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Abstract -This paper proposeds a new design for online eye
pressure measurement system. The proposed system is based
on the array of MEMS capacitors. The energy consumption of
system is optimized. The proposed design is simulated in
ABAQUS version 6.14-2 in the range of 10-30 mmHg eye
pressure. The simulation results are very promising. The
system can be used for Glaucoma prevention. The scaled up
prototype exprimetal results and simulaion results are very
promising.
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l. INTRODUCTION

The anterior chamber is a small space of the eye between
cornea and iris. Figure 1.In this space there is liquid flowing
called humor which helps to wash and feed the eye tissues.
The humor regularly gets out of the eye and some new amount
of it is produced and substituted. If, for any reason, the
equilibrium between the production and of this liquid is
broken, the amount of the humor in the eye changes and as a
result the interior pressure of the eye changes. The natural
amount of the interior pressure of the eye in adults is between
16-21 mmHg. The rise in the interior pressure of the eye
harms the retina screen of the optic nerve. This disease is
called Glaucoma [1]. There are some methods for eye pressure
measurement as following . Tonometry is one of the method of
eye pressure measurement.
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The Tonometry is useful in diagnosing Glaucoma, eye
hypertension, and also the sudden increase in the eye interior
pressure after the eye surgery. On the other hand, clinical
signs such as the continuous hyperemia of the conjunctiva or
the chronic inflammation in the eye surface shows a need for
the eye pressure measurement [2-3]. This method cannot be
used on line.

Anterior
Chamber

Fluid Forms Here

Fluid Exits Here

Figure 1: The anterior chamber of the eye

Another method for measuring the eye pressure is using the
Imbert-Fick law. According to this law, the interior eye
pressure is applied to any cross section perpendicular to the
tough walls of the eye sphere and also to the other cross
sections in the other points. Therefore, with the consumption
that the S vector shows the cross section in the perpendicular
and outward direction and the vector F shows the amount of
force applied to this section, Figure 2, the interior pressure of
the eye is obtained as following [4]:
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One of the methods of measuring the interior pressure of the
eye is using the micro-electromechanical sensors. An example
of these sensors is Triggerfish lenses produced by
SENSIMED Company, Figure a-3. The dimensions of this
sensor are 2.2mm X 2.5mm X 50microns and it determines
the interior pressure of the eye by calculating the deformation
from the contact of the adjacent lense to the eye sphere wall,
Figure b-3. This sensor includes the strain gauge, digital
processor, energy receiving loops and sender [5].

Figure 2: The cross section vector per- pendianlator to eye splane
and the force applied to it

Figure 3: (a) The Triggerfish lenses sensor (b) The sensor when
installed on the eye

The amount of deformation is determined by a strain gauge
installed on the lense surface. This strain gauge is in a
Wheatstone bridge with R=3.2KQ+4% and the applied
voltage 1.5V and converts the deformation amount to a
voltage signal with the amplitude of £35mV. This frequency
after being amplified at the frequency of 25Hz is sampled by
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the analog to digital converter and eventually is sent by the
radio with the FSK modulation in the frequency of 27MHz.
The signal is received by the antenna near the eye and is
recorded digitally in the recorder. Figure 4 shows the sensor
parts and how the energy and data are transmitted in the
Triggerfish sensor of SENSIMED Company.
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Figure 4: Schematic of Triggerfish sensor system

Although the Triggerfish sensor is easy to install, it can cause
some problems for the patient. Two main problems of this
sensor are:

A) The horizontal diameter of the human eye cornea is
11.75mm and the vertical one is 10.6mm, so the
sensor stands against the eye cornea and prevents the
light from entering cornea and at last causes
reduction in the vision level of the patient.

B) The sensor design based on the strain gauge, digital
converter, FSK modulation leads to an increase in
energy consumption. To provide this energy, the
patient need a battery with a great volume.

The new design based on MEMS capacitor sensor plan is
presented in the following section.

. MEMS BASED ONLINE EYE PRESSURE METER
DESIGN

The new design based on MEMS capacitor sensor plan is
presented in this section. The new design eliminates, the
problems of the Triggerfish sensor. Substituting the strain
gauge and the radio circuit respectively by the capacitor
sensor and the resonance circuit explained in the following
will result in the decrease in energy consumption.

Because the diameter of the eye pupil reaches 8mm at the
most in the dark places and on the other hand the vertical
diameter of cornea is 10.6mm which is the smallest cornea
diameter, the only space on which the sensor can be installed
on the eye without preventing the vision, is a strip with the
thickness of 1mm around the cornea, Figure 5. By installing
this sensor on this strip, there will be no problem for vision.

Recorder
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Figure 5: The eye pupil in a dark place

The MEMS capacitor sensor is designed cylindrically with the
radius 0.5mm to be installed on the 1mm strip. This cylinder
contains several layers. Figure 6 shows the layer structure of
the MEMS capacitor sensor.

PMMA

h =30um

Figure 6: The layer structure of the capacitor MEMS sensor

The top and the bottom layers are made of poly methyl
methacrylate. The thickness of these layers is 30pum and 2um
respectively. in fact the bottom layer is a part of the lense
installed on the eye. The poly silicon layers with the thickness
of 2um at the top and the bottom act as the capacitor plates.
The dielectric of this capacitor sensor is the air at 1Atm, so in
the silicon strip with the thickness of 2 um around the sensor,
a hole is created so that the air pressure remains constant when

ISSN: 2074-1308

186

Volume 11, 2017

the top plate is bent. The height of this dielectric layer of the
capacitor is 50 um. To avoid the capacitor breakdown outside
the pressure limit, a silicon nitride layer with the thickness 1
pm is installed as the insulator between the capacitor plates.

The residual stress phenomenon is the reason to choose poly
silicon and silicon nitride for the deposition process. The
residual stress is caused by deposition in the manufacturing
process of MEMS devices and influences the operation and
the safety of these devices.

In some cases, the residual stress results in the device
breakdown because of torsion, buckling, and rapture. The
amount of residual stress in the manufacturing process
depends on the materials and manufacturing method.
Experiments in different conditions and on different materials
show that the residual stress in poly silicon and silicon nitride
is reduced considerably by the low pressure chemical vapor
deposition (LPCVD) [7-8].

In completing the design of the eye pressure measurement
system, 16 capacitors are installed in parallel. This is done to
maintain the mechanical equilibrium of the contact lense in
the case of installing the capacitor sensor and to increase the
capacity of the capacitor sensor. Figure 7 shows the final
design of the sensor on the eye.
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Figure 7: The sketch of MEMS the capacitor sensor for
measuring the interior pressure of the eye.

The interior pressure of the eye applies vertically throughout
the cornea. So the same pressure applies to each capacitor.
This vertical pressure causes the bending of the top plate of
the capacitor as Figure 8.
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Figure 8: The deformation of the top plate of the capacitor causes
by the applied pressure

The amount of the deviation of each circular section from the
center of the plate with the radius r follows equation 2 [9].

a

W) = W, (1 - (1)2)2 ©

In the above relation a is the radius of the plate and W, is the
deviation of the center of the plate and W (r) is the deviation
of each section from the plate center and with the radius r. If
it is assumed that the top plate of the capacitor is a
compressed layer with the same materials, then the deviation
of the plate center (W,) follows equation 3.

pa*

Wy=—
0 ™ 64D+40ha?

®)

In the above relation, P is the applied pressure, h is the
thickness of the plate, o is the residual stress and D is defined
in equation 4.

_ERS
T 12(1—v2)

(4)

In the above relation, E is the Young’s modulus and v is the
Poisson’s ratio. Because the top plate of the capacitor sensor
contains three layers with different materials, using equation 3
for calculating the amount of the deviation of the plate center
analytically is difficult, so by simulating the capacitor in
Abaqus software, the amount of the deviation of the plate
center is obtained. Figure 9 shows the simulation of the
capacitor sensor in Abaqus software by applying a 10 mmHg
pressure and Figure 10 shows the output of Abaqus software
which is the deviation of the plate center in the range of 10-30
mmHg.
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Figure 9: The simulation of the capacitor sensor by applying a 10
mmHg pressure in Abaqus software
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Figure 10: The center deviation of the sensor top plate cause by
the applied pressure in the range 10-30mmHg

To calculate the capacity, equation 5 is used [10].

_ a T

C = 2me [ ey dr ®)

In the above relation, d is the distance between the capacitor
plates. Figure 11 shows the capacity of each capacitor of the
sensor.
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Figure 11: the capacity of one of the capacitors of the sensor in
the applied pressure in the range of 10-30mmHg.

1. THE OUTPUT CIRCUIT DESIGN

The output circuit of the offered sensor contains a capacitor
induction oscillator. In this circuit, the capacitor variation with
the pressure determines the oscillation frequency. The changes
in the resonance frequency is received by the induction
antenna and is transferred to a recorder for monitoring the
interior pressure of the eye, the induction antenna is in fact a
circular induction whose inductance is determined using
equation 6.
8R

L, = N2Ruyps, [m (7) - 1.75] (6)
Where N is the turn number of induction coil, R is the coil
radius, uou, is permittivity and a is the radius of the wire
section. Figure 12 indicates the electric circuit of the wireless
communication with impedance reflection in the output.

Rr Cr i

Figure 12: The equivalent circuit of the wireless communication
of the sensor

The circuit impedance from the output is as equation 7:

ZR =](1)LR +RR +

jw CR

The circuit impedance from the sensor in the output is shown
by equation 8.

ZI _ ((UM)Z kaZLRLS

s == T = T
JwLS+RS+jaJ—CS ij5+R5+jw—CS

(8)
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Where k is the coupling coefficient which is defined as
equation 9.

M

The coupling coefficient depends on the distance d between
the sender and the induction receiver of the sensor. Because
the sender and the receiver are co-centric and Ry is the
receiver radius and Rg is the sender radius, the equation 10
indicates the relation between the coupling coefficient and the
distance between the sender and the receiver [11].

3

k(d) = (al;jrrr},zz)E

(10)

At last, the equation below indicates the circuit impedance
from the receiver side (output side).

Zi =ZR +Z’S (11)

By substituting equation 7 and 8 in equation 11 we can obtain
following equation [11]:

1 n w?k?LgLg

Zi :](JJLR +RR +],ch

12
ijg+Rg+ﬁ ( )
The parameters of the circuit (table 1) are designed so that the
frequency range of the oscillator will be near the natural

frequency of the sensor.

Table 1: the parameters of the sensor circuit

Parameter Value

Reader Inductance Lg 1.4 x10°’F

Sensor Inductance Lg 1.4 x 1077F
Reader Resistance Ry 0.4Q
Sensor Total Resistance R 0.4Q
Sensor Nominal Capacitance C, at 37°C

0.87nF

Coupling Factor k 0.97
Reader Radius r, 2.25cm
Inductor Radius r 2.25cm
Coupling Distance d 3mm

When the frequency of the oscillator is equal to the natural

(7}requency of the sensor, the circuit impedance increases

suddenly from the receiver side. Figure 13 shows the results of
circuit impedance simulation in different pressures via Matlab
version R2015a software.
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Figure 13: The output impedance in different pressures.

In this electric circuit, the change in the interior pressure of
the eye causes the change in the capacity of the capacitor and
this change in the capacity leads to the change in the
resonance frequency. Equation 13 indicates the relation
between the resonance frequency and the interior pressure of
the eye.

1
f(P)=2nm
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Figure 14: The changes of resonance frequency in the range of
10-30mmHg.

If we consider the Equation 13 in operation point we can see
linear behavior as Figure 14. it indicates that there is a linear
relation between the resonance frequency and the interior
pressure of the eye and so it can be said that the sensor
sensitivity in this pressure range is equal to 300KHz/mmHg. It
can be consider near to operation point.

V. CONCLUSION

The Glaucoma disease prevention needs the regular
monitoring of the interior pressure of the eye and to do so, the
MEMS devices are suitable choices for online eye pressure
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measurement. The problems of the Triggerfish lenses sensors
can be eliminate using MEMS capacitor array sensor system.
By analyzing and simulating, it seems that the presented
MEMS capacitor sensor plan can lead to the decrease in
energy consumption and so the sensor mass by using the
circuit which has the wireless communication induction
capacitor. It has high accuracy and linear behavior. The
simulation results are promising.
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