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a  b  s  t  r  a  c  t

Intraocular  pressure  (IOP)  is a crucial  physiological  indicator  of  the  visual  system  and  play a key role
in  the  diagnosis  and  treatment  of  glaucoma.  However,  the  current  handheld  single  measurement  tools
for  IOP  sensing  cannot  meet  the future  demands  for glaucoma  management.  Thus,  here  we  present
the  microfluidic  contact  lens  sensors  that  could  provide  unpowered,  continuous  and  non-invasive  IOP
monitoring.  The  microfluidic  contact  lens  is comprised  of  a sensing  layer  of  the  micropatterned  soft-
elastomer  and  a hard  plastic  reference  layer.  The  devices  use  the annular  sensing  chamber  filled  with
the  dyed  liquid  and  a sensing  microchannel  as  the  IOP  transducer.  Resulting  from  the  volume  variance
of  the  sensing  chamber  and  caused  by the  deformation  of  the  sensing  layer  under  pressure,  the  IOP
signal  is  detected  as  the  displacement  change  of the  dyed  liquid’s  interface  in the  sensing  channel,  and  in
which,  the  displacement  change  can  be optically  observed  by using  the  smart-phone  camera.  Based  on
the  silicone  rubber  model  eyeball,  the  sensing  mechanism  of  the  devices  with  different  design  parameters
(the  position  of  the sensing  chambers  and the dimension  of  the  sensing  channels)  are  explored  by  using
the  theoretical  analyses  and  experimental  investigations.  The  characteristics  of  these  microfluidic  contact
lens sensors  are  tested,  in which,  the  maximum  sensitivity  of the device  (with  the  sensing  chamber  of
8.5  mm  in  diameter  and  the  sensing  channel  of  100  ×  40 um  in size)  can  be  achieved  to  0.708  mm/mmHg
in a working  range  of  04̃0  mmHg.  Also,  cyclical  tests  were  conducted  and  indicated  that  the  devices  had  a

good  reversibility  and  Long-term  stability.  Furthermore,  the  device  (with  the  sensing  chamber  of  5.0  mm
in diameter  and  the  sensing  channel  of 150  × 40 um  in  size)  was  test  on  the  porcine  eyes  ex vivo,  showing
a  sensitivity  of  0.2832  mm/mmHg  in a range  of 83̃2  mmHg  and,  the  device  had  a good  reproducibility  to
its  IOP  change.  This  work  provides  a promising  approach  for  unpowered,  continuous  and  non-invasive
monitoring  of IOP.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Intraocular pressure (IOP) is a crucial physiological indicator of
he visual system [1]. Studies have shown that pathological increase
n IOP is the main cause of glaucoma [1–5], which is one of the three
eading causes of blindness in humans and affects 67 million people

orldwide now [5,6]. This is mainly because exorbitant IOP would

inch the optic nerve and cause the visual impairment [1,7]. Studies
how that, because of a lack of awareness of vision loss, glaucoma
atients may  have lost at least 50% of their vision irreversibly before

∗ Corresponding author.
E-mail address: chenlz@hust.edu.cn (L. Chen).

ttps://doi.org/10.1016/j.sna.2019.04.050
924-4247/© 2019 Elsevier B.V. All rights reserved.
their disease being diagnosed [8,9]. Thus, accurate screening of IOP
is the key for the diagnosis of glaucoma [1,9]. Currently, IOP screen-
ing was performed by measuring the IOP regularly over a day or
period of time with a handheld single measurement tonometer
[10], such as Goldman applanation tonometry (GAT) [11], to deter-
mine if IOP is too high. Its measuring results were accurate and
reliable. However, the patients need to be anaesthetized and pro-
fessional doctors are needed to operate the tonometer regularly
and uninterruptedly during the process, these make the measuring
complex, inconvenient and tiring. Thus, continuous and automatic
monitoring of IOP is of great significance [12].
Based on the need, some new technologies have been studied
for continuous IOP monitoring, including the ocular implantable
devices and smart contact lens. The implantable devices for IOP

https://doi.org/10.1016/j.sna.2019.04.050
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.04.050&domain=pdf
mailto:chenlz@hust.edu.cn
https://doi.org/10.1016/j.sna.2019.04.050
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ensing, such as LC wireless sensor [13–18], microfluidic devices
19] and optical implant [20], can measure the IOP directly, wire-
essly and continuously. However, the sensor implantation process
s invasive and requires surgery, causing it unacceptable for most
eople. Smart contact lenses as minimally invasive wearable plat-
orm for ophthalmological diagnostics and treatments have been
idely studied in recent years [21,22], including the tear glu-

ose monitoring [23–26], assistant management of the colour
ision deficiency (colour blindness) [27], drug dispensing for ocu-
ar disease treatment [28] and IOP sensing for glaucoma diagnosis
29–35]. As one of them, smart contact lens (SCL) for IOP sensing
re the devices embedded sensing elements on the soft contact
ens [21,29–35], it is non-invasive and can be wore on the cornea
o detect the IOP from the curvature change of the cornea [29].
s the IOP increase, the inflating cornea will drive the attached
oft contact lens to deform conformally, causing the inside sensing
lements deform and then lead to the changes in their electrical
roperties. Some sensing elements with different working prin-
iples have been integrated inside the lens, such as strain gauge
29–32], capacitor [33,34] and inductance [35]. Also, some different
ireless transmission technologies are applied on the devices, such

s the LC resonant wireless techniques [34,30–35] and RFID tech-
iques [22–24,30]. While these mechanoelectrical devices show a
ood prospect, its further developments are still restricted, because
f the potential health-issues of the powered RF electromagnetic
adiation to the human body and that, the low air permeability
f the electrical components and the mechanical mismatch of the
ensing elements with the cornea may  cause discomfort to the
uman eyeball [31].

Lately, as a branch of wearable microfluidics [36–38], microflu-
dic contact lenses [39] have been proposed and showed a promis-
ng prospect in diagnosis and treatment of ophthalmic, especially in
ear component analysis and controlled drug release for ocular dis-
ase treatment. While, as for IOP measurement, John Yan [40] had
resented the contact lens integrated with microfluidic pressure
ensor to detect the curvature change of the cornea. Similar to the
xisting wearable microfluidic devices for biophysical sensing (e.g.
actile sensing [41–44], strain sensor [45,46] and pulse pressure
ensing [47]), it intends to achieve the IOP continuous measuring
ased on the principle of liquid manipulation [36]. Because the IOP
easuring is carried out by using a camera to identify the displace-
ent of the dyed liquid in the sensing channel, this passive visual
easurement method would not produce RF electromagnetic radi-

tion and is considered harmless. Nevertheless, the devices they
repared were only tested on a plane force gage and had not real-

zed the IOP measuring on the curved surface, which means that,
he IOP sensing mechanism of microfluidic contact lenses has not
een studied. Well, in our previous study [48], we presented a use-
ul and robust approach to make wearable microfluidic lenses via

 combination of irreversible bonding and thermoforming tech-
ology. We  used plastic—PET (polyethylene terephthalate) and the
ilicone rubber—PDMS (polydimethylsiloxane) to prepare the con-
act lens, and integrated the PDMS material in the inner side of
ontact lens, to contact with the cornea. Since PDMS is soft, bio-
ompatible, highly oxygen-permeable, and it can be easily modified
ydrophilic [36], it makes the contact lens comfortable to wear
nd allows the devices to detect the cornea deformation varied
ith pressure. In addition, in our previous study [48], the device
as proved to be pressure-sensitive under the plane force. Thus
ere, based on the need, we employ it to realize the unpowered,
ontinuous and non-invasive monitoring of IOP on curved surface.

In this study, we explore the mechanism for sensing IOP on

urved surface by using the microfluidic contact lens sensors with
ifferent design parameters. The designs, simulations and perfor-
ances of these microfluidic contact lenses for IOP sensing are

resented.
rs A 295 (2019) 177–187

2. Experiments

2.1. Device working principle

Fig. 1(a) show the actual fabricated microfluidic contact lenses
with different design parameters. Fig. 1(b) illustrate the cross-
section of a microfluidic contact lens wearing fitted on the eyeball.
The microfluidic contact lenses comprise of a sensing layer of the
micropatterned PDMS and a hard PET reference layer, to form
the sensing chamber, sensing channels and the buffer chamber.
In which, the sensing chamber is filled with the dyed liquid and
works to feel the cornea deform. The long sensing channel is partly
filled with the red liquid and works to accommodate the spare
dyed glycerol which flows from the chamber. While, the out-flow
chamber is empty and its volume is designed much larger than the
liquid volume to prevent dye leakage. The IOP sensing principle
of microfluidic contact lens is similar with a micropump system.
As shown in Fig. 1(b) and (c), when the IOP is applied on the eye-
ball wall and increases, the cornea follows to deform, leading to
the sensing chamber being compressed. The volume of the sensing
chamber decreases, while the total volume of the liquid remains
the same during the process. So, the liquid in the compressed cham-
ber flow forward to the sensing channel, creating a displacement
change of the liquid interface in the sensing channel. In turn, as the
IOP released, the fluid would flow back due to the vacuum force
generated from the PDMS recovery. Combining Fig. 1(b)–(d), the
displacement of the liquid interface, �l,  and the sensitivity, t, can
be calculated as following:
{

�l ≈ −L · �S

wh
= −L

wh
· �S  (1)

{
t = �l

�P
≈ −L

wh
· �S

�P
(2)

{
�S = S2 − S1 (3)

{
L = Rϕ (4)

{
�V = −L · �S  (5)

Where �l  represents the displacement of red liquid in sensing
channel, t is the devices sensitivity; L, R and ϕ represents the length,
radius and angle of the annular distributed chamber; w and h is
the width and height of the rectangular sensing channel, respec-
tively; S1 and S2 is the sectional area of sensing chamber under
pressure of P0 and P0+�P, so, �S represents its variation; �V is
the volume changes of the chamber. From Eq. (2), by increasing
the length of the annular distributed chamber or decreasing the
sectional area of sensing channel, the device’s sensitivity can be
increased. Obviously, by using smart phone to optically detect the
fluidic displacement in sensing channel, the resulting IOP can be
determined.

2.2. Devices designs and fabrication

As shown in the Table 1, we design and fabricate the microfluidic
contact lenses with different dimension parameters (the position of
the sensing chambers and the dimension of the sensing channels).
These microfluidic contact lenses were all designed and fabricated
with the same sizes (with curvature radius of 8.0 mm and diam-
eter of 14.4 mm).  However, the microfluidic contact lenses were
manufactured by using chemical assisted bonding and next ther-
moforming technologies, in which, the micropatterned PDMS films

and the thermoplastic plastic, PET films, were first irreversibly
bonded to form the plane devices and then thermoformed to the
spherical. Since the devices were 3D stretched during thermoform-
ing, the width and height of the rectangular sensing chambers
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Fig. 1. Schematic illustration of the sensing principle of microfluidic contact lenses for IOP sensing. (a) Actual fabricated microfluidic contact lenses. (b) (c) Sectional view
and  top view of microfluidic contact lenses under different IOP of P0 and P0+�P; (d) Picture showed the sectional area change of sensing chamber.

Table 1
The designed dimension parameters and their variation levels.

Parameters The curvature radius and
diameter of lenses (mm)

The expected width and
height of chamber on
lenses (�m)

R: The diameters of the
sensing chambers (mm)
and its designed width and
height on wafer (um)

w × h: The width and
height of sensing channels
(�m)

o
o
f
a
m
c
a
o
W
h
(
t
o
a
d
r

levels 8.0 and 14.4 700 × 250

n contact lens have changed, compared with its original sizes
n plane. In our previous study, we have shown that thermo-
orming does not remarkably affect the channel distributions,
nd the spherical stamping process was similar to the process of
apping the annular distributed channel from plane to spheri-

al along the central axis. But, the channel distributions showed
 significant influence on the channel size; the width and height
f the outer distributed channel changed more than the inner.
hile we design the sensing chambers, with the same width and

eight of 700 × 250 �m but three different distributed diameters
with D1 = 5.0 mm,  D2 = 8.5 mm and D3 = 12.0 mm)  on these con-
act lenses. So according to the width and height’s change-rate

f different distributed channels after thermoforming, the width
nd height of these sensing chamber patterns on wafers were
esigned to be 670 × 255 �m,  610 × 260 �m and 485 × 300 �m
espectively. The cross sections of the three chambers after ther-
D1: 5.0 mm;  670 × 255 um 100 × 40
D2: 8.5 mm;  610 × 260 um 150 × 40
D3: 12.0 mm;  485 × 305 um 200 × 60

moforming were shown in Fig. S1 and their dimensions were
measured to close to 700 × 250 um.  Also, the angle: ϕ of the three
chambers was  designed to be 320◦, 330◦ and 336◦respectively. In
addition, the multi-circle distributed sensing channel, with total
length of 98.8 mm,  was designed with three levels of 100 × 40 �m,
150 × 40 �m and 200 × 60 �m,  respectively. But since the rectan-
gular sensing channels were very small and, the width of sensing
channel increased while the height of it decreased after thermo-
forming, its cross-sectional area varied little after the process.

Fig. 2 illustrates the fabrication process of these microfluidic
contact lenses, the process can be summarized as the following
five steps: soft lithography, silanization of the substrate, plasma-

treated bonding, thermoforming and liquid injection. For the
sensing layer, the micropatterned PDMS (Sylgard 184, MI,  USA)
was made by using the conventional photolithography and replica
molding techniques (soft lithography), Fig. 2(a–c). The replica mold
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ig. 2. Schematic illustration of fabricating microfluidic contact lenses. (a–c) The 

chematic of the process flow for PET treatment; (g) The picture of bonded PET-PD
late  into the spherical cap; (k–l) The schematic illustration of liquid injecting.

onsisted of a two-step SU-8 (Microchem, Inc.) process on the
ilicon substrate to, make the molding structures of the sensing
hannels and chambers with different dimension parameters. After
aking the 3-D mold, the non-curing PDMS (two components mix

n a 40:1 ratio and degassed) was poured onto the pattern, and
pin-coated at 500 rpm for 11.5 s. After curing at 80 ◦C for 90 min,
he PDMS layer were peeled off from wafer with a thickness of
pproximately 500 �m and a Young modulus measuring between
.242 to 0.277 MPa  under the small deformation (with six sam-
les separately subjected to the tensile and compression tests by
sing the international standards, ISO 37: 2005 and ASTM D575-91,
o experimentally determine their load–displacement data). The
hemical assisted bonding was completed by using silane coupling
gent, APTES (99%, Sigma-Aldrich, USA), to form silylation of the
urface of PET (silanization of the substrate), Fig. 2(d–f). During the
rocess, the PET membranes (0.2 mm,  posted up on wafer) were
rstly oxygen-plasma activated, resulting in the hydrophilization
f PET surface. The activated PET was then dipped into the pre-
ared solution (5%-concentration ratio; heated at 80 ◦C) for 20 min
o functionalize the surface of PET. Next, the PDMS and the function-
lized PET were oxygen-plasma activated to form Si–OH groups on
oth surfaces. Then, the two members were immediately brought

nto contact, and bonded, Fig. 2(g). The bonded devices were fixed
n a square clip and thermoformed into spherical under the action
f terrace die (curvature radius: 8.0 mm)  after it was  heated at
70 ◦C for 35 s, Fig. 2(h–j). Following, the edges of the thermo-
ormed devices were trimmed off and the contact lenses were

repared to a diameter of 14.4 mm,  Fig. 2(k). After that, a con-
rolled volume (with volume of 2.749 �L, 4.673 �L and 6.596 �L
or the three kinds of the thermoformed devices) of red glycerol
olutions was infused into the chambers. The red liquid was pre-
atic of process flow for manufacturing micropatterned soft-elastomer; (d–f) The
ssembly; (h–j) The schematic illustration of thermoforming progress to press the

pared in a ratio of 4:1:0.1 by mixing the harmless liquid, deionized
water and glycerol, to the colour dye (Acid Red G). After sealing
up the Injection port, the microfluidic contact lenses were finally
manufactured with a thickness of about 650 �m.  This thickness is
between the commercial silicone lenses, the Silsoft

®
lens [30] from

Bausch & Lomb, NY, USA (with a thickness of up to 710 �m and is
approved for an extended wear of 30 days) and the Triggerfish

®

contact lens sensor [31] (with a thickness of about 585 �m at the
center and is approved in clinical trials).

2.3. Finite element modelling

According to Eq. (1), the displacement is directly proportional to
the change of the cross-sectional area of the sensing chamber. So,
by using finite element modelling (FEM), we explored the influence
of different IOP to the cross-sectional area of the sensing chambers
with different distributions. The FEM was performed in COSMOL
simulations. Based on solid mechanics module, we  used the 2-D
axisymmetric model to replace the 3-D sphere for simulation. The
annular distributed sensing chambers, with same size of 700 × 250
um,  were set up with different diameters (D1 D̃3 = 5.0, 8.5 and
12.0 mm)  for analysis. While, boundary conditions were fixed at
the bottom of eyeball, and a pressure with range of 0 to 5.33 K Pa (0
to 40 mmHg) was  applied on inner wall of eyeball. Surface integral
was used to calculate the cross-sectional area of these chambers.

2.4. Characterization of microfluidic contact lenses for IOP

sensing

The contact lenses sensors were tested on the silicone rubber
model eyeball to characterize their IOP monitoring performance.
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Fig. 3. (a) the actual model eyeball; (b) Schematic illustration of the testing setup
for  microfluidic contact lenses.

Table 2
Design parameters of the model eyeball.

Radius of curvature (mm)  8.0

F
p
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t
t
c
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t
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d
o
t
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s
b
e
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t
c
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r
m
t
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w

Thickness of the rubbery cornea (um) 500
Poisson ratio 0.49
Elastic modulus of the silicone rubber (MPa) 0.850̃.93

ig. 3(a) shows the actual model eye, while Table 2 shows its design
arameters (see the Fig. S2 for its detailed dimension parameters).
he model eye was fabricated by using the PDMS material, in which,
he PDMS and its curing agent was first mixed in a 15:1 ratio and
hen cast into the mold (with curvature radius of 8.0 mm).  After
uring at 80 ◦C for 90 min, the silicone rubber was peeling off
rom the mold with a Young modulus measuring between 0.851
o 0.928 MPa  (six samples were separately subjected to the tensile
nd compression tests by using the international standards, ISO 37:
005 and ASTM D575-91, to determine their load–displacement
ata under small deform). After that, the spherical PDMS was  fixed
nto a custom fixture by using an instant strong adhesives and
he model eye was finally made up. Fig. 3(b) shows the testing
et up to characterize the devices performance. In which, a T-
haped fluidic interconnect was introduced and connected with
he fixed model eye and the pressurization device. As for the pres-
urization device, a bag with saline was drove up and down by the
all bearing lead screw mechanism to load pressure on the model
yeball through the medical catheter. While, a pressure sensor
PX273–300DI, Omega Engineering Inc., USA) was  connected with
he remaining port of the T-shaped interconnect to independently
haracterize the loop IOP. An industrial optical microscope (GP-
60V, GAOPIN. inc, China), with CCD pixels of 200 million, frame
ate of 45 fps @1920×1080, electronic magnification of 14–90 and
aximum view field of 52×38 mm,  was used to detect the posi-

ion of liquid in the sensing channel of microfluidic contact lens.

hrough the upper computer, the signal of pressure sensor and the
CD signal can be received, also, the stepper motor can be con-
rolled to load static or dynamic pressure on the model eyes. The IOP
as controlled between 0 mmHg  to 40 mmHg  in the tests and the
rs A 295 (2019) 177–187 181

tests were conducted in a thermostatic chamber (with temperature
of 20 ◦C).

3. Results and discussion

3.1. FEM result

Fig. 4(a) shows the simulation illustration of three sensing
chambers with diameters of 5.0, 8.5 and 12.0 mm (the results
obtained by setting the three chambers in one contact lens are the
same as the results of setting the three chambers in three contact
lenses separately). According to the measured Young’s modulus,
the sensing layer was  modeled as an elastic material, with a com-
pressive modulus setting of 0.25 MPa. Also, the model eye was  set as
an elastic material, with a modulus of 0.9 MPa. Fig. 4(b) and (c) show
the result of the device under 40 mmHg  pressure, the stress dia-
gram and displacement diagram. The two  inner sensing chambers
(with D1 D̃2 = 5.0 and 8.5 mm)  was found to be squeezed, its cross-
sectional area was calculated to be down. So, the liquid in these
compressed chambers would flow to the sensing channel under
pressure. While, for the out distributed chamber (D3 = 12.0 mm),
it was  lateral shifted and stretched, its cross-sectional area was
computed to be increased. Thus, theoretically, its experimental
phenomenon will be the opposite. When the IOP increases, its liq-
uid would flow out from the sensing channel to the chamber, due
to the vacuum force generated from the chamber volume increase.
Fig. 4(d) shows the cross-sectional area of the three chambers
varied with pressure. The chambers with distributed diameters,
D1 = 5.0 mm  and D2 = 8.5 mm,  show the same trend. With the pres-
sure increase, their cross-sectional area down linearly. But, the
more inside chamber (D1 = 5.0 mm)  decreases more. The chamber
with the outset distributed, D3 = 12 mm,  show a contrary trend.
Its area rises (with pressure at 0–32 mmHg) nonlinearly with the
increase of pressure, in which, the change rate gradually decreases
to zero. For the pressure at 32 to 40 mmHg, the area decreases but
the reduction is very small. Fig. 4(e) shows the volume changes
(�V = −L · �S) of the three chambers varied with pressure, their
change trend is as same as that of the cross-section area. However,
the sensing chamber of 8.5 mm in diameter shows a bigger change,
compared with the chamber of 5.0 mm,  this is mainly due to that
its length (L) is longer.

3.2. Devices sensitivity

The microfluidic contact lenses were put on the silicone rubber
model eye, and fitted well with its surface. Based on the pres-
surizing system, their static performance were tested. The model
eye was  pressurized between 0 to 40 mmHg, the displacement
changes and the pressure after stabilization were recorded. Fig. 5
shows the experimental output displacement of these microflu-
idic contact lenses varied with the input pressure. Fig. 5(a) shows
the results of the devices, having same distributed chamber of
5.0 mm in diameter but different sensing channel of 100 × 40,
150 × 40 and 200 × 60 �m in dimensions. The sensing responses
of the three devices varied linearly with IOP (with R2 = 0.973,
0.977 and 0.970 respectively). The three devices showed the pos-
itive displacement changes and had a sensitivity of 0.607, 0.395
and 0.223 mm/mmHg  respectively. The result indicates that, the
device sensitivity would increase with the decrease of the sec-
tional area of the sensing channel, since their sensing chambers
deform same under same pressure. Fig. 5(b) shows the results of

the devices with same distributed chamber of 8.5 mm  in diam-
eter but different sensing channel. The sensing responses of the
three devices also varied linearly with IOP (with R2 = 0.976, 0.966
and 0.968 respectively) and showed the positive displacement
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ig. 4. FEM results of microfluidic contact lens. (a) Simulation illustration; (b) and
eformation respectively; (d) and (e) Comparison of the sectional area and the volu

hanges. While, the three devices had a higher sensitivity of 0.708,
.474 and 0.273 mm/mmHg  respectively, compared with the inner
istributed chamber (D1 = 5.0 mm).  This is consistent with the sim-
lations that its volume change was larger. Besides, the longest
istance that the red liquid moves to was found to be 26.1 mm,
nder IOP of 37.4 mmHg  (the device with sensing channel of

00 × 40 �m in dimension), so there is still a long distance to the
ut-flow chamber. As shown in Fig. 5(c), for the group with outer
istributed chamber of 12.0 mm,  it showed the same phenomenon

n sensitivity, the devices with smaller sensing channel size showed
ctional view of the sensor with a pressure of 40 mmHg in relation to its stress and
ange of the three chambers varied with pressure.

a stronger response. However, the devices showed a negative dis-
placement. When the pressure increased, the liquid flowed from
the sensing channel to the sensing chamber; and when the IOP
decreased, the liquid flowed back to the sensing channel (see the
Movie.S1). This is corresponded to the simulation results that the
chamber’s sectional area rises with the increase of IOP, causing the

liquid move opposite. Also, similar to the change trend of sim-
ulation, their response became highly non-linear and saturated
under high pressure (27 to 40 mmHg). We use the quadratic poly-
nomial fitting to deal with the non-linear response and it shows
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Fig. 5. Experimental investigations on the device sensitivity. (a) For the devices with same distributed sensing chamber of 5.0 mm in diameter but different in dimensions
of  the sensing channels; (b) For the devices with same distributed sensing chamber of 8.5 mm in diameter; (c) For the devices with same distributed sensing chamber of
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2.0  mm in diameter; where the measurement results (dots) with the correspondin
solid lines).

he coefficient of determination with R2 = 0.952, 0.949 and 0.936,
espectively. It was also found that the sensitivity of the measure-
ent results with the corresponding fitting curves are higher than

hat of the theoretical predictions, this might be caused by many
actors such as that the central axis of contact lens and the cen-
ral axis of model eye was not aligned during the test, the sensing
hannel also deformed during the test or their existed deviation
etween the mechanical strength of the actual model eye or PDMS
ensing layer with that of the simulation setting.

.3. Device reversibility, response time and long-term stability

Since the sensing responses of the microfluidic contact lenses,
ith same distributed chamber of 5.0 mm in diameter, were linear;
e use them to investigate the reversibility of the sensors under

epetitive loads. In which, the model eye was cyclically pressur-
zed by using the slow stair-case stimulus and the quick Max/Min
timulus, the images of the sensors were taken every second to
ecord the displacement changes. Fig. 6(a) shows the results of
hese devices with different sensing channels of 200 × 60, 150 × 40
nd 100 × 40 �m in dimensions, from top to bottom. As for the
low stair-case stimulus, the three devices were able to follow the
hanges of IOP in time. While, for the quick Max  / Min  stimulus,
t was found that their displacement changes lagged behind the
ressure change, especially for the two devices with small sensing
hannels. Also, compared their dynamic feedback, it can be con-

luded the tracking characteristics of the devices become better
ith the dimension of sensing-channel increase. This is mainly due

o that the sensing channel become smaller, causing the channel
oop resistance increase. In particular, since the human IOP usually
ng curves (dashed lines) are plotted against the theoretical predictions from Eq. (1)

change slowly, the sensors can satisfy the use. Overall, the sensor
can respond to the cyclic loads within the applied IOP, suggesting
a good reversibility (see the Movie.S2).

Since the liquid circuit of the pressurizing system is long, it can-
not apply a step signal to the model eye. To determine the time
constant of the devices, a force gage connected to a step motor
was adapted to apply step pressure to the sensing chamber and the
images of the sensors were taken every 0.1 s to record the posi-
tions of the liquid interface. Fig. 6(b) show the result, the time
constant of the three sensors were 0.33 s, 0.81 s and 1.19 s respec-
tively, the device with large sensing channel shows a lower time
constant.

Long-term stability and absence of signal drift are important
for IOP sensing, since the contact lens sensor would be wore on
the eyes for long time measuring. The long-term stability test was
completed by operating the device (with chamber of 5.0 mm in
diameter and sensing-channel of 200 × 60 �m in dimensions) in
the high IOP (35 mmHg) state or low IOP (10 mmHg) state for long
time (1 h) alternately. The test was  conducted by increasing the
pressure to the high IOP state firstly, and then turned the IOP state.
After 3 cycles, the device was  turned to the Minimum. Fig. 6(c)
shows the long-term testing resulting in a stable displacement for
different IOP state, suggesting a good Long-term stability of the
device.

3.4. Demonstration of microfluidic contact lens on porcine eyes

ex vivo

To demonstrate the adaptability and utility of the microfluidic
contact lens sensor on real eyes, we applied the devices to test on
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Fig. 6. (a) the displacement response of three devices with different sensing channels (with size of 200 × 60 �m,  150 × 40 �m and 100 × 40 �m, from top to bottom) to the
r ee sen
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epetitive loads. (b) The displacement change showing the time constant of the thr

he porcine eye ex vivo for continuous IOP sensing. The porcine eye
as fresh enucleated, in particular, the central area of the porcine

ye cornea was approximately spherical (with curvature radius of
pproximately 7.95 mm)  while its outer side tended to be flat, the
ontact lens with the original diameter of 14.4 mm could not be
tted. Therefore, we cut the contact lens smaller (with diameter
f 10 mm)  and, take the devices with a sensing chamber of 5 mm
n diameter and a sensing channel of 150 × 40 �m in size to con-
uct the experience. In addition, the T-shaped fluidic connector was
lso used to connect with the pressurization system and the digital
ressure sensor respectively, while the remaining interface of the
onnector was linked with a needle (24 G). The needle was  insert
nto the porcine eye so as to load pressure on the eye wall.

Fig. 7(a) shows the microfluidic contact lens attaching to the
orcine eye surface to detect the cornea deformation which was
aried with IOP. Fig. 7(b) shows three cycles of increasing and
ecreasing pressure between 8 and 32 mmHg  during the pressur-

zation experiments, in which, the slow stair-case stimulus was
sed to load pressure on the devices. The blue line represents the

OP, while the red line represents the displacement of the liquid
nterface. The dynamic demonstrates that the proposed microflu-
dic contact lens sensor can successfully transfer the deformation
f the porcine eye ex vivo to the liquid interface displacement (see
he Movie.S3). Fig. 7(c) shows the variation of output displacement
o the input IOP, the red points and blue points represent the dis-

lacement response to different input pressure in increasing and
ecreasing steps, respectively, while the black line represents the
rend line of the sensor response. The microfluidic sensor showed
sors. (b) Long-term stability test.

a positive displacement changes and varied linearly with the pres-
sure (with R2 = 0.9693). The sensitivity of device on porcine eye for
IOP sensing is 0.2832 mm/mmHg  and is lower than that on the sili-
cone rubber model eye. This might be caused by that, the diameter
of the device for test was smaller or the mechanical properties of
the pig eye was higher than that of the model eye. In addition, the
displacement repeated similarly with the same input pressure in
different cycles of increasing and decreasing steps, indicating that
the microfluidic sensor has a good reproducibility and has a stable
trend in stability when the input pressure changes.

3.5. Discussions

Table 3 shows the comparisons results of this study among the
related contact lens sensors for IOP sensing with different designs.
This study and John’s study [40] show the same target of unpow-
ered, continuous and non-invasive IOP sensing by using the contact
lens integrated with microfluidic sensor. The major difference is
that we use the thermoplastics—PET to manufacture the contact
lens. This enables us to thermoform the devices at the lower tem-
perature, 170 ◦C for 35 s, so as to not affect the characteristics of
PDMS. While, their devices can only be prepared at high temper-
ature (300 ◦C for 5 min), resulting their devices to age yellow [49]
and become unwearable for eyes [48]. Moreover, the hard prop-

erty of the PET reference layer can ensure the devices more stable,
especially for long term-monitoring on the living body, compared
with these related contact lens sensors [30,34,40]. Since it is more
resistant to the circadian interference, such as blinking [50]. In
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Fig. 7. (a) Picture of the microfluidic contact lens wearing on the porcine eye ex vivo; (b) Variation of displacement and IOP during three cycle increasing and decreasing
pressure. (c) The displacement response of the devices on porcine eye.

Table 3
Comparison results of this study with the related contact lens sensors for IOP sensing.

This study [30] [34] [40]

Method Unpowered and noninvasive Noninvasive Noninvasive Unpowered and noninvasive
Material PET and PDMS PDMS Silicone rubber Full-PDMS
Manufacture Thermoforming (170 ◦C for 35 s) Integrating Integrating Thermoforming (300 ◦C for 5 min)
Wearability wearable wearable wearable unwearable
Sensor type Liquid-displacement Resistive Capacitive Liquid-displacement
Pressure Sensitivity Maximum: 0.708 mm/mmHg 113 �V/mmHg (11-30 mmHg) 23 KHz/mmHg (0-45 mmHg) 0.6 mm/mmHg (01̃0 mmHg);

a
p
r
g

c
i
n
t
c
w
u
i
t
f
c

4

c
i
t
m

(dynamic range) (04̃0 mmHg)

ddition, Table 3 also shows that the proposed IOP sensor can
rovide higher sensitivity (0.708 mm/mmHg)  and large working
ange (0–40 mmHg) at the same time, this ensures the devices with
reater serviceability.

Furthermore, to meet the requirements of future point-of-
are glaucoma diagnosis, our microfluidic contact lens could be
mproved from fabrication. First, the PET film with thinner thick-
ess could be used and the PDMS sensing film could be processed
hinner, to reduce the thickness of microfluidic lenses. So, better
omfort could be improved and ensures our devices with long-term
earability on human eyes. Moreover, the red dye of functional liq-
id could be replaced by others, such as sodium fluorescein (a main

ngredient of an eye-drop to check the corneal abrasions). Hence,
he functional liquid could be ensured with better biocompatibility
or eyes, despite its hardly possible to leak out through the out-flow
hamber.

. Conclusions

We  have presented the microfluidic contact lens sensors that

ould provide unpowered, continuous and non-invasive IOP mon-
toring. The sensing principle is based on that, the deformation of
he sensing chamber under pressure would cause the visible move-

ent of the dyed liquid. The theoretical model has been proposed
0.13 mm/mmHg (04̃6 mmHg)

and the FEM simulation was conducted to explore the sensing
mechanism and sensing sensitivity under different design param-
eters (the positions of the sensing chamber and the dimensions
of the sensing channel). The characteristics of these sensors are
experimental investigated. The results indicate that, for the groups
of the inner distributed chamber (with diameters of 5.0 mm  or
8.5 mm),  the chamber volume decreased with the IOP rising and
caused the liquid moving from the chamber to sensing channel;
also, their displacements are linearly corresponded to the IOP. For
the group of the outer distributed chamber, the chamber volume
increase with the IOP rising and the liquid movement is opposite;
meanwhile, its displacement response is non-linear. The tests indi-
cate that the sensing sensitivity decreased with the sizes of the
sensing channel increase, and the maximum sensitivity could be
achieved to 0.708 mm/mmHg  in a working range of 0–40 mmHg
(with the sensing chamber of 8.5 mm in diameter and the sensing
channel of 100 × 40 um in size). Also, cyclical tests were conducted
and indicated that the devices had a good reversibility and Long-
term stability. Moreover, the device (with the sensing chamber of
5.0 mm in diameter and the sensing channel of 150 × 40 um in

size) was  test on the porcine eyes ex vivo, showing a sensitivity
of 0.2832 mm/mmHg  in a range of 8–32 mmHg  and, the device had
a good reproducibility. This work provides a promising approach
for unpowered, continuous and non-invasive IOP monitoring.
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