
Since wearable microfluidics have so many advantages, it
is promising to incorporate microfluidics into contact lenses
to develop curved microfluidic devices for ophthalmological
applications.

It is hard to manufacture spherical microfluidic devices
that can match the 3D curved surface of the cornea, as the
micro-fabrication process for microfluidic devices is a planar
process. An attempt has previously been made, John Yan tried
to develop a microfluidic contact lens to monitor IOP. He made
it by thermoforming a bonded full-PDMS (polydimethyl-
siloxane) microfluidic chip into a spherical shape against
two rigid molds, immediately after it was heated to 300 °C
for Smin [23]. However, because PDMS is a thermosetting
polymer [24], it cannot be softened (once cured) by heating
[25], therefore its manufacturing process is theoretically
difficult to achieve. Besides that, the high temperature (over
200 °C) will lead to the thermal decomposition of PDMS [26],
this causes the contact lenses they prepared to age yellow and
become unwearable for eyes.

To develop microfluidic contact lenses, as we know, conven-
tional thermoplastics, widely used in the packaging industry,
such as PET (polyethylene terephthalate) and PMMA (poly
(methyl methacrylate)), can be thermoformed to form a variety
of complex surfaces [27]. These thermoplastics have also been
used as cover-plates or substrates in wearable microfluidics,
so, why not use plastic—plastic or plastic-PDMS assemblies to
make microfluidic contact lenses? PDMS and plastic PET have
already been used in smart contact lenses and have come into
contact with the cornea [18, 28]. Since PDMS is biocompatible,
soft and highly oxygen-permeable, and it can be easily modified
as a hydrophilic [1, 18], it is more suitable for contact with the
cornea than PET. PDMS can meet the requirements of contact
lenses, which include being soft, breathable and moist. The soft
property makes the contact lens comfortable to wear, the others
ensure the contact lens does not affect the normal physiological
activities and environments of the eye [29]. So, it would be wise
to use PET-PDMS assemblies and thermoform them from the
PDMS side. The current wearable microfluidics, with a plastic-
rubber structure, all integrate channels on the soft side [1, 9,
10]. This is mainly because the soft property can associate more

potential applications, and it would be wise for us to do the
same. Moreover, in order to make PDMS not separate from the
curved PET after thermoforming, the bonding strength between
them needs to be strong enough. The bonding methods, surface
modifications [30] and chemical coupling treatment [31] in pre-
vious research, can meet these requirement.

Here, by using PET films (cover plates) and PDMS films
containing channels (substrates), we develop microfluidic
contact lenses. We firstly integrated the PET-PDMS micro-
fluidic assemblies. Then, the plane assemblies were molded
to the contact lenses against the spherical drawing dies. The
channels were changed after thermoforming, and so, we
performed factorial experiments to investigate the effect of
different thermoforming factors on the channels. Also, various
tests were performed to judge and evaluate the usability of the
microfluidic contact lenses.

2. Experiments

2.1. Materials

The PET films (thickness 0.2mm) were purchased from
Sumitomo Chemical (Japan). The PDMS prepolymer
(Sylgard 184) and its curing agent were provided by Dow
Corning (Midland, MI, USA). 3-aminopropyltriethoxysilane
(APTES, 99%) was from Sigma-Aldrich (Milwaukee, WI,
USA). Photoresist, SU-8 2015, SU-8 2075 and its developer
were purchased from MicroChem (Newton, MA, USA).
Acetone, alcohol and isopropyl alcohol (IPA) were obtained
from Sinopharm Chemical Reagent (Shanghai, China).

2.2. Microchannel fabrication

A series of rectangular microchannels were fabricated in
PDMS by using conventional photolithography and replica
molding techniques, as shown in figure 1(a). First, SU-8 2015
or SU-8 2075 were separately spin-coated on a plasma-treated
Si wafer at a corresponding rotational speed, followed by soft
baking. After UV exposure under the different line-width
masks by using a mask aligner (ABM/6/350/NUV/DCCD/M,
ABM, Inc., USA), hard baking was performed, and next
developed in SU-8 developer. Used as the mold, the prepared
SU-8 master patterns were measured through an ultra-depth
3D microscope (DSX510, Olympus Inc., Japan) to confirm its
actual sizes. After the patterns were rinsed clean in IPA, dried
and sprayed with an atomizing mold-release agent (GA-7500,
Daikin Industries, Japan), the non-curing PDMS (two comp-
onents mix in a 10:1 ratio and degassed) was poured onto the
mold and spin-coated at 500rpm for 10s. After the mixing
was thermally cured at 80 °C for 60 min, the PDMS replica-
mold films were peeled off from the master with a thickness
of approximately 600 pm.

2.3. Bonding experiments

The process of bonding the PET cover plate with the PDMS
substrate is shown schematically in figure 1. A group of
commercial PET films (posted up on the wafer) were used as
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Figure 1. Schematic illustration of the fabrication of microfluidic contact lenses. (a) The schematic of process flow for manufacturing
soft silicone substrate, including: (i) the microchannel SU-8 master, (ii) casting PDMS, (iii) curing and peeling off the PDMS. (b) The
schematic of the process flow for PET cover plate treatment, including: (i) oxygen plasma treating, (ii) APTES-functionalizing. (c) The
picture of bonded PET-PDMS assembly. (d) The schematic illustration of thermoforming progress to press the plate into the spherical cap,
including: (i) heating to soften the assembly, (ii) hemispherical drawing forming, (iii) the thermoformed spherical device.

cover plates and a series of PDMS films containing different
micro-channels (as described in section 2.2) were used as
the substrate. In order to bond PDMS and PET with enough
strength, the commercially available silane, APTES, was
firstly diluted in water with 5% per volume to form a hydro-
lytic solution, and then used to form silylation of the surface
of the PET [30], figure 1(b). More specifically, the PET mem-
branes were firstly activated in an oxygen plasma chamber
(Harrick Plasma Cleaner PDC-001, Ithaca, NY, USA) for
1 min (600 mTorr, 100 W), resulting in the hydrophilization
of the PET surface. Then the members were dipped into the
prepared solution for 20 min to graft a silylated layer on the
surface of the PET, in which the solution was wrapped in
a glass dish and heated at 80 °C on a hot plate. After that,
the membranes were removed from the APTES solution, and
dried in a class-1000 clean room. The PDMS substrate and
the functionalized PET were next activated in an oxygen
plasma chamber (600 mTorr, 100 W) for 30's to form Si—~OH
groups on both surfaces. After that, the two members were
immediately brought into contact, and left in an oven heated
at 70 °C for 10 min. Finally, an irreversible bond was formed,
as shown in figure 1(c).

2.4. Thermal forming

As shown in figure 1(d), the bonded flat plastic—silicone
microfluidic assemblies were thermoformed into contact
lenses. The PET-PDMS assembly was removed from the
wafer and fixed to a square clip by using double-sided adhe-
sive. The fixed device was firstly heated on the hot-plate to
transform the PET from the hard ‘glassy’ state to the soft
‘rubbery’ state. After that, the device was immediately put on
the concave die and then the mirrored spherical terrace die
was pushed down. The heated assembly followed to stretch
against the terrace die until touching the whole die. Keeping
the contact of the mold for 1 min to cool the assembly down,
the spherical microfluidic was finally prepared and had the
same curvature as the terrace die.

2.5. Design of experiment

As the thermoforming process included 3D stretching, the posi-
tional and dimensional parameters of the rectangular channels
would vary accordingly. Microchannels are the key structure
to manipulate liquid precisely in microfluidics [14], so it is
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Figure 2. (a) The channel pattern; (b) the schematic diagram of the 3D stretching process; (c) the deformed channel.

Table 1. Thermoforming parameters and their variation levels.

Factors Levels

A: heating temperatures (°C)
B: sphere radius of the terrace die (mm)

Aj:35sat 160 °C
B]IR] = 8 mm

Aj:35sat 170 °C
Bz: R2 =7 mm

Az:35sat 180 °C
B3Z R3 =6 mm

important to explore how the thermoforming process affects
the channels. The thermoforming process consisted of two
steps, heating to soften and stretch forming, so the conformal
experiments explorde the impact of the two corresponding
factors on the channels. The PET-PDMS assembly, con-
taining five annularly distributed channels (measuring 250.2
pm x 97.4 pm) with different diameters (d;—ds = 3—11 mm),
as shown in figure 2(a), was used as the experimental object
(three samples in each group).

As shown in table 1, the heating temperatures were the first
factor, with three levels. It controlled the softening degree of
the thermoplastics. With the increase in heating temperature,
the tensile strength of the PET plastic would decline. Based
on the needs of contact lenses for different crowds, the sphere
radius of the terrace die with three variations of 8, 7 and 6 mm
was another factor. This related to the macroscopically exten-
sibility of the deformed areas, and could be introduced by the
following equations, combining figure 2(b).

_ 2RO — .2Rsin0 )
2Rsinf
D = 2Rsind
(2)

where 6 is the macroscopically extensibility of the deformed
areas, 0 is the subtended angle, R is the sphere radius, and D
is the inner diameter of the hole die. With the decrease of the
sphere radius, the extensibility can be calculated to increase.

2.6. Evaluating the effect of the thermoforming process
on the micro-channels

The positions of the annularly distributed channels, were
explored by measuring their thermoformed diameters using

the Vernier caliper. The dimension parameters were measured
and explored by means of scanning electron microscopy. A
Helios NanoLab G3-CX instrument was utilized to observe
the cross-section of the assemblies, which were sliced up in the
middle and fixed on the platform. Variations of the diameter,
the width (parameter: w, figure 2(c)) and height (parameter:
h), under different parameters were statistically analyzed and
evaluated.

2.7 Blockage and leakage tests

It was particularly important to conduct blockage and leakage
tests to verify the usability of the channels. The tests were
performed by introducing visible red ink into the channels,
and a syringe pump (SPlab02, SHENCHEN, China) was
used to provide the driving force. A syringe needle (BD-30G)
was inserted into the silicon rubber injection port, to con-
nect the channels with the silicone conduit, which had been
linked with the syringe. In addition, the interfaces of every
junction were glued by using a strong adhesive to prevent dis-
engagement. For the serpentine channel with the smallest size
(measuring 50 um x 40 pm), the flow rate was maintained at
0.2mL min~! to observe whether the channel became blocked.
For the large channels (measuring 250.2 ym x 97.4 pm), the
flow rates were controlled at high levels of 3 and 5ml min~!
to evaluate the bonding quality.

The bonding strength of the spherical devices was further
measured by performing burst pressure tests [29]. A T-shaped
fluidic interconnect was introduced into the front loop to
connect separately with the conduit and channels, while the
remaining interface was linked to a digital pressure sensor
(PX273-300DI, Omega Engineering Inc., USA) for loop
pressure measurement. The outlet of the channel was blocked
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by using a strong adhesive, and, thus the loop pressure would
increase when the loop air was compressed by the liquid injec-
tion. The red ink was controlled at a flow rate of 1 ml min~! to
compress the air until the burst happened.

3. Results and discussion

3.1. Effect of thermoforming on the channels

3.1.1. Effect of thermoforming on the channel positions. The
annularly distributed microchannels were still distributed in a
ring-shape after being thermoformed from planar to spherical.
Figure 3 shows the statistical results of the measured diam-
eters’ rate of change, it can be seen that all the groups’ rate
of change varied from 0% to 4.5% (less than 5%). Based on
the measured data, it was concluded that the temperatures and
the sphere radius had no significant influence on the channels’
distributions (p > 0.05, using the two factor ANOVA method;
table S1, ESI). The result indicates that the spherical stamp-
ing process is similar to the process of mapping the annularly
distributed channel from a plane to a spherical shape along the
central axis.

3.1.2. Effect of the different process parameters on the
channel size.

3.1.2.1.The channels’ distributions and the different sphere
radii effect on the channel dimensions. The sphere radius
of the mold showed a remarkable influence on the channel
sizes, especially on the sizes of the distributed channels on
the outside (p < 0.05, using the two factor ANOVA method;
table S1, ESI). Figure 4(a) shows the cross section of three
channels with one thermoformed device (lever: Al, B2),
the channels’ shape after thermoforming can be observed to
be trapezoidal, with an increase in width and a decrease in
height. Also, the outer channels were more deformed than the
inner, both in width and height; this is mainly because the out-
side area’s strain is larger than the inside during the spherical
stamping process.

Based on that, the thermoforming process does not affect
the channel’s distributions and it is the mapping process. So,
for the small channel that has a distance of d/2 from the cen-
tral axis, combining figure 4(b), its local extensibility can be
analyzed according to the equations as follows,

Ax Ay
- R) ~ cosf 3
¢(d;R) Ax 3)
0= arcsin(:izt) 4)

where ¢(d; R) represents the extensibility of the local small
channel area, Ax is the former length of the small micro-
element containing channels, Ax/cos(d) represents the
thermoformed length of the small micro-element, d is the
diameter of the annularly distributed channel and so d/2 rep-
resents the distance from the channel to the central axis, R is
the sphere radius of the terrace die and contains three levels in
our experiments (B1—B3) and ¢ represents the thickness of the
PDMS, 0.6 mm.

- AIBr «— AiB2 = AiB3
--AB1 = AB2 - A)B3
ce- AsBi e AsB2 - AsB3

(9]

S

[\S)

The diameter’s change rate (%)
w

—_—

3 5 7 9 11
The diameters of the different distributed channel (mm)

Figure 3. The diameter’s rate of change of the different distributed
channels after the thermoforming.

Figure 5(a) shows the width’s rate of change under simu-
lation and measurements. For channels at the same distance
from the center, the larger the terrace die’s sphere radius, the
smaller the rate of change. Whether due to the effect of the
distributions or the sphere radius, the change in trend of the
measured with the simulated were consistent, but still had
deviations (less than 0.15). This might have been caused by
many factors such as the inconsistency of the PDMS’s thick-
ness, the measurement errors, or the small deviation in the
centering of the assemblies with the mold during stamping.
Figure 5(b) shows the rate of change of the measured height.
The change in the trend of height was symmetrically opposite
to that of the width, but smaller, and basically unchanged for
the channels distributed at diameters of 3—5 mm. Figure 5(c)
shows the rate of change of the channel’s sectional area.
With an increase in the distributed diameter or a decrease in
the sphere radius, the rate of change increased; because the
width’s growth was faster than the decrease in height. For
other groups under different temperatures, the regular pat-
terns were the same (figures S1-S3, ESI (stacks.iop.org/
IMM/28/105008/mmedia)).

3.12.2.The effect of heating temperature on the channel
dimensions. Based on the variance analysis that a significant
level of all groups was calculated to be greater than 0.05 (table
S1, ESI), the heating temperatures were concluded to not play
a significant impact on the channel size. Figures 6(a) and (b)
show the measured width and height of the circular channel
which was 7mm in diameter at different levers. For the exper-
imental groups in the same mold (factors B1-B3), it can be
seen that the mean of the width and height changed a little
under different temperature levels (factors A1-A3). The cause
of the result may be the fact that in the same mold (the mac-
roscopic elongation is the same), the different levers of the
filmy PET softening was difficult at playing a significant role.
Its Young’s modulus at the softening stage (in soft ‘rubbery’
state, MPa level), was the same order of magnitude as that of
the thicker PDMS. Besides that, we also tried to increase the
heating temperatures to conduct more experiments to explore
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(b)

Figure 4. (a) The cross section of channels (lever: A1, B2); (b) the picture for analyzing the extensibility of the local small channel area.
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Figure 7. Results of blockage and leakage tests. (a)—(c) Introduction of red solution passed through the smallest channel without blocking
and (a) the channels annularly distributed, (b) the channels linearly distributed, (c) with partial channels deformed and cross the large
deformed edge; (d) introduction of the channel tolerated the strong influx of the liquid without delamination at the highest flow rate of 5ml

min~!; (e) burst pressure test.

the impact, but the films were bleached during heating at
temperatures of 190 °C.

3.2. Blockage and leakage tests

Figure 7 shows the results of the liquid injection tests, which
were carried out to examine the usability of the channels. The
test results (see section 1 in the movie of ESI) indicate that no
blockages were caused by thermoforming, the red ink could
easily pass through channels as small as 50 ym x 40 pm; even
with the channel linearly distributed or partly deformed and
crossing the large deformed edge, as shown in figures 7(a)—(c).
Moreover, for each high flow rate of the large channel, the red
solution could pass through it without separation or leakage.
The channel was still in good condition even at the highest flow

rate of Sml min~!, as shown in figure 7(d). In view of the total
internal volume of the channel (measured 3.61 pl), the assembly
withstood a violent inburst of the fluid whose injected volume
per-minute was nearly 1400-times greater than the channel.
This verifies that the connection strength was sufficient.

Figure 7(e) shows the whole process of the pressure change
during the burst test, and the strength was good enough. When
the pressure rose to the extent that the liquid was injected to
compress the air, the connection of the pressure sensor with
the T-shaped interconnect was broken from the device. The
bonding strength of the thermoformed PET-PDMS assembly
was measured at over 213 KPa (30.9 Psi), it satisfies that
needed for microfluidic devices [32]. As a result, our above
tests confirm that the devices were feasible, with no channel-
blockages and could stand high pressures.
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Figure 8. (a) Diagram of the wearable microfluidic contact lenses including filled microchanmber, microchannel filled with liquid in some
regions, injection inlet and outlet; (b) the contact lens being worn on the rabbit’s eye; (c) the cornea fluorescence test shows that the contact

lens caused no corneal injury.
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Figure 9. Results of manipulating test. (a) Measurement of relative change of the liquid angle in the small channel at different deformation
distances from 0.9—0.73 mm under the reciprocating action of a micrometer; (b) dynamic test of the inlet region circularly pressed between

0.9-0.8 mm.

3.3. Wearing and manipulating tests of wearable microfluidic ~ Before the test, the device was treated by corona discharge
contact lenses (BD-10ASV, Electro-Technic Products) for 1 min to modify
the PDMS surface to become hydrophilic. Then the device
was put on the eye of the anaesthetized experimental rabbit.
Figure 8(b) shows that the device fitted the rabbit’s cornea
well. When the contact lens had just been worn on the eyes,
the interface of the red liquid moved forward, this was mainly
caused by the extrusion of the eyelids. Then, with time, the
interface of the red liquid was found to change slowly and

According to the manufacturing process, a microfluidic con-
tact lens (curvature radius: 8.0mm, and containing channels
of 101.1 um x 58.8 pm and 502 pum x 146.1 pm) was made
with its outer edge cut off. A controlled volume of red glyc-
erol solution (2.26 pl) was infused into the channel network
and then the injection inlet was sealed up. The large channel

(microchamber) and the entrance point of the smaller channel
were filled with the red liquid, as shown in figure 8(a). ceaselessly, this might have been caused by the small move-

The wearing test was conducted with the point of view that ment of the eyelids or the corneal deformation (caused by the
contact lenses should be harmless to sensitive and fragile eyes. IOP fluctuation). After 8 h of being worn, the contact lens was
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taken away and a drop of fluorescein was applied on the rab-
bit’s cornea. Then, the cornea was observed under cobalt blue
light. As shown in figure 8(c), no fluorescence discoloration
(turn green) was found on the corneal surface. The result indi-
cates that the device caused no corneal abrasion, since such
damage would lead to corneal surface roughness, resulting in
the accumulation of fluorescein and then the green discolora-
tion. As a result, the test indicates that wearing these contact
lenses was harmless.

Since liquid manipulability is the basic property of micro-
fluidic devices [14], for wearable microfluidic contact lenses,
a simple experiment was conducted to verify its performance
by means of a micrometer. Figure 9(a) shows the result (see
section 2 in the movie of ESI) that the fluid flowed forward and
the liquid angle (the angle between the end of the red liquid
and the entrance point of the small channel) increased when
the injection inlet region was pressed by the micrometric screw,
with the reading changing from 0.9-0.73mm. In turn, as the
micrometric screw reversed, the fluid flowed back due to the
vacuum force generated from the PDMS recovery. Figure 9(b)
shows the round-trip test of the inlet region circularly pressed
and released between 0.9—0.8 mm, indicating good repeatability
(the deviation was less than 20°). The test indicates that the
microfluidic contact lens was liquid-controllable.

Based on liquid manipulability, microfluidic contact lenses
will be studied for much ophthalmology healthcare research
and many applications. For example, the ‘micrometer pres-
sure’ can be replaced by IOP, by using the optical detector to
measure the displacement of the red liquid in real-time, the
device will be used to measure and monitor IOP continuously.
Also, the red liquid can be replaced by liquid drugs (like eye-
drops), and then the microfluidic contact lens may be studied
for automatic and real-time drug delivery to treat ophthalmo-
logical diseases.

Conclusion

We developed microfluidic contact lenses, based on their
promising applications in the ophthalmology healthcare field.
The process consisteded of two parts, the manufacturing
process and usability tests. In the manufacturing process, by
using PET members and PDMS films containing channels,
we bonded them irreversibly to form the plane plastic-PDMS
assemblies first and then thermoformed them to the contact
lenses. The effect of the different thermoforming parameters
on the channels was studied by using the factorial experiment.
We have shown that the process does not remarkably affect
the channel distributions, and the spherical stamping process
was similar to the process of mapping the annular distrib-
uted channel from plane to spherical along the central axis.
The die’s sphere radius and the channel distributions showed
a significant influence on the channel size; where the width
and height’s rate of change of the same distributed channel
increased with a decrease in the radius. Moreover, the sizes
of the outer distributed channels changed more than the inner
channels in the same group. The heating temperatures showed
no evident influence on the channel sizes.

Usability tests of the microfluidic contact lenses were also
conducted. Through blockage and leakage tests, the inside
channels of the devices were proved to be usable, the pro-
cess could integrate a microchannel with a minimum size of
50 pm x 40 pm to the spherical. Through the wearing test,
the contact lenses, when worn, were proved to be harmless to
the living body. While the manipulating test was conducted
and verified that the devices were liquid-controllable. Based
on these characteristics, the microfluidic contact lenses are
good prospects for studying various healthcare applications
in ophthalmology.
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