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Description

[0001] The present invention relates to systems, de-
vices, and methods for measuring pressure. More par-
ticularly, the present invention relates to systems, devic-
es, and methods for measuring intraocular pressure
based on an intraocular pressure sensor.

[0002] Devices that measure intraocular pressure
(IOP) by measuring the applanation of the cornea are
known in the art. Ophthalmologists use such devices to
measure IOP in a physician’s office. However, these sin-
gle-point measurements remain insufficient to fully man-
age eye disease, particularly glaucoma. |IOP peaks are
missed in office hours measurements, |IOP fluctuations
may be an independentrisk factor, and a majority of glau-
coma patients require changes to their topical and/or sur-
gical management approach after multiple IOP measure-
ments on a single day. Infrequent measurements also
make it difficult to evaluate treatment effectiveness
and/or to assess patient compliance. However, more fre-
quent, longer term tonometry is labor intensive, imprac-
tical, expensive, and often conducted only upon admis-
sion to an academic hospital. Tonometers that can be
used by the patient are know in the art, but these devices
often cause discomfort, have proven difficult for patients
to repeatably administer, and have demonstrated unac-
ceptable error in clinical studies.

[0003] Implantable electronic devices for more fre-
quent measurement of intraocular pressure are known
in the art. Readout of passive electronic sensors has
proven problematic because inductively coupling to tiny
receivers in the sensor is difficult. Active sensors over-
come this problem, but require implantable power sourc-
es or power storage systems, implanted integrated cir-
cuits, and large antennas. As a result, both passive and
active systems have so far proven too large and complex,
mostly irreversible, risky with regard to biocompatibility,
and/or error prone.

[0004] US 2004/254438 A1 discloses methods, appa-
ratus and systems for measuring pressure and/or for
quantitative or qualitative measurement of analytes with-
in the eye or elsewhere in the body.

[0005] US 2007/123768 A1 discloses ophthalmic in-
struments, systems and methods especially adapted for
conducting simultaneous tonometry and pachymetry
measurements.

[0006] US 2008/154114 A1 discloses a device and a
method for use in non-invasive measurement of a pa-
tient’s intra-ocular pressure (IOP).

[0007] Accordingto one aspect of the invention, a sys-
tem for determination of intraocular pressure includes:
anintraocular pressure sensor; alight source illuminating
the intraocular pressure sensor with one or more wave-
lengths of light; and a detector that measures reflected
and/or emitted light from the sensor.

[0008] According to the present invention, the intraoc-
ular pressure sensor includes a substrate member, a
spacer member, and a flexible membrane. The substrate
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member, the spacer member and the flexible membrane
define a sealed cavity. The flexible membrane is config-
ured to move or deform in response to intraocular pres-
sure changes, wherein the movement of the flexible
membrane can be measured optically. The flexible mem-
brane is configured to both transmit and reflect light, and
the substrate member is configured to reflect light, where-
in the light reflected by the substrate member interferes
either constructively or destructively with light reflected
from the flexible membrane to create an interference pat-
tern, and wherein the resulting interference pattern cor-
responds to intraocular pressure.

[0009] In accordance with one implementation, the
system further includes a processing device in commu-
nication with the detector. Then, the flexible membrane
both transmits and reflects the one or more wavelengths
of light, the substrate member reflects the one or more
wavelengths of light transmitted by the flexible mem-
brane, the light reflected by the substrate member inter-
feres with light reflected from the flexible membrane to
create an interference pattern, and the interference pat-
tern corresponds to intraocular pressure. According to
this implementation, the detector is an electronic imaging
device capturing an image of the interference pattern,
and the processing device performs a phase calculation
on the image of the interference pattern to determine
phase angles of the interference pattern, and correlates
the phase angles with intraocular pressure.

[0010] The processing device may further perform the
phase calculation using an integral transform and may
calculate the phases at one or more spatial frequencies
corresponding to peaks in an absolute value of the inte-
gral transform.

[0011] Also, the processing device may use the values
of the spatial frequencies corresponding to peaks in the
absolute value of the integral transform to correct for er-
rors which arise from angular deviation of a sensor nor-
mal from an optical axis of a readout system.

[0012] Still further, each wavelength emitted by the
light source may have a coherence length longer than
the twice the separation between the flexible membrane
and the substrate member.

[0013] According to this implementation, the system
may further include an optical filter positioned between
the intraocular pressure sensor and at least one of the
light source and the electronic imaging device. The op-
tical filter provides an optical coherence length greater
than twice the distance from the flexible membrane to
the substrate member.

[0014] The light source may be modulated in time to
allow for lock-in detection of the interference pattern.
[0015] Further, the light source may emit multiple
wavelengths of light, either simultaneously or sequential-
ly, and the dimensions of the flexible membrane may
allow a phase change in the interference pattern of great-
er than 2x for at least one of the multiple wavelengths of
light.

[0016] Inaccord with anotherimplementation, the sys-
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tem further includes a processing device in communica-
tion with the detector, a coating containing a fluorescent
material coated on at least one of the substrate member
and the flexible membrane, and a filter positioned be-
tween the intraocular pressure sensor and the detector.
An external light source excites the fluorescent material
of the coating, the fluorescent material of the coating
emits a light of a different second wavelength, the emis-
sion of the light of the second wavelength being the result
of excitation of the fluorescent material, and the proximity
of the flexible membrane to the substrate member mod-
ulates the intensity of the emitted light of a different sec-
ond wavelength. The detector is a light intensity sensor.
The filter allows only the second wavelength to reach the
detector. Then, the processing device correlates the de-
tected intensity at the second wavelength with intraocular
pressure.

[0017] According to another aspect of the invention, a
device for measuring intraocular pressure includes: the
above-defined intraocular pressure sensor; an anchoring
member attached to the intraocular pressure sensor for
immobilizing the intraocular pressure sensor in an eye;
a protective member attached to the anchoring member
and covering the intraocular pressure sensor to prevent
contact between the flexible membrane and portions of
the eye; and a secondintraocular pressure sensor having
at least one of a different diameter, shape, membrane
thickness, membrane material, and substrate material,
the intraocular pressure sensor and the second intraoc-
ular pressure sensor providing at least one of redundant
pressure measurement, failure detection, compensation
for temperature fluctuations in the eye, increased pres-
sure measurement sensitivity, and increased pressure
measurement dynamic range.

[0018] Inaccordance with one implementation, the an-
choring member comprises a plate for insertion in a scle-
ral pocket and for immobilizing the device, and an arm
for entering an anterior chamber of the eye through a
scleral tunnel. The plate may include holes for suturing
the plate to the eye, and/or holes for assisting wound
healing.

[0019] Inaccordance with anotherimplementation, the
anchoring member includes a pair of pincers to enclavate
an iris of the eye.

[0020] The anchoring member and the protective
member may be formed from a biocompatible material
selected from a group consisting of polymethylmethacr-
ylate, other acrylic plastics, silicone, other biocompatible
plastics, biocompatible metals, and biocompatible metal
alloys.

[0021] In accordance with one implementation, the
sealed cavity of the intraocular pressure sensor has a
pressure below one atmosphere.

[0022] Herein, material and dimensions of the flexible
membrane may provide a number of periods in the inter-
ference pattern to estimate phase within +0.03 radians
such that intraocular pressure can be measured with an
accuracy of 1 mm Hg over a range of 610 to 820 mmHg
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absolute pressure.

[0023] Also according to this implementation, the ma-
terial and dimensions of the flexible membrane may pre-
vent the membrane from contacting the bottom of the
sealed cavity under pressures encountered in the in-
traocular environment.

[0024] Further in accord with this implementation, the
materials and dimensions of the flexible membrane may
limit pressure measurement errors to less than 1 mm Hg
in the presence of temperature fluctuations from 32°C to
36°C typically encountered in the intraocular environ-
ment.

[0025] Still further in accord with this implementation,
the material and dimensions of the flexible membrane
and the thickness of the spacer member provide an in-
terference pattern without using a light source that relies
on laser action.

[0026] This implementation may further include a layer
of additional material coated on the external side of the
membrane, with the thickness and refractive index of the
additional material equalizing the reflection from the flex-
ible membrane and the substrate member.

[0027] Additionally, the material and dimensions of the
membrane of this implementation may limit the phase
change in the interference pattern to less than 2 over a
range of 610 to 820 mmHg absolute pressure.

[0028] Inaccordance with anotherimplementation, the
intraocular pressure sensor includes a coating containing
a fluorescent material, the coating being coated on at
least one of the substrate member and the flexible mem-
brane. An external light source excites the fluorescent
material of the coating, and the fluorescent material of
the coating emits a light of a different second wavelength,
the emission of the light of the second wavelength being
the result of excitation of the fluorescent material. The
proximity of the flexible membrane to the substrate mem-
ber modulates the intensity of the emitted light of a dif-
ferent second wavelength and the detected intensity of
the emitted light of the different second wavelength is
used to determine the pressure.

[0029] This implementation may further include a scat-
tering medium coated on at least one of the flexible mem-
brane and the substrate member.

[0030] Also, in accordance with this implementation,
the coating may further include a second fluorescent ma-
terial, and the external light source may further excite the
second fluorescent material of the coating to emit a light
of a different third wavelength. Then, the difference in
detected intensity of the emitted light at the second and
third wavelengths may be used to determine the pres-
sure.

[0031] Basically, amethod for determination of intraoc-
ular pressure includes placing an intraocular pressure
sensor in an eye, the intraocular pressure sensor includ-
ing a substrate member, a spacer member, and a flexible
membrane, the substrate member, the spacer member
and the flexible membrane defining a sealed cavity
wherein the flexible membrane moves and/or deforms in
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response to intraocular pressure changes. The method
further includes illuminating, with a light source, the in-
traocular pressure sensor with one or more wavelengths
of light, and detecting, with a detector, a resultant light
that contains information about intraocular pressure.
[0032] In accordance with one implementation, the
flexible membrane both transmits and reflects the one or
more wavelengths of light, the substrate member reflects
the one or more wavelengths of light transmitted by the
flexible membrane, and the light reflected by the sub-
strate member interferes with light reflected from the flex-
ible membrane to create an interference pattern. The in-
terference pattern corresponds to intraocular pressure.
[0033] According to this implementation, detecting the
resultant light includes capturing, with an electronic im-
aging device, an image of the interference pattern, and
the method further includes: performing a phase calcu-
lation on the image of the interference pattern to deter-
mine phase angles of the interference pattern; and cor-
relating the phase angles with intraocular pressure.
[0034] Then, this implementation may further include
positioning an optical filter between the intraocular pres-
sure sensor and at least one of the light source and the
electronic imaging device, the optical filter providing an
optical coherence length greater than twice the distance
from the flexible membrane to the substrate member.
[0035] According to this implementation, the step of
illuminating the intraocular pressure sensor includes
modulating the light source in time to allow for lock-in
detection of the interference pattern by the electronic im-
aging device.

[0036] Inaccordance with anotherimplementation, the
method further includes coating a layer containing fluo-
rescent material on at least one of the substrate member
and the flexible membrane. llluminating the intraocular
pressure sensor includes exciting the fluorescent mate-
rial of the coating with a light source such that the fluo-
rescent material of the coating emits a light of a different
second wavelength, the emission of the light of the sec-
ond wavelength being the result of excitation of the flu-
orescent material. Then, the proximity of the flexible
membrane to the substrate member modulates the in-
tensity of the emitted light of a different second wave-
length. Additionally, detecting the resultant light includes
detecting an intensity of the emitted light of the different
second wavelength to determine the pressure.

[0037] In accordance with another implementation,
placing the intraocular pressure sensor in the eye in-
cludes immobilizing the intraocular pressure sensor in
the eye using an anchoring member attached to the in-
traocular pressure sensor. The anchoring member may
include a plate and an arm, and the immobilizing the in-
traocular pressure sensor in the eye may further include:
inserting the plate into a scleral pocket of the eye; and
inserting the arm into an anterior chamber of the eye
through a scleral tunnel. Also, immobilizing the intraoc-
ular pressure sensor in the eye may include suturing the
plate to the eye using holes in the plate.
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[0038] Basically, a method for the determination of in-
traocular pressure uses an interference pattern produced
by an intraocular pressure sensor. The intraocular pres-
sure sensor includes a substrate member, a spacer
member, and a flexible membrane. The substrate mem-
ber, the spacer member and the flexible membrane de-
fine a sealed cavity; wherein the flexible membrane
moves and/or deforms in response to intraocular pres-
sure changes. The movement or deformation of the flex-
ible membrane is measured optically. Light from a light
source, emitting one or more wavelengths of light either
simultaneously or sequentially, is both transmitted and
reflected by the flexible membrane, and reflected by the
substrate member. The light reflected by the substrate
member interferes with light reflected from the flexible
membrane to create an interference pattern. The method
includes: performing, by a processing device, a phase
calculation on the interference pattern to determine
phase angles of the interference pattern, and correlating
the phase angles with pressure. The phase calculation
may be performed using an integral transform and the
phases may be calculated at one or more spatial frequen-
cies corresponding to peaks in an absolute value of the
integral transform. Additionally, values of the spatial fre-
quencies corresponding to the peaks in the absolute val-
ue of the integral transform may be used to correct for
errors which arise from angular deviation of a sensor nor-
mal from an optical axis of a readout system.

[0039] Otherfeatures and advantages of the invention
will be set forth in, or apparent from, the detailed descrip-
tion of exemplary embodiments of the invention found
below.

[0040] These and other features, aspects, and advan-
tages of the present invention will become better under-
stood with regard to the following description, appended
claims, and accompanying drawings where:

FIG. 1is a functional block diagram of an exemplary
system for determination of intraocular pressure, ac-
cording to the invention;

FIG. 2A and FIG. 2B are schematic cross-sectional
views of exemplary intraocular pressure sensors ac-
cording to the invention;

FIG. 3Ais a representation of an image of an exem-
plary interference pattern;

FIG. 3B is a graph of an absolute value of an integral
transform of the exemplary interference pattern of
FIG. 3A;

FIG. 3C is a graph of an experimentally measured
relationship between phase of an interference pat-
tern and liquid pressure for an exemplary intraocular
pressure sensor;

FIG. 4A is another representation of an image of an
exemplary interference pattern;

FIG. 4B is a graph of an absolute value of an integral
transform of the exemplary interference pattern of
FIG. 3A;

FIG. 5A is a schematic perspective view of an ex-
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emplary embodiment of a device for measuring in-
traocular pressure according to the invention;

FIG. 5B is a schematic sectional view of an eye with
the device of FIG. 5A implanted therein;

FIG. 6A is a schematic plan view of another exem-
plary embodiment of a device for measuring intraoc-
ular pressure according to the invention;

FIG. 6B is a schematic plan view of an eye with the
device of FIG. 6A implanted therein;

FIG. 7A through FIG. 7D are schematic cross-sec-
tional views of exemplary intraocular pressure sen-
sors according to the invention further comprising a
coating containing a fluorescent material;

FIG. 8A and FIG. 8B are representations of interfer-
ence patterns having a phase change of 2x;

FIG. 9A and FIG. 9B are representations of interfer-
ence patterns associated with multiple, sequentially
emitted wavelengths;

FIG. 9C and FIG. 9D are graphs of the absolute value
of integral transforms of the interference patterns of
FIG. 9A and FIG. 9B, respectively;

FIG. 10A is a representation of an interference pat-
tern associated with multiple, simultaneously emit-
ted wavelengths;

FIG. 10B is a graph of the absolute value of the in-
tegral transform of the interference pattern of FIG.
10A;

FIG. 11A through FIG. 11D are graphs showing a
calculated ratio of resultant light power to incident
light power as a function of membrane-fluorescent
coating separation;

FIG. 12 is a flow chart of an exemplary method for
determination of intraocular pressure according to
the invention;

FIG. 13 is a flowchart of an exemplary method for
the determination of pressure from an interference
pattern produced by an intraocular pressure sensor
according to the invention; and

FIG. 14A and FIG. 14B are schematic perspectives
view of further exemplary embodiments of a device
for measuring intraocular pressure according to the
invention.

[0041] FIG. 1 shows an exemplary system 100 for fre-
quent measurement of intraocular pressure using an in-
traocular (i.e., inside or within an eye) pressure sensor
101 which, in use, would be implanted in an eye. The
pressure is measured optically by the system 100 using
a light source 102 to illuminate the intraocular pressure
sensor 101 with one or more wavelengths of incident light
103. A resultant light 113 (comprising reflected light or a
combination of reflected and emitted light) is captured by
a detector 106 and the signal from the detector 106 is
processed by a processing device 107 to determine the
intraocular pressure.

[0042] The exemplary system 100 further comprises
an objective lens 110, abeam splitter 104, an illuminating
lens 111, and a diffuser 112. The objective lens 110 per-
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forms at least one of the functions of collecting light from
the intraocular pressure sensor 101 and forming an im-
age of the intraocular pressure sensor 101 on the detec-
tor106. The beam splitter 104 allows light from the source
102 to reach the intraocular pressure sensor 101 and the
reflected light from the intraocular pressure sensor 101
to reach the detector 106. The illuminating lens 111 and
diffuser 112 provide well controlled, uniform illumination
of the intraocular pressure sensor 101. The exemplary
system 100 further comprises an atmospheric pressure
sensor 109. The atmospheric pressure sensor 109 com-
municates with the processing device 107 to allow meas-
urement of intraocular pressure with respect to atmos-
pheric pressure. The atmospheric pressure sensor 109
can be an optical pressure sensor 101 as described here
or one of several atmospheric pressure sensors known
to those skilled in the art of pressure measurement.
[0043] FIG. 2A shows an exemplary intraocular pres-
sure sensor 101 comprising a substrate member 200, a
spacer member 201, and a flexible membrane 202 which
define a sealed cavity 203. The flexible membrane 202
deflects in response to changes in intraocular pressure
and these changes can be measured optically. The inci-
dent light 103 is both transmitted and reflected by the
flexible membrane 202, and reflected by the substrate
member 200. The light reflected by the substrate member
200 interferes either constructively or destructively with
light reflected from the flexible membrane 202 such that
the resultant light 113 (FIG. 1) comprises an interference
pattern 300, as shown in FIG. 3A.

[0044] The interference pattern 300 consists of bright
and dark regions that are referred to as interference fring-
es. The brightest and darkest levels of the interference
pattern 300 are shown as solid and dashed contour lines
in FIG. 3A. These interference fringes change position
when the flexible membrane 202 deflects in response to
intraocular pressure changes as described in more detail
below. Thus, the interference pattern 300 corresponds
to intraocular pressure.

[0045] The interference pattern 300 is captured using
the detector 106 (FIG. 1). In an embodiment the detector
106 is an electronic imaging device such as a digital cam-
era or photodetector array. In an embodiment, the de-
tector 106 communicates with a processing device 107
which performs a phase calculation on the image of the
interference pattern 300 and correlates the calculated
phase angles with intraocular pressure.

[0046] FIG.3C showstheexperimentally measuredre-
lationship between the phase of the interference pattern
300 and liquid pressure for an intraocular pressure sen-
sor 101 with a silicon substrate member 200, a silicon
nitride flexible membrane 202, illuminated with a light
emitting diode light source 102 at a wavelength of similar
to 800 nm.

[0047] AsshowninFIG. 3B, the processing device 107
(FIG. 1) performs the phase calculation using an integral
transform and calculates the phase at one or more spatial
frequencies corresponding to peaks 301 in an absolute
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value of the integral transform 302. This calculation fur-
ther allows for correction of pressure readings for angular
deviations between the optical axes of the detector 106
and the intraocular pressure sensor 101, as described in
more detail below.

[0048] FIG. 4A shows aninterference pattern 300 from
a sensor 101 whose optical axis is tilted about the y-axis
effectively compressing the pattern along the x-direction.
[0049] FIG. 4B, discussed below, shows the absolute
value of an integral transform 302 of the interference pat-
tern 300.

[0050] In an embodiment each wavelength emitted by
the light source 102 (FIG. 1) has a coherence length long-
er than twice the separation between the flexible mem-
brane 202 and the substrate member 200 (FIGS. 2A and
2B). Having a sufficiently long coherence length ensures
that the interference pattern 300 (FIG. 3A) can be clearly
captured by the detector 106 (FIG. 1). A shorter coher-
ence length could be contemplated, but would reduce
the visibility of the interference pattern 300 and thus re-
duce the signal to noise ratio of the detector 106 signal.
[0051] Inan embodiment the light source 102 is a light
emitting diode. Alight emitting diode is preferred because
it emits a narrow range of wavelengths such that the co-
herence length of the incident light 103 and resultant light
113 is between 1pum and 1000 pm. This is appropriate
for the range of sealed cavity 203 thicknesses described
in more detail below. Laser light sources also offer suffi-
ciently long coherence lengths, but light emitting diodes
offer greater eye safety.

[0052] In the exemplary system 100 shown in FIG. 1,
an optical filter 105 is positioned between the intraocular
pressure sensor 101 and at least one of the light source
102 and the detector 106. The optical filter 105 increases
the coherence length of at least one of the incident light
103 and resultant light 113. The optical filter 105 is re-
quired ifthe light source 102 does not have anintrinsically
long enough coherence length. In a preferred embodi-
ment the filter is positioned immediately in front of the
detector so as to block other light not at the wavelength
of the resultant light 113.

[0053] In a preferred embodiment the wavelengths of
the incident light 103 are in the infrared spectral region
so that the incident light 103 remains invisible to the pa-
tient.

[0054] In an embodiment, the light source 102 is mod-
ulated in time by a modulator 108 which also communi-
cates with the processing device 107. The modulator
modulates the light source by at least one of electrical or
mechanical means or some combination of electrical and
mechanical means. The modulator 108 has a frequency
such that many cycles are contained in a single intraoc-
ular pressure measurement. The modulating signal can
be any of several periodic signals, such as a sine wave
or square wave, that are familiar to those skilled in the
art. The signal from the modulator 108 is also routed to
the processing device 107 where it is combined with the
signal from the detector 106 for phase-locked (or "lock-
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in") detection, a technique well known to those skilled in
the art of low-level signal measurements. This detection
method reduces noise that could be introduced by light
sources, for example room lights, other than the resultant
light 113.

[0055] In an embodiment the light source 102 emits
multiple wavelengths of light in order to improve at least
one of the precision and dynamic range of the pressure
measurement. This is particularly important for designs
of the intraocular pressure sensor 101 in which the de-
flection of the flexible membrane 202 yields a phase
change of greater than 2x.

[0056] FIG.8AandFIG. 8B show interference patterns
300 having a phase change of 2x.

[0057] A single wavelength measurement of a single
intraocular pressure sensor 101 (FIG. 1) would exhibit
pressure ambiguities if the phase changes by more than
2r, as described in more detail below.

[0058] FIG.9AandFIG. 9B show interference patterns
300 associated with each wavelength captured by the
detector 106 in an embodiment where multiple wave-
lengths are emitted sequentially. The processing device
107 (FIG. 1) calculates the phase angle of each interfer-
ence pattern 300 at spatial frequencies corresponding to
the illuminating wavelengths as described in more detail
below.

[0059] AsshowninFIG. 10A, in an alternative embod-
imentthe light source 102 emits the multiple wavelengths
simultaneously, and a more complex interference pattern
300 is generated. The processing device 107 now cal-
culate the phase angles from a single interference pattern
300 but at multiple spatial frequencies, each spatial fre-
quency corresponding to a different wavelength, as de-
scribed in more detail below.

[0060] In yet another embodiment, as shown in FIG.
7A and FIG. 7B respectively, the intraocular pressure
sensor 101 further comprises a coating 700 containing
a fluorescent material, the coating 700 being coated on
atleast one of the substrate member 200 and the flexible
membrane 202. As used herein, a fluorescent material
is a material which absorbs electromagnetic energy of a
specific first wavelength and re-emits energy at different
(but equally specific) additional wavelengths. A fluoro-
phoris acomponent, such as a fluorescentdye molecule,
of a fluorescent material which absorbs electromagnetic
energy of a specific first wavelength and re-emits energy
at different (but equally specific) second wavelength. A
fluorescent material may contain one or more fluoro-
phors. The incident light 103 excites the fluorescent ma-
terial of the coating 700, and the fluorescent material of
the coating 700 emits light of a different second wave-
length, the emission of the light of the second wavelength
being the result of excitation of the fluorescent material.
After passing back through the flexible membrane, and
perhaps being further modulated, the emitted light of a
different second wavelength becomes the resultant light
113.

[0061] In an embodiment, the proximity of the flexible
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membrane 202 to the substrate member 200 modulates
the intensity of the resultant light 113. In an embodiment
the intensity of the resultant light 113 from the intraocular
pressure sensor 101 is modulated based on several phe-
nomena described in more detail below. In an embodi-
ment the detector 106 is one or more light intensity sen-
sors. The light intensity sensors may be at least one of
photodiodes or photomultipler tubes. The signal from the
detector 106 corresponds to intraocular pressure, and
the processing device 107 processes the signal to deter-
mine intraocular pressure. In an embodiment the optical
filter 105 is placed between the intraocular pressure sen-
sor 101 and the detector 106 such that only the second
wavelength in the resultant light 113 reaches the detector
106.

[0062] Movement of the intraocular pressure sensor
101 with respect to the assembly containing the detector
106 must be considered. The assembly may be at least
one of a handheld unit, a head mounted unit, and an eye
glass mounted unit. The assembly may or may not con-
tain the light source 102.

[0063] In an embodiment relative motion is limited by
providing a target at which the patient gazes while the
pressure measurement is acquired. The target can be
real structure or a virtualimage created using optics with-
in the assembly. Those skilled in the art have found that
angular motions are limited to less than 0.2 degrees dur-
ing visual fixation.

[0064] In an embodiment an eye cup can be added to
the assembly containing the detector 106. The eye cup
contacts the face during the pressure measurement in
order to physically limit movement of the intraocular pres-
sure sensor 101 with respect to the detector 106.
[0065] In an embodiment, at least one of autofocus
mechanisms orimage stabilization mechanisms, familiar
to those skilled in the art, are added to the assembly to
minimize the movement of the sensor 101 image and the
detector 106.

[0066] In an embodiment the detector 106 is an elec-
tronic image sensor with a frame rate in excess of 100
frames per second. The frame rate allows images to be
captured during times when the sensor is in focus and
within the field of view of the electronic image sensor.
[0067] The processingdevice 107 is preferably at least
one of a dedicated electronic circuit, a microprocessor,
a digital signal processor, or a programmable logic de-
vice. The processing device 107 may be either internal
or external to the assembly containing the detector 106.
The processing device is connected to the detector by
atleast one of a physical electrical connection, a wireless
connection, or a network connection all of which are fa-
miliar to those skilled in the art.

[0068] FIG. 5A shows a device for measuring intraoc-
ular pressure comprising an intraocular pressure sensor
101 and an anchoring member 500. The anchoring mem-
ber comprises a protective member 501, a plate 502, and
an arm 503.

[0069] FIG. 5B shows an eye 505 with the device im-
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planted through the sclera 508 such that the intraocular
pressure sensor 101 is located in the anterior chamber
506 and is visible through the cornea 507. The protective
member 501 prevents the intraocular pressure sensor
101 from contacting the cornea 507 in case of movement
of the sensor toward the cornea 507. The dimensions of
the plate 502 are chosen so that it can be fixed in a scleral
pocket. Although other dimensions could be contemplat-
ed, a long dimension of 1 to 5 mm and a short dimension
of 1 to 3 mm are appropriate.

[0070] Inoneembodimentthe plate 502 contains holes
504 for suturing the anchoring member 500 to the sclera
508. Although other dimensions could be contemplated,
the diameter of the holes should be greater than approx-
imately 50,.m to permit an atraumatic needle and suture
to pass.

[0071] Inan embodiment the plate 502 contains holes
504 to assist in wound healing. In this case the sclera
508 closes through the holes to promote both healing
and immobilization of the device. The dimensions of the
arm 503 are such that the arm can extend through a
scleral tunnel placing the intraocular pressure sensor 101
in a position within the anterior chamber 506 such that
the intraocular pressure sensor 101 is visible through the
cornea 507. Other dimensions could be contemplated,
but an arm width of 1 to 2 mm and an arm length of 2 to
7 mm are acceptable.

[0072] In an embodiment shown in FIG. 6A and FIG.
6B, the anchor member 500 comprises a pair of 600 on
at least one end such that it can be attached to the iris
601 rather than fixed in the sclera 508. In this embodiment
the anchor member 500 along with the attached intraoc-
ular pressure sensor 101 is inserted into the anterior
chamber 506 and placed on the iris 601 such that it does
not block the pupil 602. The tissue of the iris is enclavated
by the pincers 600 to immobilize the anchor member 500
in the eye 505.

[0073] In an embodiment shown in FIG. 14A two or
more intraocular pressure sensors 101 can be included
in the same device. This provides redundant pressure
measurements that increase confidence in the pressure
reported by the intraocular pressure measurement sys-
tem 100. In addition, if one sensor fails, the deviation in
readings between the first sensor and any additional sen-
sors will serve as an indication of the failure.

[0074] In an embodiment shown in FIG. 14B, the sec-
ond intraocular pressure sensor 101 has at least one of
a different diameter, shape, flexible membrane 202 thick-
ness, flexible membrane 202 material, and substrate
member 200 material. The two or more pressure sensors
101 provide at least one of redundant pressure meas-
urement, failure detection, compensation for tempera-
ture fluctuations in the eye, increased pressure meas-
urement precision, increased pressure measurement dy-
namic range. In this embodiment, the flexible membrane
202 deflection due to temperature changes and the flex-
ible membrane 202 deflection due to pressure changes
are different for the two different sensors 101. Thus, the
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pressure and temperature can be separately measured
by solving a set of simultaneous equations of the form:

(01 "901)=S1T (T_];))'FSIP(P"’PO)

. - —_ — — N

>

(92 _‘902)=S2T (T—]Z))"'SzP(P_Po)

where 6,, and 6, are the phases for the interference pat-
tern 300 or the intensities associated with the fluores-
cence for the first and second sensor respectively. €y,
and 6, are known reference phases for the interference
pattern 300 or known reference intensities associated
with the fluorescence for the first and second sensor re-
spectively. Sy and S, are the sensitivities of the first
and second sensor to changes in temperature, for exam-
ple in radians/°C or intensity/°C, S;p and S,p are the
sensitivities of the first and second sensor to changes in
pressure, for example in radians/mmHg or intensity/mm-
Hg, T is the temperature and T, is a known reference
temperature, and P is the pressure and P, is a known
reference pressure.

[0075] An exemplary device with two intraocular pres-
sure sensors 101 includes one sensor with diameter sim-
ilar to 300 um and another with diameter similar to 400
um. The flexible membrane 202 thickness is similar to
1.5 pwm for both sensors. The sensitivities of the two in-
traocular pressure sensors 101 to changes in pressure
are similar to 0.020 radians/mmHg and 0.037 radi-
ans/mmHg respectively for intraocular pressure ranges
from 730 mmHg to 780 mmHg (10 to 50 mmHg above
atmospheric pressure at sea level). The sensitivity of the
two sensors 101 to changes in temperature are similar
to 0.014 radians/°C and 0.023 radians/°C respectively.
Thus, the interference patterns 300 from the two sensors
allow differentiation between changes in pressure and
temperature.

[0076] In an embodiment, the flexible membrane 202
deflection due to pressure changes is different for two
sensors 101. Pressure is determined by measuring the
phase angles of the interference patterns 300 from both
sensors. If the phase change for at least one of the in-
terference patterns 300 exceeds 2 the pressure can still
be determined uniquely based on the phase of the other
interference pattern. In addition, if the desired dynamic
range is kept constant, the use of two sensors with higher
sensitivity, but at least one with total phase change great-
er than 2=, can improve sensitivity and thus sensing pre-
cision and accuracy.

[0077] An exemplary device with two intraocular pres-
sure sensors 101 includes one sensor 101 with diameter
similar to 300 um and flexible membrane thickness sim-
ilar to 1.5 pm and another sensor 101 with flexible mem-
brane 202 diameter similar to 600 um and flexible mem-
brane 202 thickness similar to 200 nm. The sensitivity of
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the two sensors 101 to changes in pressure are 0.020
radians/mmHg and 0.074 radians/mmHg respectively
from 730 mmHg to 780 mmHg. For a desired dynamic
range of 610 to 820 mmHg the first sensor undergoes a
total phase change of similar to 4.8 radians and the sec-
ond sensor undergoes a total phase change similar to
16 radians. In this exemplary case the first sensor 101
provides a coarse measurement of pressure with no am-
biguity over the entire pressure range, and the second
sensor 101 provides a more sensitive measurement of
pressure with ambiguity among several pressures within
the range. However, the first sensor 101 removes this
ambiguity. Using two sensors 101 allows intraocular
pressure to be measured with greater sensitivity without
sacrificing dynamic range. Other sensor designs can be
contemplated that would expand dynamic range without
sacrificing sensitivity.

[0078] The anchoring member 500 is formed from ma-
terials that are biocompatible when implanted in the eye.
Possible materials include polymethylmethacrylate, oth-
er acrylic plastics, and silicone. These materials are com-
monly used for intralocular lenses. In addition, biocom-
patible metals and metal alloys containing elements such
as gold or titanium are possible materials for the anchor-
ing member.

[0079] Asdiscussed above, FIG. 2A shows an intraoc-
ular pressure sensor 101 comprising a substrate member
200, a spacer member 201, a flexible membrane 202
which define a sealed cavity 203. The flexible membrane
202 deflects in response in response to intraocular pres-
sure changes and the deflection of the flexible membrane
202 can be measured optically. The substrate member
200 consists of at least one biocompatible metal, semi-
conductor, or insulator material. The spacer member 201
consists of at least one biocompatible metal, semicon-
ductor, or insulator material. The spacer member 201
prevents fluid from penetrating into the sealed cavity 203.
In an embodiment the spacer member 200 material is at
least one of silicon, silicon nitride, and silicon dioxide.
The spacer member 201 can be formed by one of several
processes familiar to those skilled in the art of micro fab-
rication including at least one of etching or deposition.
[0080] In a preferred embodiment the sealed cavity
203 has a pressure below one atmosphere. The reduced
cavity pressure reduces the temperature sensitivity of
the device because expansion or contraction of the gas
inside the cavity will not create large changes in the sep-
aration of the flexible membrane 202 from the substrate
member 200. A sealed cavity 203 with reduced pressure
can be formed by one of several processes familiar to
those skilled in the art of microfabrication including at
least one of vacuum contact bonding, vacuum anodic
bonding, vacuum adhesive bonding, thermal annealing,
etching through release holes and low pressure chemical
vapor deposition sealing of these holes, and gettering of
residual gas in the cavity.

[0081] The flexible membrane 202 is substantially im-
permeable to gas orliquid in order to maintain the integrity
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of the sealed cavity 203 over the life of the intraocular
pressure sensor 101. In a preferred embodiment, the
flexible membrane 202 consists of silicon nitride. Silicon
nitride is one of the best known moisture and gas barriers,
with no measurable permeation, even at 1100°C.
[0082] In an embodiment, an incident light 103 (FIG.
1) strikes the intraocular pressure sensor 101 and is par-
tially reflected and partially transmitted by the flexible
membrane 202. The transmitted light is partially reflected
by the substrate member 200. Reflected light from the
flexible membrane 202 and the substrate member 200
combine to form a resultant light 113. Light reflected by
the substrate member 200 interferes either constructively
or destructively with light reflected from the flexible mem-
brane 202 to create an interference pattern 300 (FIG. 3).
The resulting interference pattern 300 corresponds to in-
traocular pressure, as described in more detail below.
[0083] The substrate member 200 consists of a mate-
rial with the correct optical properties and surface finish
to at least partially reflect light at the illumination wave-
length. The substrate member 200 material is chosen
from a group including at least one of biocompatible met-
als, semiconductors, or insulators. In an embodiment,
the substrate member 200 is made of polished silicon
which is partially reflective throughout the visible and
near-infrared spectral region. In another embodiment the
substrate member 200 is made from a glass, plastic, sem-
iconductor, or oxide material. In another embodiment,
the substrate member 200 material is optically transpar-
ent for visible wavelengths but is reflective at infrared
wavelengths. In another embodiment, the substrate
member 200 is coated with another layer of material or
multiple layers of materials to render it reflective in the
infrared. In this way the sensor is transparentin the visible
spectral region but reflective in the infrared region to im-
prove the aesthetics of the sensor.

[0084] The flexible membrane 202 consists of a mate-
rial with the correct optical properties and correct thick-
ness to partially, but not entirely, reflect an incident light
103. In this way an optical cavity is formed and an optical
interference pattern 300 is generated. In one embodi-
ment a flexible membrane 202 consists of at least one
of silicon, silicon nitride, and silicon dioxide. A flexible
membrane 202 can be formed by one of several proc-
esses familiar to those skilled in the art of micro fabrica-
tion including at least one of implantation, oxidation,
physical vapor deposition, chemical vapor deposition,
and etching.

[0085] The interference pattern 300 consists of bright
and dark regions that are often referred to as interference
fringes. These interference fringes change position when
the flexible membrane 202 deflects with respect to the
substrate member. The separation of these rings de-
pends on the curvature of the flexible membrane 202
surface. If the separation of the flexible membrane 202
and the substrate member 200 changes then the rings
shiftin radial position. If the curvature of the flexible mem-
brane 202 surface changes then the spacing of the rings
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changes. The visibility, the difference in intensity be-
tween brightest and darkest points divided by sum of the
intensities between the brightest and darkest points, of
the rings at the detector 106 is determined by the sepa-
ration of the substrate member 200 and the flexible mem-
brane 202 and the coherence length of the resultant light
113.

[0086] The materials and dimensions of the flexible
membrane allow a number of periods in the interference
pattern 300 and sufficient deflection to detect clinically
important changes in intraocular pressure. In it known
that intraocular pressure changes of 1 mmHg have clin-
ical significance in managing glaucoma. In an exemplary
sensor the flexible membrane 202 is circular with a di-
ameter of 300 um and a thickness of 1.5 um. The sealed
cavity 203 contains a vacuum. The spacer member is
greater than 5pum thick but less than twice the coherence
length of the incident light 103. At 820 mmHg absolute
pressure (60 mmHg above atmospheric pressure at sea
level) the flexible membrane 202 deflects similar to 3.6
pwm at its central point. This gives rise to 9 periods in the
interference pattern 300 when illuminated with an inci-
dent light 103 of 800 nm wavelength. To measure in-
traocular pressure from 10 to 60 mmHg with respect to
atmospheric pressure at elevations from sea level to
2000 m the sensor 101 measures absolute pressures
from 610 mmHg to 820 mmHg. For a light source 102
emitting a single wavelength, the interference pattern 300
is limited to a maximum phase change of 2x over this
pressure range. Thus the intraocular pressure measure-
ment system 100 must measure the phase to =0.03 ra-
dians to maintain an accuracy of 1 mmHg. With a signal
to noise ratio as low as 1, the standard deviation of the
phase estimate is similar to 0.01 radians when the signal
is captured using only 200 x 200 pixel electronic image
sensor. We define signal to noise ratio as the square of
the amplitude of the interference pattern 300 modulation
divided by the variance of an additive Gaussian noise.
This noise level is much larger and the image resolution
much smaller than what would be typically encountered
in practice, thus the precision of the phase measurement
is sufficient to detect clinically relevant changes in in-
traocular pressure.

[0087] The material and dimensions of the flexible
membrane 202 and the dimensions of the spacer layer
201 prevent the membrane 202 from contacting the bot-
tom of the sealed cavity 203 under pressures encoun-
tered in the intraocular environment. In an exemplary
sensor 101 the flexible membrane 202 consists of non-
stoichiometric, low-stress silicon nitride with an elastic
modulus similar to 200 GPa and a Poisson ratio similar
to 0.27. The flexible membrane 202 diameter is 300 pm
and the flexible membrane 202 thickness is 1.5 um. The
sealed cavity 203 contains a vacuum. At 820 mmHg ab-
solute pressure (60 mmHg above atmospheric pressure
at sea level) the flexible membrane 202 deflects similar
to 3.6 wm toward the substrate member 200 at its center.
If the spacer member 201 is greater than 3.6 pm thick
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then the flexible membrane 202 will not contact the sub-
strate member 200. Other dimensions and materials
could be contemplated thatalso prevent contact between
the flexible membrane 202 and the substrate member
200.

[0088] In a preferred embodiment an intraocular pres-
sure sensor 101 limits pressure measurement errors to
1 mmHgin the presence of temperature fluctuations from
32° to 36°. This range represents the approximate range
of corneal temperature variation for ambient tempera-
tures ranging from 18°C to 27°C. It is known that varia-
tions in corneal temperature represent an upper bound
on variations in the anterior chamber. In an exemplary
sensor 101 the flexible membrane 202 consists of non-
stoichiometric, low-stress silicon nitride with an elastic
modulus similar to 200 GPa, a Poisson ratio similar to
0.27, and a coefficient of thermal expansion similar to
2.3X10-6/°C. One skilled in the art of micro fabrication
will understand that the mechanical properties of silicon
nitride thin films can vary depending on deposition con-
ditions and stoichiometry, and that other mechanical
properties could be contemplated that would yield similar
behavior. The flexible membrane 202 diameter is 500
pm and the flexible membrane 202 thickness is 0.5 pm.
The sealed cavity 203 contains a vacuum. The substrate
member 200 and the spacer member 201 consist of sil-
icon with a coefficient of thermal expansion of
2.6%10-6/°C. The spacer member is greater than 11um
thick. The illumination wavelength is 800 nm. At a normal
intraocular pressure of 15 mmHg (735 mmHg absolute
pressure at sea level) the pressure measurement error
with change in temperature is similar to 0.12 mmHg/°C.
This restricts the measurement error to less than +0.25
mmHg under the anterior chamber temperature fluctua-
tions described above. In an embodiment, the intraocular
pressure measurement system 100 indicates the pres-
sure measurement is potentially erroneous if extreme
ambient temperatures are detected. In an embodiment,
the pressure sensor 101 is calibrated for extreme ambi-
ent temperatures. Other dimensions and materials could
be contemplated that also reduce temperature depend-
ence to acceptable levels.

[0089] In a preferred embodiment an intraocular pres-
sure sensor 101 has a spacer member 201 with a thick-
ness that provides an interference pattern 300 without
using a light source that relies on laser action. The co-
herence length of the incident light 103 must be longer
than twice the thickness of the sealed cavity 203. The
spacer member 201 has a thickness that ensures the
separation of the flexible membrane 202 and the sub-
strate member 200 is less than half the coherence length
ofthe incidentlight103. Laser light sources typically have
coherence lengths of greater than 1mm. However, eye
safety concerns when using lasers indicate that a light
emitting diode light source is preferred. Light emitting di-
odes have coherence lengths ranging from approximate-
ly 1um to 1000um. In an embodiment, an optical filter
105 is used to further increase the coherence length of
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at least one of the incident light 103 or the resultant light
113. In an exemplary sensor the spacer member is less
than 50 pm thick so that the separation between the flex-
ible membrane 202 and the substrate member 200 does
not exceed 50 um and thus an incident light 103 with a
coherence length of less than 25,.m can be used to form
the interference pattern 300. For an infrared light source
102 with a center wavelength of 800 nm this corresponds
to a spectral bandwidth of approximately 25 nm. Other
dimensions could be contemplated that also allow light
sources 102 not employing laser action to be used. One
skilled in the art of interferometry will understand that
there are subtle differences in definition of coherence
length and spectral bandwidth depending on the spectral
shape of the light, the criterion for bandwidth, and the
criterion for coherence. As such, one skilled in the art will
understand that the numbers given are representative
and that other criteria for coherence length could be con-
ceived.

[0090] In one embodiment, shown in FIG. 2B, the in-
traocular pressure sensor 101 further comprises one or
more layers 204 of additional material coated on the ex-
ternal side of the flexible membrane 202. This additional
material has refractive index and thickness such that re-
flection from the membrane 202 is substantially equal to
the reflection from the substrate member 200. Equalizing
the reflection from the membrane 202 and substrate
member 200 provides the greatest interference pattern
300 visibility, where visibility is defined as the ratio of the
differences in the maximum and minimum intensity in the
interference pattern 300 to the sum of the maximum and
minimum intensity. As a result, the signal to noise ratio
of the captured interference pattern 300 will be maxi-
mized if all other conditions are equal. It is important to
note that for certain combinations of flexible membrane
202 thickness and refractive index the additional layer
204 is unnecessary because the reflection is intrinsically
balanced. However, the thickness of the flexible mem-
brane 202 is often determined by the pressure range and
sensitivity required, and cannot be freely adjusted based
on optical considerations. In an exemplary intraocular
pressure sensor 101 the substrate member 200 is silicon
with refractive index similar to 3.7, the flexible membrane
202 is low stress silicon nitride with refractive index sim-
ilar to 2.2 and thickness similar 350 nm, the additional
layer 204 is one of several poly(p-xylylene) polymers with
a refractive index similar to 1.6 and a thickness similar
to 150 nm, and the illumination wavelength is similar to
800 nm. In this example the interference pattern 300 vis-
ibility improves from 0.48 without the additional layer 204
to 0.75 with the additional layer 204 in place. Other ma-
terials with different refractive indices and thicknesses
could be conceived to achieve a similar improvement.
[0091] Inthe case of a single intraocular pressure sen-
sor 101 illuminated by a single wavelength of light, the
phase change of the interference pattern 300 is restricted
to the less than 2n over the range of pressures to be
measured. In an exemplary sensor the flexible mem-
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brane diameter is 300 wm and the flexible membrane
thickness is 1.5 pm. The wavelength of illumination is
800 nm. Over a range of absolute pressures from 610
mmHg to 820 mmHg the sensor’s 101 sensitivity is similar
to 0.02 radians/mmHg and the interference pattern 300
undergoes a phase change of less than 2x. As a result,
there is no ambiguity in the pressure measurements be-
tween 610 mmHg and 820 mmHg. Other dimensions and
materials for the flexible membrane 202 could be con-
templated that also restrict the phase change to 2r over
a desired pressure range.

[0092] In the embodiment shown in FIG. 7A, the in-
traocular pressure sensor 101 further comprises a coat-
ing 700 containing a fluorescent material onthe substrate
member 200. A light source 102 excites the fluorescent
material of the coating 700 and the fluorescent material
of the coating emits a light of a different second wave-
length. The proximity of the flexible membrane 202 to the
substrate member 200 modulates the intensity of the
emitted light of a different second wavelength and the
detected intensity of the emitted light of the different sec-
ond wavelength is used to determine the pressure. The
coating 700 can be any material that is intrinsically fluo-
rescent or that has been dyed with a fluorescent compo-
nent. An example coating could be a polymer, such as
poly-methyl methacrylate (PMMA), dyed with fluorese-
cent molecules, such as the near-infrared polymethine
dyes. In an embodiment both the polymer and the dye
are be transparent in the visible part of the spectrum for
aestheticreasons. Inan embodiment, both excitation and
emission wavelengths are in the near infrared to prevent
the patient from seeing the incident light 103 or resultant
light 113 while the pressure is being measured. Inanother
embodiment shown in FIG. 7B, the intraocular pressure
sensor 101 further comprises a coating 700 containing
a fluorescent material on the flexible membrane 202.
[0093] The intensity of the resultant light 113 from the
pressure sensor 101 is modulated based on several phe-
nomena. Firstthe intensity ofincidentlight 103 thatreach-
es the fluorescent coating 700 is modulated. This occurs
because of wave optical effects typically described in
terms of (1) interference of optical reflections from the
membrane surfaces, the fluorescent material surfaces,
and the substrate and (2) optical near-field and evanes-
cent coupling across the sealed cavity when the separa-
tion of the membrane and substrate are on the order of
the wavelength of light. When light is transmitted through
two or more partially reflective surfaces it can interfere
constructively and destructively depending on the sepa-
ration of the surfaces. As a result, the transmitted power
in the resultant light 103 depends on the separation of
the surfaces. In the pressure sensor 101 there are at
least four partially reflected surfaces: the two surfaces of
the flexible membrane 202; the interface of the fluores-
cent coating 700 with the sealed cavity 203; and the in-
terface of the substrate member 200 with the fluorescent
coating 700. First, the transmission of incident light 103
to the fluorescent coating 700 is modulated by the sep-
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aration between the flexible membrane 203, which is par-
tially reflective, and the fluorescent coating 700 on the
substrate member 200. As the transmitted power at the
excitation wavelength changes, the light emission from
the fluorescent coating 700 is modulated as well.
[0094] The same effects that modulate the intensity of
incident light 103 reaching the fluorescent coating 700
also modulates the resultant light 113. In addition, a sig-
nificant fraction of the light emitted by the fluorescent
coating 700 is reflected back into the material by total
internal reflection. Ifthe refractive index of the fluorescent
coating 700 is greater than the underlying substrate
member 200, then this light is completely trapped in the
fluorescent layer. In either case, the evanescent electric
field from the internally reflected light extends a short
distance beyond the interface between the fluorescent
coating 700 and the sealed cavity 203. If the flexible mem-
brane 203 is sufficiently close to the fluorescent coating
700 (separation similar to wavelength) then light that
would otherwise be totally internally reflected in the flu-
orescent coating 700 will couple into the flexible mem-
brane 202. The strength of this coupling is strongly de-
pendent on the separation of the two layers; thus, a
change in pressure that deflects the flexible membrane
202, alters the fluorescent membrane 202 -fluorescent
coating 700 separation, and the light emission. Moreover,
light will be trapped in the flexible membrane 202 by total
internal reflection.

[0095] In an exemplary pressure sensor 101, a sub-
strate member 200 is coated with a fluorescent coating
700 with real refractive index 1.7 and that is sufficiently
thick and absorbing to absorb all of the excitation light.
A flexible membrane 202 is separated from the fluores-
cent coating 202 by a sealed cavity 203 containing vac-
uum. The pressure sensor 101 is excited with the incident
light 113 at wavelength of 770 nm in the near infrared
and the fluorescent coating 700 emits at 800 nm. For
explanatory purposes, the incident light 103 is normally
incident, unpolarized, and collimated, and the fluores-
cence yield (or quantum efficiency) is 1. The resultant
light 113 emitted from the fluorescent coating 700 is un-
polarized and has a diffuse (Lambertian) distribution.
[0096] FIG. 11A shows a calculated ratio of resultant
light 113 power to incident light 103 power as a function
of membrane 202-fluorescent coating 700 separation.
Thisratio is a direct measure of membrane 202 deflection
and thus a measure of pressure.

[0097] The pressure sensor 101 need not operate with
collimated incidentlight 103 or with normally incident light
103. However, the output of the pressure sensor 101 is
dependent on the angle of illumination, ¢.

[0098] FIG. 11B shows a calculated ratio of resultant
light 113 power to incident light 103 power as a function
of membrane 202-fluorescent coating 700 separation
with an illumination angle of 10 degrees from normal.
The relationship is different and this angle dependence
must either be calibrated out of the pressure reading or
eliminated by a more sophisticated sensor design de-



21 EP 2 519 141 B1 22

scribed in more detail below.

[0099] InanembodimentshowninFIG.7C, the flexible
membrane 203 is also coated with a scattering medium
701 on the side of the membrane external to the sealed
cavity 203 to enhance light emission from the sensor 101
and minimize illumination angle dependence, as further
described below. An example of such a scattering medi-
um is polytetrafluoroethylene. Modulation of the incident
light 103 reaching the fluorescent layer and modulation
of the resultant light 113 exiting the sensor are both gov-
erned by the phenomena described above. The scatter-
ing medium 701 serves two purposes. First the scattering
medium 701 randomizes the angle of incident light 103
toreduce output dependence on the angle of illumination.
Secondly, the scattering medium 701 serves to extract
light from the flexible membrane 202 and the fluorescent
coating 700 that would otherwise be trapped by total in-
ternal reflection. This both increases the total amount of
light emitted by the sensor and alters the relationship
between the amount of resultant light 113 and the flexible
membrane 202 - fluorescent coating 700 gap.

[0100] In an alternative embodiment, shown in FIG.
7D, the scattering medium 701 is placed on the surface
of the flexible membrane 202 inside the sealed cavity
203. This configuration can improve light extraction from
the fluorescent material because the scattering medium
701 is in a region of greater evanescent electric field
strength.

[0101] In an exemplary sensor a scattering medium
701 is coated on the flexible membrane 202 surface ex-
ternal to the sealed cavity 203. Both incident light 103
and emitted light are diffusely (Lambertian) scattered at
the membrane surface. As a result, the ratio of incident
light 103 power to resultant light 113 power is no longer
dependent on angle of illumination. However, the angle
of illumination will affect the total input power coupled
into to the sensor.

[0102] FIG. 11C plots the calculated ratio of resultant
light 113 power to incident light 103 power as a function
of flexible membrane 202 -fluorescent coating 700 sep-
aration with the scattering medium 701 on the external
side of the flexible membrane 202. This relationship is
independent of illumination angle.

[0103] In an embodiment, the fluorescent coating 700
is placed in the flexible membrane 202, rather than on
the substrate member 200, as shown in FIG. 7B. This
embodiment is governed by the same phenomena; how-
ever, interference effects, near field effects, and evanes-
cent coupling are all modified by the position of the fluo-
rescent coating 700 in relation to the other sensor com-
ponents. Specifically, light is trapped in the combined
structure of the fluorescent coating 700 and the flexible
membrane 202, and is evanescently coupled to the sub-
strate member 200 depending on the fluorescent coating
700 - substrate member 200 separation.

[0104] In another embodiment of the exemplary in-
traocular pressure sensor 101, two different fluorophors
are contained in the fluorescent coating 700, and the two
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fluorophors emit light at two different wavelengths. The
detector 106 measures the ratio of optical power at the
two different wavelengths. Inan embodimentthe detector
comprises a dichroic beam splitter and two light sensors.
Each light sensor detects only one wavelength. In anoth-
er embodiment, the detector comprises a beam splitter,
two optical filters, and two light sensors. Again, each light
sensor detects only one wavelength. By measuring the
differencein detected optical power between the two sen-
sors, the pressure measurement system 101 can com-
pensate for different excitation and emission efficiencies
thatoccur when the eye moves relative to the light source
102 and the detector 106 during or between measure-
ments.

[0105] In an exemplary sensor 101 the fluorescent
coating 700 emits at two wavelengths, 800 nm and 900
nm. When both fluorophors are excited, the ratio of the
detected intensity between the two wavelengths corre-
sponds to intraocular pressure. In this way we need not
know the excitation power for any given measurements.
[0106] FIG. 11D plots the ratio of light detected at 800
nm to that detected at 900 nm as a function of the flexible
membrane 202 - fluorescent coating 700 separation.
[0107] As shown in FIG. 12, an exemplary method
1200 for determination of intraocular pressure, includes
the steps of: $1202 placing an intraocular pressure sen-
sor 101 (FIG. 1) in an eye (e.g., eye 505 of FIG. 5B), the
intraocular pressure sensor 101 including a substrate
member 200, a spacer member 201, and a flexible mem-
brane 202, the substrate member 200, the spacer mem-
ber 201 and the flexible membrane 202 defining a sealed
cavity 203 wherein the flexible membrane 202 moves
and/or deforms in response to intraocular pressure
changes; $1204 illuminating, with a light source 102, the
intraocular pressure sensor 101 with one or more wave-
lengths of light; and $1206 detecting, with a detector, a
resultant light that contains information about intraocular
pressure.

[0108] In an embodiment, the flexible membrane 202
(FIG. 2) both transmits and reflects the one or more wave-
lengths of light, the substrate member 200 reflects the
one or more wavelengths of light transmitted by the flex-
ible membrane 202, the light reflected by the substrate
member 200 interferes with light reflected from the flex-
ible membrane 202 to create an interference pattern 300,
and the interference pattern 300 corresponds to intraoc-
ular pressure.

[0109] In an embodiment, the step S1206 detecting
the resultant light includes capturing, with an electronic
imaging device, animage of the interference pattern 300,
and the method further comprises a step S1208 perform-
ing a phase calculation on the image of the interference
pattern 300 to determine phase angles of the interference
pattern 300; and a step S1210 correlating the phase an-
gles with intraocular pressure.

[0110] In an embodiment, the method further compris-
es a step $1212 positioning an optical filter 105 between
the intraocular pressure sensor 101 and at least one of
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the light source 102 and the electronic imaging device,
the opticalfilter 105 providing an optical coherence length
greater than twice the distance from the flexible mem-
brane 202 to the substrate member 200.

[0111] In an embodiment, the step of $1204 illuminat-
ing the intraocular pressure sensor includes modulating
the light source 102 in time to allow for lock-in detection
of the interference pattern 300 by the electronic imaging
device.

[0112] Inan embodiment, the method further compris-
es a step $1214 coating a coating 700 containing fluo-
rescent material on at least one of the substrate member
200 and the flexible membrane 202, wherein the step
$1204, illuminating the intraocular pressure sensor, in-
cludes exciting the fluorescent material of the coating
700 with a light source 102 such that the fluorescent ma-
terial of the coating 700 emits a light of a different second
wavelength, the emission of the light of the second wave-
length being the result of excitation of the fluorescent
material, wherein the proximity of the flexible membrane
202 to the substrate member 200 modulates the intensity
oftheresultantlight 113 of a different second wavelength,
and wherein the step S1206 detecting the resultant light,
includes detecting an intensity of the resultant light 113
of the different second wavelength to determine the pres-
sure.

[0113] In an embodiment, the step $1202, placing the
intraocular pressure sensor in an eye, further includes
immobilizing the intraocular pressure sensor 101 in the
eye 505 using an anchoring member 500 attached to the
intraocular pressure sensor 101.

[0114] In an embodiment, the anchoring member 500
comprises a plate 502 and an arm 503, and immobilizing
the intraocular pressure sensor 101 further includes in-
serting the plate 502 into a scleral pocket of the eye 505;
and inserting the arm 503 into an anterior chamber 506
of the eye through a scleral tunnel.

[0115] In an embodiment, immobilizing the intraocular
pressure sensor in the eye further includes suturing the
plate 502 to the eye using holes 504 in the plate 502.
[0116] As shown in FIG. 13, an exemplary method
1300 for the determination of pressure from an interfer-
ence pattern 300 produced by an intraocular pressure
sensor 101 comprising a substrate member 200; a spac-
er member 201; and a flexible membrane 202; the sub-
strate member 200, the spacer member 201 and the flex-
ible membrane 202 defining a sealed cavity 203; wherein
the flexible membrane 202 moves and/or deforms in re-
sponse to intraocular pressure changes and the move-
ment or deformation of the flexible membrane 202 is
measured optically, wherein light from a light source 102,
emitting one or more wavelengths of light either simulta-
neously or sequentially, is both transmitted and reflected
by the flexible membrane 202, and reflected by the sub-
strate member 200, and wherein the light reflected by
the substrate member 200 interferes with light reflected
from the flexible membrane 202 to create an interference
pattern 300, the method includes the steps of: $1302
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performing, by a processing device 107, a phase calcu-
lation on the interference pattern 300 to determine phase
angles of the interference pattern 300; and S$1304 cor-
relating the phase angles with pressure.

[0117] An exemplary interference pattern 300 has in-
tensity, /, that is periodic with the square of the spatial
variables. An exemplary signal of this type is I(x, y) =
Acos(kx? + kyy?) + B where A is the amplitude of the
fringe modulation, k, and ky are the spatial frequencies
of the rings in the x- and y- directions, x and y are the
spatial coordinates across the sensor surface, and B is
constant offset of zero light level. In practice, this signal
may be discretely sampled by an electronic imaging de-
vice so that the pixel value at the jh kth location in the
image matrix is given by [ = Acos(k,x? + k,y,?) + B.
[0118] To determine the phase of the interference pat-
tern 300, the two-dimensional image is multiplied by a
kernel of the form K(ky.k,,x.y) = expl-ikx? - ik,y?]. For
each value of k, and k the product of the signal and
kernel is integrated over x and y to yield the integral trans-
form given by F(k.k,) = [[I(x,y)exp[4ko? - jk,y?ldxdy.
FIG. 3B shows the absolute value of the integral trans-
form 302, |F(kx,ky)|. As can be seen in FIG. 3B, there is

apeak value 301in |F(kx,ky)| ata particular non-zero pair
of values for k, and ky. At this peak value 301, the phase

angle of the transform,
¢(kr,ky)=arctan M , will relate to
' Re{F (k,.k, )}

how the rings are spatially positioned. Because the spa-
tial position of the rings in the interference pattern 300 is
related to the deflection of the flexible membrane 202
with respect to the substrate member 200, one can de-
termine intraocular pressure from the phase of the trans-
form at the spatial frequencies corresponding to the peak
301. A change in the phase of the transform indicates a
shiftin position of the rings and thus a change in pressure.
In an embodiment, the transform is computed discretely
and becomes

N M
F(keok,) =D D" 1, exp[ —ik,x,” — ik, " |

j=0 k=0
where N is the number of pixels in the x-direction and M
is the number of pixels in the y-direction.
[0119] In an embodiment, the spatial frequencies are
known and the transform need only be computed for one
value of k, and one value of ky. In an embodiment, the
spatial frequencies are not known, and the integral trans-
form is computed for a range of spatial frequencies, the
peak 301 in the absolute value of the integral transform
302 is identified, and the phase is computed at the spatial
frequencies corresponding to the peak 301.
[0120] FIG. 3C plots the phase at the peak 301 of |F(k,,
ky)| as a function of pressure for experimentally obtained
data. The sensor was placed in a sealed chamber with
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water around it, and the pressure was varied with a sy-
ringe. The pressure values on the abscissa were meas-
ured with a commercial analog pressure sensor placed
in the same test chamber as the optical sensor. Itis ap-
parent that phase is correlated with pressure, and that
the sensor covers a range of physiologically relevant
pressures found in the human eye (5-30 mmHg). In ad-
dition, this sensor design covers this range of pressures
relative to atmospheric pressure without exceeding a
phase change of 2r and there is no ambiguity in the
phase-pressure relationship.

[0121] In an embodiment, the normal axis of the in-
traocular pressure sensor 101 is not required to be co-
incident with the optical axis of at least one of the light
source 102 and detector 106. The interference pattern
300 is spatially compressed along the direction associ-
ated with the tilt angle of the sensor 101. For example,
if the patient looks to the side during a pressure meas-
urement, the sensor 101 will rotate about the y-axis and
the interference pattern 300 will appear to compress in
the x-direction. Compression of the interference pattern
300 in space shifts the peak 301 in |F(k,,k,)| to a higher
spatial frequency. Thus, one can determine the angle of
the sensor 101 with respect to the optical axis of the re-
adout system from the values of k, and k. This allows
one to correct for any error that would otherwise be in-
troduced by the patient not looking directly along the op-
tical readout axis. FIG. 4A shows an interference pattern
300 with the sensor rotated by 25 degrees about its y-
axis. This rotation is extreme, but is used for exemplary
purposes to make the fringe compression appear clear
by visual inspection. FIG. 4B shows the absolute value
of the integral transform 302, |F(kx,ky)|. In this case, the
peak 301 shifts to higher values of k, because of the
rotation.

[0122] Inanembodiment, atleastone of alargerrange
of pressures needs to be measured or greater sensitivity,
i.e. phase change with change in pressure, is required.
Two wavelengths of light illuminate the sensor 101. In an
embodiment, the wavelengths illuminate the sensor se-
quentially so the interference pattern 300 from each
wavelength is measured separately. FIG. 9A and FIG.
9B show two interference patterns 300 for sequential
measurement of a sensor with wavelengths of 700 nm
and 900 nm respectively. FIG. 9C and FIG. 9D show the
absolute value of the integral transforms 302 for 700 nm
and 900 nm wavelengths respectively. The peak values
301 occur at different spatial frequencies for the two dif-
ferent wavelengths. Calculating the phase at the spatial
frequencies corresponding to each peak 301 in each
transform allow unambiguous determination of the pres-
sure even if the phase change of one or both interference
patterns 300 exceeds 2r.

[0123] In an embodiment, the two wavelengths illumi-
nate the sensor simultaneously, and a single interference
pattern 300 is captured by the detector 106. FIG. 10A
shows the interference pattern 300 and FIG. 10B shows
the absolute value of its integral transform 302 when the
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sensor is simultaneously illuminated with wavelengths of
700nm and 900nm. In this case the two wavelengths re-
sult in a peak 1000 for 900nm and a peak 1001 for 700
nm in a single integral transform. The shorter wavelength
yields a higher spatial frequency. The two phases asso-
ciated with the two wavelengths can be used to track
phase changes larger than 2r without ambiguity in the
relationship between phase and pressure. This method
can increase the dynamic range of a sensor or allow a
certain dynamic range to be maintained while redesign-
ing the sensor for greater sensitivity.

[0124] Thus, the invention provides systems, devices,
and methods for measuring intraocular pressure based
on an intraocular pressure sensor. This detailed descrip-
tion, and particularly the specific details of the exemplary
embodiment disclosed, is given primarily for clearness
of understanding and no unnecessary limitations are to
be understood therefrom. sequentially so the interfer-
ence pattern 300 from each wavelength is measured sep-
arately. FIG. 9A and FIG. 9B show two interference pat-
terns 300 for sequential measurement of a sensor with
wavelengths of 700 nm and 900 nm respectively. FIG.
9C and FIG. 9D show the absolute value of the integral
transforms 302 for 700 nm and 900 nm wavelengths re-
spectively. The peak values 301 occur at different spatial
frequencies for the two different wavelengths. Calculat-
ing the phase at the spatial frequencies corresponding
to each peak 301 in each transform allow unambiguous
determination of the pressure even if the phase change
of one or both interference patterns 300 exceeds 2x.
[0125] In an embodiment, the two wavelengths illumi-
nate the sensor simultaneously, and asingle interference
pattern 300 is captured by the detector 106. FIG. 10A
shows the interference pattern 300 and FIG. 10B shows
the absolute value of its integral transform 302 when the
sensor is simultaneously illuminated with wavelengths of
700nm and 900nm. In this case the two wavelengths re-
sult in a peak 1000 for 900nm and a peak 1001 for 700
nm in a single integral transform. The shorter wavelength
yields a higher spatial frequency. The two phases asso-
ciated with the two wavelengths can be used to track
phase changes larger than 2r without ambiguity in the
relationship between phase and pressure. This method
can increase the dynamic range of a sensor or allow a
certain dynamic range to be maintained while redesign-
ing the sensor for greater sensitivity.

[0126] Thus, the invention provides systems, devices,
and methods for measuring intraocular pressure. One of
ordinary skill in the art will recognize that additional steps
and configurations are possible without departing from
the teachings of the invention. This detailed description,
and particularly the specific details of the exemplary em-
bodiment disclosed, is given primarily for clearness of
understanding and no unnecessary limitations are to be
understood therefrom, for modifications will become ev-
ident to those skilled in the art upon reading this disclo-
sure and may be made without departing from the spirit
or scope of the claimed invention.
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Claims

1.

An intraocular pressure sensor (101), comprising:

a silicon substrate member (200);

a spacer member (201); and

a silicon nitride flexible membrane (202);

the silicon substrate member (200), the spacer
member (201) and the silicon nitride flexible
membrane (202) defining a sealed cavity (203);
the silicon nitride flexible membrane (202) con-
figured to move or deformin response to intraoc-
ular pressure changes and wherein the move-
ment of the silicon nitride flexible membrane
(202) can be measured optically,

the silicon nitride flexible membrane (202) con-
figured to both transmit and reflect light, and the
silicon substrate member (200) configured to re-
flect light,

wherein the light reflected by the silicon sub-
strate member (200) interferes either construc-
tively or destructively with light reflected from
the silicon nitride flexible membrane (202) to cre-
ate an interference pattern (300), and

wherein the resulting interference pattern (300)
corresponds to intraocular pressure.

The intraocular pressure sensor (101) of claim 1, fur-
ther comprising a layer (204) of additional material
coated on the external side of the silicon nitride flex-
ible membrane (202), the thickness and refractive
index of the additional material equalizing the reflec-
tion from the silicon nitride flexible membrane (202)
and the silicon substrate member (200).

The intraocular pressure sensor (101) of claim 1, fur-
ther comprising a coating (700) containing a fluores-
cent material, the coating (700) being coated on at
least one of the silicon substrate member (200) and
the silicon nitride flexible membrane (202), wherein
an external light source (102) excites the fluorescent
material of the coating (700), and the fluorescent ma-
terial of the coating (700) emits a light of a different
second wavelength, the emission of the light of the
second wavelength being the result of excitation of
the fluorescent material, wherein the proximity of the
silicon nitride flexible membrane (202) to the silicon
substrate member (200) modulates the intensity of
the emitted light of a different second wavelength
and the detected intensity of the emitted light of the
different second wavelength is used to determine
the pressure.

The intraocular pressure sensor (101) of claim 3, fur-
ther comprising a scattering medium (701) coated
on at least one of the silicon nitride flexible mem-
brane (202) and the silicon substrate member (200).
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5.

7.

The intraocular pressure sensor (101) of claim 3,
wherein the coating (700) further comprises a sec-
ond fluorescent material, wherein the external light
source (102) further excites the second fluorescent
material of the coating (700) to emit a light of a dif-
ferent third wavelength, wherein the difference in de-
tected intensity of the emitted light at the second and
third wavelengths is used to determine the pressure.

A device for measuring intraocular pressure com-
prising:

an intraocular pressure sensor (101) as defined
in any one of claims 1 to 5;

an anchoring member (500) attached to the in-
traocular pressure sensor (101) forimmobilizing
the intraocular pressure sensor (101) in an eye
(505);

a protective member (501) attached to the an-
choring member (500) and covering the intraoc-
ular pressure sensor (101) to prevent contact
between the silicon nitride flexible membrane
(202) and portions of the eye (505); and

a second intraocular pressure sensor (101) hav-
ing at least one of a different diameter, shape,
membrane thickness, membrane material, and
substrate material, the intraocular pressure sen-
sor (101) and the second intraocular pressure
sensor (101) providing at least one of redundant
pressure measurement, failure detection, com-
pensation for temperature fluctuations in the eye
(505), increased pressure measurement sensi-
tivity, and increased pressure measurement dy-
namic range.

A system (100) for determination of intraocular pres-
sure, the system (100) comprising:

an intraocular pressure sensor (101) as defined
in any one of claims 1 to 5; and a light source
(102) illuminating the intraocular pressure sen-
sor (101) with one or more wavelengths of light;
and

a detector (106) that measures reflected and/or
emitted light from the sensor (101).

The system (100) of claim 7, further comprising a
processing device (107) in communication with the
detector (106),

wherein the silicon nitride flexible membrane (202)
both transmits and reflects the one or more wave-
lengths of light,

wherein the silicon substrate member (200) reflects
the one or more wavelengths of light transmitted by
the silicon nitride flexible membrane (202), wherein
the light reflected by the silicon substrate member
(200) interferes with light reflected from the silicon
nitride flexible membrane (202) to create an interfer-
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ence pattern (300),

wherein the interference pattern (300) corresponds
to intraocular pressure, wherein the detector (106)
is an electronic imaging device capturing an image
of the interference pattern (300), and

wherein the processing device (107) performs a
phase calculation on the image of the interference
pattern (300) to determine phase angles of the inter-
ference pattern (300), and correlates the phase an-
gles with intraocular pressure.

The system (100) of claim 8, wherein the processing
device (107) further performs the phase calculation
using an integral transform (302) and calculates the
phases at one or more spatial frequencies corre-
sponding to peaks (301) in an absolute value of the
integral transform (302).

The system (100) of claim 8, wherein the processing
device (107) uses the values of the spatial frequen-
cies corresponding to peaks (301) in the absolute
value of the integral transform (302) to correct for
errors which arise from angular deviation of a sensor
normal from an optical axis of a readout system.

The system (100) of claim 8, wherein each wave-
length emitted by the light source (102) has a coher-
ence length longer than the twice the separation be-
tween the silicon nitride flexible membrane (202) and
the silicon substrate member (200).

The system (100) of claim 8, further comprising an
optical filter (105) positioned between the intraocular
pressure sensor (101) and at least one of the light
source (102) and the electronic imaging device, and
providing an optical coherence length greater than
twice the distance from the silicon nitride flexible
membrane (202) to the silicon substrate member
(200).

The system (100) of claim 8, wherein the light source
(102) is modulated in time to allow for lock-in detec-
tion of the interference pattern (300).

The system (100) of claim 8, wherein the light source
(102) emits multiple wavelengths of light, either si-
multaneously or sequentially, and wherein the di-
mensions of the silicon nitride flexible membrane
(202) allow a phase change in the interference pat-
tern (300) of greater than 2= for at least one of the
multiple wavelengths of light.

The system (100) of claim 7, further comprising a
processing device (107) in communication with the
detector (106), a coating (700) containing a fluores-
cent material coated on at least one of the silicon
substrate member (200) and the silicon nitride flex-
ible membrane (202), and a filter (105) positioned
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between the intraocular pressure sensor (101) and
the detector (106),

wherein an external light source (102) excites the
fluorescent material of the coating (700), the fluores-
cent material of the coating (700) emits a light of a
different second wavelength, the emission of the light
of the second wavelength being the result of excita-
tion of the fluorescent material, and the proximity of
the silicon nitride flexible membrane (202) to the sil-
icon substrate member (200) modulates the intensity
of the emitted light of a different second wavelength,
wherein the detector (106) is a light intensity sensor,
wherein the filter (105) allows only the second wave-
length to reach the detector (106), and

wherein the processing device (107) correlates the
detected intensity at the second wavelength with in-
traocular pressure.

Patentanspriiche

1.

2,

Intraokularer Drucksensor (101), umfassend:

ein Siliciumsubstratelement (200),

ein Abstandselement (201), und

eine flexible Siliciumnitridmembran (202),
wobei das Siliciumsubstratelement (200), das
Abstandselement (201) und die flexible Silicium-
nitridmembran (202) einen abgedichteten Hohl-
raum (203) definieren,

wobei die flexbile Siliciumnitridmembran (202)
konfiguriert ist, sich in Antwort auf intraokulare
Druckanderungen zu bewegen oder zu verfor-
men und wobei die Bewegung des flexiblen Si-
liciumnitridmembran (202) optisch gemessen
werden kann,

wobei die flexible Siliciumnitridmembran (202)
konfiguriert ist, Licht sowohl zu transmittieren
als auch zu reflektieren, und das Siliciumsubst-
ratelement (200) konfiguriert ist, Licht zu reflek-
tieren,

wobei das Licht, reflektiert durch das Silicium-
substratelement (200), entweder konstruktiv
oder destruktiv mit Licht, reflektiert von der fle-
xiblen Siliciumnitridmembran (202), zu interfe-
rieren, um eine Interferenzmuster (300) zu be-
wirken, und

wobei das resultierende Interferenzmuster
(300) einem intraokularen Druck entspricht.

Intraokularer Drucksensor (101) gemaly Anspruch
1, weiter umfassend eine Schicht (204) von zusétz-
lichem Material, beschichtet auf der &ul3eren Seite
der flexiblen Siliciumnitridmembran (202), wobei die
Dicke und der Brechungsindex des zusatzlichen Ma-
terials die Reflektion von der flexiblen Siliciumnitrid-
membran (202) und dem Siliciumsubstratelement
(200) ausgleichen.
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Intraokularer Drucksensor (101) gemaR Anspruch
1, weiter umfassend eine Beschichtung (700), ent-
haltend ein fluoreszierendes Material, wobei die Be-
schichtung (700) mindestens an einem von dem Si-
liciumsubstratelement (200) und der flexiblen Silici-
umnitridmembran (202) beschichtet ist, wobei eine
externe Lichtquelle (102) das fluoreszierende Mate-
rial der Beschichtung (700) anregt, und das fluores-
zierende Material der Beschichtung (700) ein Licht
von einer unterschiedlichen, zweiten Wellenlange
emittiert, wobei die Emission des Lichts der zweiten
Langenwelle das Ergebnis der Anregung des fluo-
reszierenden Materials ist, wobei die Nahe der fle-
xiblen Siliciumnitridmembran (202) zu dem Silicium-
substratelement (200) die Intensitat des emittierten
Lichts von einer unterschiedlichen, zweiten Wellen-
lange moduliert und die detektierte Intensitat des
emittierten Lichts der unterschiedlichen, zweiten
Wellenlange verwendet wird, um den Druck zu be-
stimmen.

Intraokularer Drucksensor (101) gemaR Anspruch
3, weiter umfassend ein Streumedium (701), be-
schichtet auf mindestens einem von der flexiblen Si-
liciumnitridmembran (202) und dem Siliciumsubst-
ratelement (200).

Intraokularer Drucksensor (101) gemaR Anspruch
3, wobei die Beschichtung (700) weiter ein zweites
fluoreszierendes Material umfallt, wobei die externe
Lichtquelle (102) weiter das zweite fluoreszierende
Material der Beschichtung (700) anregt, um ein Licht
einerunterschiedlichen, dritten Wellenldnge zu emit-
tieren, wobei der Unterschied in der detektierten In-
tensitat des emittierten Lichts bei der zweiten und
dritten Wellenlange verwendet wird, um den Druck
zu bestimmen.

Vorrichtung zum Messen des intraokularen Drucks,
umfassend:

einen intraokularen Drucksensor (101), wie in
einem der Anspriche 1 bis 5 definiert,

ein Verankerungselement (500), angebracht an
den intraokularen Drucksensor (101), zum Im-
mobilisieren des intraokularen Drucksensors
(101) in ein Auge (505),

ein Schutzelement (501), angebracht an das
Verankerungselement (500) und den intraoku-
laren Drucksensor (101) abdeckend, um Kon-
takt mit der flexiblen Siliciumnitridmembran
(202) und Teilendes Auges (505) zu verhindern,
und

einen zweiten intraokularen Drucksensor (101)
mit mindestens einem von einem unterschiedli-
chen Durchmesser, Form, Membrandicke,
Membranmaterial und Substratmaterial, wobei
der intraokulare Drucksensor (101) und der
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7.

10.

32

zweite intraokulare Drucksensor (101) mindes-
tens eines von redundanter Druckmessung,
Fehlererkennung, Kompensation von Tempera-
turschwankungen in dem Auge (505), erhéhter
DruckmefRempfindlichkeit und erhéhtem dyna-
mischen Druckmessbereich bereitstellen.

System (100) zum Bestimmen des intraokularen
Drucks, wobei das System (100) umfaft:

einen intraokularen Drucksensor (101), wie in
einem der Anspriche 1 bis 5 definiert, und
eine Lichtquelle (102), welche denintraokularen
Drucksensor (101) mit einer oder mehreren
Wellenlangen des Lichts beleuchtet, und
einen Detektor (106), welcher reflektiertes
und/oder emittiertes Licht von dem Sensor (101)
misst.

System (100) gemafR Anspruch 7, weiter umfassend
eine Verarbeitungsvorrichtung (107) in Verbindung
mit dem Detektor (106),

wobei die flexible Siliciumnitridmembran (202) die
eine oder die mehreren Wellenldngen des Lichts so-
wohl transmittiert als auch reflektiert,

wobei das Siliciumsubstratelement (200) die eine
oder mehreren Wellenldngen des Lichts, transmittert
durch die flexible Siliciumnitridmembran (202), re-
flektiert,

wobei das Licht, reflektiert durch das Siliciumsubst-
ratelement (200), mit Licht, reflektiert von der flexib-
len Siliciumnitridmembran (202), interferiert, um ein
Interferenzmuster (300) zu bewirken,

wobei das Interferenzmuster (300) dem intraokula-
ren Druck entspricht,

wobei der Detektor (106) eine elektronische Bildge-
bungsvorrichtung ist, die ein Bild des Interferenz-
musters (300) aufnimmt, und

wobei die Verarbeitungsvorrichtung (107) eine Pha-
senberechnung an dem Bild des Interferenzmusters
(300) durchfihrt, um Phasenwinkel des Interferenz-
musters (300) zu bestimmen und die Phasenwinkel
mit dem intraokularen Druck korreliert.

System (100) gemaR Anspruch 8, wobei die Verar-
beitungsvorrichtung (107) weiter die Phasenberech-
nung unter Verwendung einer Integraltransformati-
on (302) durchfiihrt und die Phasen bei einer oder
mehreren Ortsfrequenzen berechnet, die Peaks in
einem Absolutwert der Integraltransformation ent-
sprechen.

System (100) gemaR Anspruch 8, wobei die Verar-
beitungsvorrichtung (107) die Werte der Ortsfre-
quenzen, dieden Peaks (301) indem absoluten Wert
der Integraltransformation (302) entsprechen, um
Fehler zu korrigieren, die sich aus einer Winkelab-
weichung einer Sensornormalen von einer opti-
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schen Achse eines Auslesesystems ergeben.

System (100) gemal Anspruch 8, wobei jede Wel-
lenldnge, emittiert durch die Lichtquelle (102), eine
Kohérenzlange aufweist, die langer ist als der dop-
pelte Abstand zwischen der flexiblen Siliciumnitrid-
membran (202) und dem Siliciumsubstratelement
(200).

System (100) gemaR Anspruch 8, weiter umfassend
einen optischen Filter (105), angeordnet zwischen
dem intraokularen Drucksensor (101) und mindes-
tens einem von der Lichtquelle (102) und der elek-
tronischen Bildgebungsvorrichtung, und eine opti-
sche Koharenzlange lieferend, die grofer ist als der
doppelte Abstand von der flexiblen Siliciumnitrid-
membran (202) zu dem Siliciumsubstratelement
(200).

System (100) gemaR Anspruch 8, wobei die Licht-
quelle (102) zeitlich moduliert ist, um eine Erfassung
des Interferenzmusters (300) zu ermdglichen.

System (100) gemaR Anspruch 8, wobei die Licht-
quelle (102) mehrere Wellenldngen von Licht, ent-
weder gleichzeitig oder nacheinander, emittiert, und
wobei die Abmessungen der flexiblen Siliciumnitrid-
membran (202) eine Phasenanderung in dem Inter-
ferenzmuster (300) von mehr als 2= fir mindestens
eine der mehreren Wellenlangen von Licht zulafRt.

System (100) gemaR Anspruch 7, weiter umfassend
eine Verarbeitungsvorrichtung (107) in Verbindung
mit dem Detektor (106), eine Beschichtung (700),
enthaltend ein fluoreszierendes Material, beschich-
tet auf mindestens einem von dem Siliciumsubstra-
telement (200) und der flexiblen Siliciumnitridmem-
bran (202), und einen Filter (105), angeordnet zwi-
schen dem intraokularen Drucksensor (101) und
dem Detektor (106),

wobei eine externe Lichtquelle (102) das fluoreszie-
rende Material der Beschichtung (700) anregt, wobei
das fluoreszierende Material der Beschichtung (700)
ein Licht einer unterschiedlichen, zweiten Wellen-
lange emittiert, wobei die Emission des Lichts der
zweiten Wellenlange das Ergebnis der Anregung
des fluoreszierenden Materials ist, und die Nahe der
flexiblen Siliciumnitridmembran (202) zu dem Silici-
umsubstratelement (200) die Intensitat des emittier-
ten Lichts einer unterschiedlichen, zweiten Wellen-
lange moduliert,

wobei der Detektor (106) ein Lichtintensitatssensor
ist,

wobei der Filter (105) zuldRt, dass nur die zweite
Wellenlange den Detektor (106) erreicht, und
wobei die Verarbeitungsvorrichtung (107) die detek-
tierte Intensitat bei der zweiten Wellenlange mit dem
intraokularen Druck korreliert.
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Revendications

Capteur de intraoculaire

comprenant :

pression (101)

un élément de substrat en silicium (200) ;

un élément écarteur (201) ; et

une membrane flexible en nitrure de silicium
(202) ;

I’élément de substrat en silicium (200), I'élément
écarteur (201) et lamembrane flexible en nitrure
de silicium (202) définissant une cavité scellée
(203) ;

lamembrane flexible en nitrure de silicium (202)
étant configurée pour se déplacer ou déformer
en réponse a des changements de pression in-
traoculaire et dans lequel le mouvement de la
membrane flexible en nitrure de silicium (202)
peut étre mesuré optiquement,

lamembrane flexible en nitrure de silicium (202)
étant configurée pour a la fois transmettre et re-
fléter de la lumiére, et I'élément de substrat en
silicium (200) étant configuré pour refléter de la
lumiére,

dans lequel la lumiére reflétée par I'élément de
substrat en silicium (200) interfére de maniere
constructive ou destructive avec de la lumiéere
reflétée depuis la membrane flexible en nitrure
de silicium (202) pour créer un diagramme d’in-
terférence (300), et

dans lequel le diagramme d’interférence résul-
tant (300) correspond a la pression intraoculai-
re.

Capteur de pression intraoculaire (101) selon la re-
vendication 1, comprenant en outre une couche
(204) de matériau supplémentaire enduite surle coté
externe de la membrane flexible en nitrure de sili-
cium (202), I'épaisseur et l'indice de réfraction du
matériau supplémentaire égalisant la réflexion pro-
venant de la membrane flexible en nitrure de silicium
(202) et de I'élément de substrat en silicium (200).

Capteur de pression intraoculaire (101) selon la re-
vendication 1, comprenant en outre un enrobage
(700) contenant un matériau fluorescent, 'enrobage
(700) étant enduit sur au moins un de I'élément de
substrat en silicium (200) et la membrane flexible en
nitrure de silicium (202), dans lequel une source lu-
mineuse externe (102) excite le matériau fluorescent
de I'enrobage (700), et le matériau fluorescent de
I’enrobage (700) émet une lumiére d’'une deuxieme
longueur d’onde différente, I'émission de la lumiére
de la deuxiéme longueur d’onde étant le résultat de
I’excitation du matériau fluorescent, dans lequel la
proximité de la membrane flexible en nitrure de sili-
cium (202) a I'élément de substrat en silicium (200)
module l'intensité de la lumiére émise d’'une deuxie-
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me longueur d’onde différente et l'intensité détectée
de la lumiere émise de la deuxieme longueur d’onde
différente est utilisée pour déterminer la pression.

Capteur de pression intraoculaire (101) selon la re-
vendication 3, comprenant en outre un milieu de dis-
persion (701) enduit suraumoins unde lamembrane
flexible en nitrure de silicium (202) et I'élément de
substrat en silicium (200).

Capteur de pression intraoculaire (101) selon la re-
vendication 3, dans lequel I'enrobage (700) com-
prend en outre un second matériaufluorescent, dans
lequel la source lumineuse externe (102) excite en
outre le second matériau fluorescent de I'enrobage
(700) pour émettre une lumiére d’une troisieme lon-
gueur différente, dans lequel la différence d’intensité
détectée de la lumiere émise aux deuxieme et troi-
siéme longueurs d’onde est utilisée pour déterminer
la pression.

Dispositif de mesure de pression intraoculaire
comprenant :

un capteur de pression intraoculaire (101) selon
'une quelconque des revendications 1 a 5 ;

un élément d’ancrage (500) connecté au cap-
teur de pression intraoculaire (101) pour immo-
biliser le capteur de pression intraoculaire (101)
dans un oeil (505) ;

un élément protecteur (501) connecté a I'élé-
ment d’ancrage (500) et recouvrant le capteur
de pression intraoculaire (101) pour empécher
un contact entre la membrane flexible en nitrure
de silicium (202) et des portions de I'oeil (505) ;
et

un second capteur de pression intraoculaire
(101) ayant au moins une caractéristique parmi
un diameétre, une forme, une épaisseur de mem-
brane, un matériau de membrane et un matériau
de substrat différent, le capteur de pression in-
traoculaire (101) et le second capteur de pres-
sion intraoculaire (101) fournissant au moins un
élément parmi une mesure de pression redon-
dante, une détection de panne, une compensa-
tion de fluctuations de température dans I'oeil
(505), une sensibilité de mesure de pression ac-
crue et une plage dynamique de mesure de
pression accrue.

7. Systéme (100) de détermination de pression intrao-

culaire, le systeme (100) comprenant :

un capteur de pression intraoculaire (101) selon
'une quelconque des revendications 1 a 5 ; et

une source lumineuse (102) éclairant le capteur
de pression intraoculaire (101) avec une ou plu-
sieurs longueurs d’onde de lumiére ; et
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undeétecteur (106) quimesure lalumiére reflétée
et/ou émise depuis le capteur (101).

Systéme (100) selon la revendication 7, comprenant
en outre un dispositif de traitement (107) en commu-
nication avec le détecteur (106),

dans lequel la membrane flexible en nitrure de sili-
cium (202) transmet et refléte a la fois la ou les lon-
gueurs d’onde de lumiére,

dans lequel I'élément de substrat en silicium (200)
reflete la ou les longueurs d’onde de lumiére trans-
mises par la membrane flexible en nitrure de silicium
(202),

danslequel la lumiere reflétée par I'élément de subs-
trat en silicium (200) interfere avec de la lumiére re-
flétée depuis la membrane flexible en nitrure de si-
licium (202) pour créer un diagramme d’interférence
(300),

dans lequel le diagramme d’interférence (300) cor-
respond a la pression intraoculaire,

dans lequel le détecteur (106) est un dispositif d'ima-
gerie électronique capturant une image du diagram-
me d’interférence (300), et

dans lequel le dispositif de traitement (107) réalise
un calcul de phase sur 'image du diagramme d’in-
terférence (300) pour déterminer des angles de pha-
se du diagramme d’interférence (300) et met en cor-
rélation les angles de phase avec la pression intrao-
culaire.

Systéme (100) selon la revendication 8, dans lequel
le dispositif de traitement (107) réalise en outre le
calcul de phase en utilisant une transformée intégra-
le (302) et calcule les phases a une ou plusieurs
fréquences spatiales correspondant a des pics (301)
d’'une valeur absolue de la transformée intégrale
(302).

Systéme (100) selon la revendication 8, dans lequel
le dispositif de traitement (107) utilise les valeurs des
fréquences spatiales correspondant a des pics (301)
de la valeur absolue de la transformée intégrale
(302) pour corriger des erreurs qui surviennent a par-
tir d’'un écart angulaire d’'une normale de capteur de-
puis un axe optique d'un systéme de lecture.

Systéme (100) selon la revendication 8, dans lequel
chaque longueur d’onde émise par la source lumi-
neuse (102) a une longueur de cohérence plus lon-
gue que le double de la séparation entre la membra-
ne flexible en nitrure de silicium (202) et I'élément
de substrat en silicium (200).

Systéme (100) selon la revendication 8, comprenant
en outre un filtre optique (105) positionné entre le
capteur de pression intraoculaire (101) et au moins
un de la source lumineuse (102) et du dispositif
d’'imagerie électronique, et fournissant une longueur
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de cohérence optique supérieure au double de la
distance de la membrane flexible en nitrure de sili-
cium (202) a I'élément de substrat en silicium (200).

Systeme (100) selon la revendication 8, dans lequel
la source lumineuse (102) est modulée dans le
temps pour permettre une détection synchrone du
diagramme d’interférence (300).

Systeme (100) selon la revendication 8, dans lequel
la source lumineuse (102) émet de multiples lon-
gueurs d'onde de lumiére, simultanément ou sé-
quentiellement, et dans lequel les dimensions de la
membrane flexible en nitrure de silicium (202) per-
mettent un changement de phase du diagramme
d’interférence (300) supérieur a 2t pour au moins
une des multiples longueurs d’'onde de lumiére.

Systeme (100) selon la revendication 7, comprenant
en outre un dispositif de traitement (107) en commu-
nication avec le détecteur (106), un enrobage (700)
contenant un matériau fluorescent enduit sur au
moins un de I'élément de substrat en silicium (200)
et la membrane flexible en nitrure de silicium (202),
et un filtre (105) positionné entre le capteur de pres-
sion intraoculaire (101) et le détecteur (106),

dans lequel une source lumineuse externe (102) ex-
cite le matériau fluorescent de I'enrobage (700), le
matériau fluorescent de I'enrobage (700) émet une
lumiere d’'une deuxiéme longueur d’onde différente,
I'émission de la lumiére de la deuxieme longueur
d’onde étant le résultat de I'excitation du matériau
fluorescent, et la proximité de la membrane flexible
en nitrure de silicium (202) a I'élément de substrat
ensilicium (200) module I'intensité de la lumiére émi-
se d'une deuxiéme longueur d’onde différente,
dans lequel le détecteur (106) est un capteur d’in-
tensité lumineuse,

dans lequel le filtre (105) permet uniquement a la
deuxiéme longueur d’'onde d’atteindre le détecteur
(106), et

dans lequel le dispositif de traitement (107) met en
corrélation l'intensité détectée a la deuxiéme lon-
gueur d’'onde avec la pression intraoculaire.
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