
A parylene-based intraocular pressure sensor.

IINTRAOCULAR PRESSURE (IOP)
is important for the prevention and
treatment of certain human eye diseases.
For example, glaucoma is the second
leading cause of blindness in the world
according to the World Health Organi-
zation [1]. The majority of glaucoma
patients have an IOP > 20 mmHg
(compared with a normal IOP of
�10 mmHg), which could damage
patients’ optic nerves in the backside of
the eye and cause irreversible blindness.

Currently, there is no cure for glau-
coma, but with early diagnosis and pro-
per treatment, the visual loss can be
slowed or eliminated. Due to the lack of
other symptoms or pain, and the eye’s
ability to compensate for loss of periph-
eral vision, many glaucoma patients are
unaware of the disease’s development
until it is severe. In fact, only half of the
patients in the United States are aware of
having glaucoma. Therefore, early diag-
nosis and treatment are important to

prevent blindness. Thus, a device to diag-
nose early-stage glaucoma is in demand.

As IOP is a convenient biomarker of
glaucoma, clinics generally measure an
individual’s IOP to determine the pres-
ence of the disease. Current clinical IOP
measurement is typically done with ap-
planation tonometry. There are primar-
ily two types of applanation tonometers,
and both are nonimplantable. The first
type of applanation tonometers uses a
physical-contact approach to touch the
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cornea, and the area of the flattened por-
tion is determined by an ophthalmolo-
gist. The IOP can then be calculated by
the given applanation force and flat-
tened cornea area [2]. The other type of
applanation tonometer, named pneu-
motonometry, obtains IOP by puffing
an air jet onto the eye and measuring the
flattened portion of the cornea optically
[3]. Due to its noncontact characteris-
tics and more accurate optical measure-
ment, pneumotonometry can provide
more accurate IOP information than
does the contact approach. However,
the cornea’s mechanical properties and
thickness do vary from person to person,
so the assumed cornea properties would
always introduce errors. Interestingly, it
is also reported that, depending on daily
activities, a person’s IOP can actually
raise to as high as 25 mmHg (i.e., above
the glaucoma threshold IOP) while the
IOP measured in the clinic actually
shows a normal value [4]–[8]. There-
fore, monitoring of a patient’s IOP
should be done continuously, 24 hours/
seven days a week. Unfortunately, current
applanation tonometers cannot provide
this capability, as they are only clinical
equipment. Therefore, an implant sensor
that can monitor IOP continuously and
wirelessly is highly desirable [9].

Either active or passive approaches
can be adopted to fulfill the telemetric
pressure sensing [9]. Although the
active devices are more likely to provide
more functions, they tend to consume
more power during operation. There-
fore, power supply is a big issue. In addi-
tion, an active implant may require a
significant size, which is of special
concern for intraocular placement.
However, with the infusion of micro-
electromechanical systems (MEMS)
technologies, miniaturized telemetric
pressure sensors have already been de-
veloped for physiological pressure sens-
ing applications such as intracranial
pressure monitoring by Leung et al.
[10]. For IOP measurement, McLaren’s
IOP sensor had a commercial transducer
implanted on the dorsal neck of rabbits
and a catheter going to the anterior
chambers [11]; Mokwa’s IOP sensor
was designed to be implanted in the lens
of the eye [12]; Leonardi et al. built a

thin microfabricated platinum–titanium
strain gauge on a soft contact lens that
can be worn directly on the cornea [13];
Chow et al. designed a tadpole-shaped
IOP sensor that would curve along the
rim of the anterior chamber after device
implantation [14].

As seen from the above examples,
there could be different approaches for
active IOP sensing. In any case, one
must collectively consider the implant
size, placement, and the correspondent
surgical procedures since the eye is a
small and delicate organ and has limited
space inside. Here, passive IOP sensors
may have many advantages over the
active ones in terms of smaller size, little
or no power consumption, and easier
surgery. One especially interesting pas-
sive IOP approach is to use inductor/
capacitor resonant circuit (LC)-tank-
based sensors with a pressure-dependent
capacitor and/or inductor. This ap-
proach has also been studied for decades
and is well established [15]–[18]. Dif-
ferent physiological pressure monitoring
has been achieved using passive teleme-
try. For example, DeHennis and Wise
have adopted the technique to monitor
transcutaneous pressure [19] and Fon-
seca et al. utilized it for pressure

monitoring of abdominal aortic aneur-
ysms (AAAs) [20]. For IOP implants,
Collins published the first passive wire-
less transensor implantable in the ante-
rior chamber in 1967 adopting the
LC-tank resonant circuit to measure
IOP [21]. Backlund et al. modified Col-
lins’ IOP sensor design using a capaci-
tive sensor manufactured by a silicon
fusion bonding technique [22]–[24].
The capacitor was connected to a hand-
wound coil made of 50-lm gold wire to
form an LC-tank resonant circuit, and
the entire system was encapsulated with
silicone for biocompatibility.

This work presents our effort to
develop a telemetric-implantable IOP
sensor using an LC-tank resonant circuit.
In fact, our group presented a flexible
parylene-based IOP sensor in 2010 [25].
The sensor had one inductor and one
capacitor combined in series as a passive
LC-tank resonance circuit. The IOP
sensor was implanted into the anterior
chamber and anchored on the iris, as
shown in Figure 1(a). Figure 1(c) shows
the in vivo test of Chen’s IOP sensor in
a rabbit eye. The resonant frequency
shift was registered by an external oscilla-
tor circuit through a wireless inductive
coupling link. The external interrogating

(a)

(b) (c)
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FIGURE 1 (a) Wireless sensing concept of an implantable IOP sensor in the anterior chamber, (b) the
glass reader paradigm (published by Chen in 2010 in Fig. 2(a) [25]), and (c) a real IOP sensor in vivo
tested in a rabbit eye (published by Chen in 2010 in Fig. 18(b) [25]).
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circuit could be designed and integrated
into a pair of glasses as shown in
Figure 1(b). With the sensor’s principle
shown in Figure 2(a), when the sur-
rounding pressure increases, the capaci-
tance increases as the sensing plate
deforms concavely, introducing resonant
frequency shifts to the lower range.

Although the IOP sensor could suc-
cessfully measure the pressure information

of the eye, the anchoring of the sensor
was still an issue. In Chen’s work, a
modified iris retractor was attached to
the bottom of the IOP sensor so that
the sensor can anchor on top of the iris
after implantation. However, the iris
would contract or expand frequently
and the iris retractor might get loose.
In addition, due to the high loss tangent
of the eye fluid in the anterior chamber,

the LC tank’s quality factor was
degraded, and the sensing distance is
reduced just like other wireless sensors
[20], [25], [26].

To overcome these problems, a new
IOP sensor structure is developed. We
keep the sensing part design similar to
our previous device, which is composed
of a sensing inductor and a sensing
capacitor [Figure 3(a)]. A pressure
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FIGURE 2 Resonant frequency shift corresponds to the applied pressure: (a) frequency decreases as the capacitance increases, (b) no frequency shift
observed when no pressure difference exists, and (c) frequency increases as the capacitance decreases.
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access hole connecting the chamber of
the sensing capacitor and outside is cre-
ated during device fabrication. The pres-
sure access hole allows an implantation
tube to be attached to the backside of
the device to cover the access hole as
shown in Figure 3(b).During device
fabrication, a biocompatible epoxy is
applied to seal the gap between the
implantation tube and the sensing part
to make it airtight and also to ensure the
device’s biocompatibility.

The newly designed IOP sensor
could be placed with an implantation
tube penetrating the eyeball choroid
through the pars plana while the sensing
part remains outside the choroid but
under the conjunctiva of the eye, as
shown in Figure 4. This kind of place-
ment is similar to that of [27].

In addition, this work also includes a
designed passivation to retain the high
quality factor of the device. Although
the sensing coil is kept outside the eye-
ball in this new implantation, the tissue
under the conjunctiva still imposes
power absorption so that the sensor’s
quality factor is reduced. To counter this,
we adopt an approach of parylene-C
passivation in which adequate parylene-
C is deposited to contain the electric
field induced between different coils. By
quantitatively measuring the effect of
parylene-C passivation with different
parylene-C thicknesses, the results show
that the quality factor of the sensing coil
immersed in saline can indeed be recov-
ered to the original value as in air, and the
passivation enables to sense longer dis-
tances after implantation. As shown in
Figure 5, it is concluded that an extra 20-
lm parylene-C passivation layer applied
on top of the original sensing coil, on
which already has 15-lm parylene-C
covered, helps maintain the high quality
factor of the sensor when it is covered by
human body tissues.

SENSING THEORY AND THE
DEVICE DESIGN

SENSING SCHEME

The wireless sensing scheme is shown in
Figure 6. The right electrical circuit con-
sisting of a resistor, an inductor, and a
capacitor represents the implanted IOP

sensor, and its resonant frequency can
be expressed as [26]

fs ¼
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Ls Cs
�R2

s

L2
s

s

ffi 1
2p

ffiffiffiffiffiffiffiffiffiffi
Ls Cs
p if R2

s �
Ls

Cs
, (1)

where Rs , Ls , and Cs represent the
resistance, inductance, and capacitance
of the sensor, respectively. The equiva-
lent impedance viewed from the external

coil reader and apparatus is derived as
[18], [20], [28]:

zeq ¼ j2pfLr 1þk2

f
fs

� �2

1� f
fs

� �2

þ 1
Q s

j
f
fs

2
6664

3
7775,

(2)

where f is the excitation frequency and
k is the coupling coefficient of the
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FIGURE 3 The new IOP sensor design: (a) top view of the sensing part and (b) AA0 cross-section
view of the IOP sensor.
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FIGURE 4 The newly designed IOP sensor is implanted at the pars plana with the implantation tube
going through the choroid while the sensing part still remains outside the choroid but under the con-
junctiva of the eye.
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inductive link depending on the dimen-
sions and separation of the coupled coils
[17]–[20], [28]. Q s , the quality factor
of the sensor at the resonance, can be
represented as

Qs ¼
1

Rs
ffiffiffiffiffiffiffiffiffiffi
Ls Cs
p : (3)

When the sensor is excited at the reso-
nant frequency, Zeq, (2) becomes

Zeq ¼ j2pfs Lr(1þ jk2Q s ), (4)

and its phase dip magnitude can be
approximated as

D/ ffi tan�1 (k2Q s ), (5)

when the capacitance of the IOP sensor
changes, (3)–(5) show that the impedance
phase dip shifts to either lower or higher

frequency, which can be detected by a
network analyzer.

ELECTRICAL AND MECHANICAL

DESIGN OF THE DEVICE

The electrical design of the IOP sensor
can be explained by the well-developed
equations as follows [15], [25], [29].
The inductance of the spinal coil can be
represented as

Ls ffi
l0n2davgc1

2
ln

c2

F

� �
þ c3F þ c4F 2

h i
,

(6)

where n is the number of turns of
the inductor, davg is the averaged dia-
meter of the coil windings, F ¼
(dout � din)=(dout þ din) is the fill factor
of the coil windings, and c1 � c4 are

constants determined by the winding
geometry. The coil winding inherently
comes with a resistance and can be cal-
culated as

Rs ¼
ql

wd(1� e�h=d)
, (7)

where q is the electrical resistivity of the
metal and w and h are the metal line
width and height, respectively. d is the
frequency-dependent metal skin depth
that can be written as

d ¼
ffiffiffiffiffiffiffiffiffi
q

pf l

r
, (8)

where l is the magnetic permeability of
the metal. The capacitance of the IOP
sensor is given by

Cs ¼ Cs , g þ Cs , p, (9)

where Cs , g is the capacitance of the par-
allel metal plate capacitor at the center
of the IOP sensor and Cs , p is the para-
sitic/stray capacitance introduced by
other components in the entire device.

To have a detectable impedance phase
dip shift, a deformable circular metal plate
was designed at the center of the IOP
sensor. Once the plate deforms either
downward or upward, the capacitance of
the parallel-metal-plate capacitor changes
and impedance-phase dip shifts can be
registered. The deformation of the metal
plate corresponding to the pressure differ-
ence can be predicted as [30]:

w(r) ¼ DPa4

64D
1� r

a

� �2
� �2

, (10)

where Dp is the pressure difference, r is
the radius calculated from the center of
the plate, a is the diaphragm radius, and
D is the flexural rigidity of the diaphragm.

In our new sensor implantation ap-
proach, the sensing metal plate deforms
convexly with higher surrounding pres-
sure transmitted to the metal diaphragm
capacitor chamber through the im-
plantation tube. According to (1), this
higher eye pressure causes the capaci-
tance to reduce and, thus, the resonant
frequency shifts to a higher range, as
described in Figure 2(c).
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FIGURE 5 Quality-factor versus thickness of an extra parylene-C passivation layer. Recovering is
achieved by covering the IOP sensor with several 5-lm thick parylene-C layers. The original pary-
lene-C covered on top of the sensing coil is 15 lm thick.
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DEVICE FABRICATION
AND CHARACTERIZATION

DEVICE FABRICATION

The fabrication procedure of the sensing
coil is shown in Figure 7. The sensing
part was made of a parylene–gold (3-lm)–
parylene sandwich structure. The first
layer of 5-lm parylene-C was deposited
on top of a layer of sacrificial photoresist.
The pressure access hole with 180 lm in
diameter was opened by oxygen plasma.
A 3-lm Ti/Au was deposited on top of
the first-layer parylene-C and patterned.
The distance between two capacitor
metal plates was designed as 10 lm and
was achieved by spin coating and pat-
terning a 10-lm thick sacrificial photo-
resist. A second layer of parylene-C was
deposited to cover and protect the 3-lm
Ti/Au, followed by a 0.5-lm Ti/Au
deposition. The third parylene-C layer
was then deposited, and the configura-
tion of the sensing part was patterned by
oxygen plasma. The sensing part was
finally released from the substrate by
soaking in acetone. The completed sens-
ing part is shown in Figure 8(a).

After completing the fabrication of
the sensing part, the implantation tube
was attached onto the backside, as
shown in Figure 8(b). The inner diame-
ter of the implantation tube was chosen
as 320 lm to fully cover the pressure
access hole. The outer diameter of the
implantation tube was 450 lm. The im-
plantation tube was manually mounted
onto the sensing part. A precision XYZ
stage was used to control the position of

the implantation tube that was maneuvered
to be concentric with the pressure access
hole. The implantation tube and sensing
part were glued together with a few
drops of biocompatible epoxy.

DEVICE CHARACTERIZATION

The completed IOP sensor was then
integrated to a bigger testing capillary
tube and sealed by photoresist, as shown
in Figure 8(c). The inner diameter of
the testing tube was chosen as 500 lm
to accommodate the implantation tube.
The completed sensor with testing capil-
lary tube assembly was left overnight to
dry the photoresist.

The device characterization setup
is shown in Figure 9. The whole IOP
sensor assembly was mounted onto a
pressure characterization setup. During
characterization, an HP 4195A net-
work/spectrum analyzer was hooked up
with a 1.5-mm-diameter hand-wound
coil serving as the reader coil. The
characterization signal was accessed via a
data acquisition system and then ana-
lyzed in a personal computer. The quali-
fied IOP sensor was released by soaking
the whole assembly in acetone to
remove the photoresist. The final IOP
sensor is shown in Figure 8(d) and is
ready for the next in vivo/ex vivo test.

1) Sacrifical Photoresist Coating and Patterning
2) First Layer Parylene Deposition and Patterning (5 μm)

1) First Layer Ti/Au Deposition and Patterning (3 μm)
2) Sacrifical Photoresist Coating and Patterning (10 μm)
3) Second Layer Parylene Deposition and Patterning (8 μm)

1) Second Ti/Au Deposition and Patterning (0.5 μm)
2) Third Layer Parylene Deposition and Patterning (7 μm)

1) Device Released in Acetone

Silicon Photoresist Parylene Ti/Au

FIGURE 7 Fabrication procedures of the sensing part of the IOP sensor.

(a) (b) (c) (d)

FIGURE 8 IOP sensor fabrication and assembling results: (a) the completed sensing part, (b) an implantation tube attached onto the backside of the sens-
ing part concentric with the pressure access hole, (c) an IOP sensor mounted to the testing tube by photoresist, and (d) the final IOP sensor.
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CHARACTERIZATION RESULTS
The benchtop characterization results
are shown in Figure 10. The results
show that the resonant frequency was
379 MHz when the applied pressure dif-
ference was 0 mmHg. When the applied
pressure difference increased, the reso-
nant frequency shifted to the right, as
expected, because the metal plate
deformed convexly. The IOP sensor’s

electrical parameters were obtained and
shown in Table 1.

As the sensing part can always be
maintained exposed outside the anterior
chamber, the quality factor drop caused
by the lossy medium is largely alleviated
in this work. Therefore, the new implant
possesses a farther sensing distance than
the one implanted right in the anterior
chamber, which was originally designed

to have a 2.5-cm sensing distance. The
new design enables a glass reader para-
digm to accomplish autonomous, con-
tinuous, and wireless IOP monitoring.
The result of sensitivity analysis is shown
Figure 11. The sensitivity of the IOP
sensor is defined as [26]

@R
@(DP)

				
				
DP¼0

, (11)

where R is the frequency ratio defined as

R ¼ fmin

fmin (Dp¼0)
: (12)

A sensitivity of 542 ppm/mmHg was
obtained for the IOP sensor, correspond-
ing to the responsivity as 205 kHz/
mmHg. With a properly designed high-
resolution external coil reader, the
IOP sensor can resolve the pressure dif-
ference< 1 mmHg, which is suitable for
glaucoma diagnostics.

QUALITY FACTOR
RECOVERY STUDY
As mentioned in [25], the quality factor
of the transmitting coil, i.e., transmitting
resonant tank, dropped significantly
when implanted in the anterior chamber,
which resulted in a great reduction of
sensing distance. As the loss tangent rep-
resents the power loss in the medium,
this quality factor drop is due to the high
loss tangent of the eye fluid in the ante-
rior chamber. The loss tangent value of
saline is reported at about 0.2 [20], [31],
which is much higher than of the air and
close to that of body tissue and eye fluid.
This means that the electromagnetic
energy of the IOP sensor dissipates more
easily in the anterior chamber. Although
in our work, only the implantation tube
penetrates into the eyeball and leaves the
sensing part under the conjunctiva, the
quality factor can still drop due to the
covering human body tissues.

Therefore, to restore the high quality
factor, quantitative investigation has also
been done by putting multilayer pary-
lene-C films on top of the sensing coil to
regain its quality factor when it is
submersed in the saline. The concept of
the experiment is shown in Figure 12.
An original sensing coil with 15-lm
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FIGURE 10 Benchtop characterization results of the IOP sensor. The resonant frequency was
379 MHz when the applied pressure difference was 0 mmHg and shifted to a higher frequency when
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FIGURE 9 IOP sensor characterization setup: a 1.5-mm-diameter hand-wound coil served as the
reader coil and an HP 4195A network/spectrum analyzer was used to register the frequency shift of
the phase dip.
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parylene-C deposited on top was first
mounted onto a glass slide. Multiple
5-lm-thick parylene-C films were put
layer by layer on top of the sensing coil.
Before the next 5-lm parylene-C film
was put on, the coil was characterized,
both exposed in air, and also submersed
in saline. The quality factors were calcu-
lated to investigate the quality factor
recovery capability with respect to dif-
ferent parylene-C thicknesses.

The sensor’s quality factor measuring
result versus thickness of an extra pary-
lene-C passivation layer is shown in
Figure 5. When only 15-lm thick pary-
lene-C covers the top of the sensing coil
(the original sensing coil), it can be seen
that the quality factor is measured to be
only five in saline while it is measured as
23 in air. The obtained quality factors (in
saline) increase with increasing parylene-
C thickness and saturates to 17–20 when
the thickness of the extra parylene-C pas-
sivation layer reaches 20 lm. We con-
clude that the sensing coil will not be
affected by the surrounding saline when
the thickness of the overall covering
parylene-C layer reaches 35 lm. It is
therefore proved that a 35-lm-thick par-
ylene-C passivation layer is sufficiently
thick to be deposited on top of the metal
coil. It is also found that the quality factor
measured with the device exposed in the
air drops a bit as the parylene-C passiva-
tion layer increases. It is likely due to the
low loss tangent of parylene-C.

CONCLUSION
We have successfully demonstrated the
feasibility of the new concept and design
of the IOP sensor implant. A surgical
placement of the device at the pars plana
is also proposed. We demonstrated that
a 35-lm-thick parylene-C can maintain
a high quality factor of sensor in saline
or under human tissue. The new IOP
sensor can allow continuous and wire-
less IOP monitoring.
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