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OPTICAL FIBER PRESSURE SENSOR WITH
UNIFORM DIAPHRAGM AND METHOD OF
FABRICATING SAME

RELATED APPLICATIONS

[0001] This application is a divisional of U.S. application
Ser. No. 13/381,256, filed Dec. 28, 2011, which is the U.S.
National Stage of International Application No. PCT/
US2010/040460, filed Jun. 29, 2010, which designates the
U.S., published in English, and claims the benefit of U.S.
Provisional Application No. 61/221,429, filed Jun. 29, 2009.
The entire teachings of the above applications are incorpo-
rated herein by reference.

BACKGROUND OF THE INVENTION

[0002] Optical fiber sensors that use Fabry-Perot cavities
to detect pressure and/or temperature are very sensitive and
compact. Typical optical fiber sensors include a cavity
formed by a diaphragm or a cavity assembly on the end of
an optical fiber. Light transmitted through the fiber reflects
off both the end of the fiber and the diaphragm, creating a
signal that varies with the cavity length, which changes with
temperature and pressure. Usually, the thinner the dia-
phragm, the more sensitive the cavity. The uniformity of the
diaphragm thickness is also important; if the thickness varies
too much, then the sensor may produce unpredictable,
unrepeatable measurements.

[0003] Optical fiber sensors are small and their geometri-
cal flexibility make them easy to connect to current tools and
to use in small or restricted spaces. Optical fiber sensors
generally are immune to electromagnetic interference, inert
to chemical erosion, and insensitive to thermal variations. In
addition, optical fiber sensors can survive in high-pressure,
high-temperature cure cycle environments, such as those
encountered during structure fabrication, system integration,
and daily use.

[0004] Micro Fabry-Perot cavities may be fabricated using
a combination of surface micromachining technology. (See,
e.g., Y. Kim and D. P. Neikirk, “Micromachined Fabry-Perot
Cavity Pressure Transducer,” IEEE Phot. Technol. Letters,
7: 1471-1473, 1995, incorporated herein by reference in its
entirety.) Micromachined cavities exhibit good repeatability
and can be made with well-controlled cavity lengths. Micro-
machined cavities typically have limited cavity lengths,
however, due to the nature of the surface micromachining
process; reported lengths are 0.6 pm and 1.6 pm, which may
not be useful in every application. In addition, fluctuations
in temperature can cause different layers of the microma-
chined cavities to change cavity length (i.e., thickness or
shape of the diaphragm), affecting measurement accuracy.
Also, fabrication techniques may result in a lack of unifor-
mity inside or between wafers. Micromachined cavities are
also difficult to integrate with optical fiber due to the
complexity of the cavity (sensor) assemblies.

[0005] Bulk-micromachining cavities on wafers can make
both fabrication and the resulting device structures simpler.
Though fiber sensors with bulk-micromachined cavities may
be easier to assemble and more accurate than surface-
micromachined cavities, the uniformity of the cavity length
in bulk-micromachined cavities is difficult to control
because the wafer thickness can vary and the fabrication
process can be non-uniform.
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[0006] Moreover, fiber sensors with micromachined cavi-
ties must be assembled by fixing the cavities to the fibers
with glue or epoxy, which requires extremely precise align-
ment. The cavities are usually larger than the optical fibers,
so the sensors tend to be fragile. In addition, the glue or
epoxy may not hold at high temperatures or pressures;
worse, the glue or epoxy may shrink or expand at a different
rate than the surrounding material, degrading the sensor’s
temperature stability.

[0007] To avoid problems with glue or epoxy, the sensor
head can be bonded directly to the optical fiber with one of
a variety of bonding techniques. For example, a sensor can
be made by coating a thin film with a polyimide spacer, then
bonding the surface coated with polyimide spacer to the end
face of an optical fiber to form a cavity. Unfortunately,
polyimide’s properties depend greatly on temperature, so
polyimide-based sensors are not suitable for use in harsh
environments.

[0008] Sensors made using laser fusion bonding use fer-
rules instead of polyimide to connect thin fused-silica dia-
phragms to optical fibers. The diaphragms are connected to
a ferrule, which is then bonded to an optical fiber. Ferrule-
based devices have wide working temperature ranges plus
outstanding temperature stability. They are bulky, however,
and the diaphragms tend to be too thick for applications that
require high sensitivity. In addition, the cavity length is
difficult to control during mass production.

[0009] Splicing is a well-known way to bond together
pairs of optical fibers that can also be used to bond a fused
silica diaphragm to the end of an optical fiber. Splice-bonded
sensors are compact—the silica diaphragm has a diameter
equal to that of the optical fiber—and exhibit outstanding
thermal performance. With splicing, though, it is still diffi-
cult to control the thickness of the diaphragm and the cavity
length. Typically, spliced sensors are made by splicing a
fiber with a flat end to a fiber that has been partially etched
away. One of the fibers is cut away with a cleaver, leaving
a relatively thick (e.g., 3-6 um) diaphragm that can be
wet-etched, if desired, to create a thinner diaphragm. Unfor-
tunately, cleaving tends to leave a non-uniform diaphragm,
and the wet etching used to reduce the diaphragm thickness
also tends to result in non-uniform thickness. Moreover, it is
extremely difficult to splice the bonded fiber thin enough to
form a diaphragm that is less than about 3 pm thick.
Repeatability is also a problem because spliced sensors are
fabricated individually.

[0010] Anodic bonding is another well-known bonding
technique that can be used to bond silicon to glass. Usually,
the fiber end face is etched using photolithography, then a
thin silicon film is bonded directly to the etched end face.
Anodic bonding has the following drawbacks: (1) the fiber
tip must be large enough to handle during photolithography,
e.g., 200 um or more in diameter; (2) the fiber tip must be
coated with silver during photolithography, increasing the
fabrication cost; (3) anodic bonding between silicon and
glass fibers requires that the fiber be specially doped with
alkali ions, such as Na*, La™, or K*; (4) anodically bonded
sensors have poor sensitivity because the silicon diaphragm
is usually 3-10 pm thick; and (5) the diaphragm and the fiber
are made of different materials, so thermal stability is still an
issue.
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[0011] Therefore, there is a need for a miniature optical
fiber pressure sensor and a method for making such a sensor
that overcomes or substantially reduces the above-men-
tioned problems.

SUMMARY OF THE INVENTION

[0012] Embodiments of the present invention include a
sensor that comprises a silica, silicon oxide, or silica nitride
diaphragm in contact with an optical fiber such that a cavity
is defined by a surface of the optical fiber and a surface of
the diaphragm. The surface of the optical fiber can oppose
the surface of the diaphragm, whose thickness varies by
between about 1% and about 10%, or, more preferably, by
up to and including about 5%. In one embodiment, the
surfaces are plane parallel to each other.

[0013] In certain embodiments, the optical fiber includes a
core aligned along a major axis of the optical fiber and a
cladding disposed radially over at least a portion of the core.
The surface of the optical fiber can include a surface of the
core essentially normal to the major axis of the optical fiber.
The surface of the diaphragm can be in contact with the
cladding. At least a portion of the surface of the optical fiber
can be recessed within the optical fiber. Similarly, at least a
portion of the surface of the diaphragm can be recessed
within the diaphragm.

[0014] In other embodiments, the optical fiber and the
diaphragm each include materials with essentially nominal
coefficients of thermal expansion. Example diaphragm
materials include silica (silicon dioxide), silicon, silicon
nitride, and/or silicon monoxide. Preferably, the diaphragm
is fabricated as a film, such as a silica thin film, on a silicon
substrate and released from the substrate using etching—wet
etching and dry etching are suitable, although dry etching,
such as deep reactive ion etching, is preferred—before or
after the diaphragm is bonded to the optical fiber. The
diaphragm thickness is approximately equal to the thickness
of the film deposited on the substrate and can be 0.05-10
microns in thickness; more preferably, the diaphragm has a
thickness equal to or less than about one micron, 0.75
micron, or 100 nm.

[0015] Embodiments of the present invention also include
a method of making a sensor by placing a thin film in direct
contact with an optical fiber to define a cavity between a
surface of the optical fiber and a surface of the thin film.
Heating either the thin film, the optical fiber, or both the thin
film and the optical fiber causes the thin film to bond to the
optical fiber, forming a cavity bounded by the optical fiber
on one side and a thin-film diaphragm on the other. For
example, silica thin films can be heated to about 200 degrees
Celsius or higher for bonding to silica fibers, whereas silicon
thin films are often heated to at least about 700 degrees
Celsius for bonding to silica fibers. The thin film is released
from a substrate, before or after heating, with wet or dry
etching.

[0016] Example methods can further include the step of
forming a recess in the surface of the optical fiber before
bonding the thin film to the optical fiber, possibly by
removing part of a core of the optical fiber. Alternatively (or
in addition), a recess can be formed in the surface of the thin
film before bonding the thin film to the optical fiber.
[0017] Insome embodiments, bonding the thin film to the
optical fiber includes simultaneously heating the thin film
and the optical fiber at the same time, thereby causing the
thin film to bond to the optical fiber. Bonding can be
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performed by illuminating the surface of the thin film with
a laser beam. During heating, the length of the cavity can be
adjusted by pushing or pulling on the thin film or the optical
fiber. For example, the cavity length can be adjusted during
heating to ensure operation in the linear regime to improve
signal quality.

[0018] Still further embodiments of the present invention
include a method of sensing pressure with the optical fiber
sensors described above. An optical beam is transmitted to
an optical fiber sensor that includes a cavity defined by an
optical fiber and a diaphragm with a uniform thickness.
Reflections from surfaces of the cavity, including at least one
surface of the diaphragm, produce an interference pattern
whose intensity and phase are indicative of pressure exerted
on the cavity.

[0019] Because the diaphragm has a uniform thickness, it
performs more consistently than other sensors. In addition,
the use of a silica thin film diaphragm made by deep reactive
ion etching enables greater sensitivity because the dia-
phragm can be very thin (e.g., about 50-750 nm thick).
Alternatively, the sensor can be made with thicker dia-
phragms (e.g., 10 pum thick films) to withstand higher
pressures. A sensor with a silica diaphragm in direct contact
with an optical fiber is also less susceptible to error induced
by temperature fluctuations caused by differences in expan-
sion and contraction rates from that of an optical fiber with
which it is in contact. At the same time, due to the outstand-
ing chemical resistance and biocompatibility of silica, the
sensor can be used in applications as diverse as monitoring
in harsh environments and cardiovascular blood pressure
monitoring.

[0020] The fabrication process is relatively straightfor-
ward and the fabrication parameters can be well-controlled,
leading to low cost and good repeatability. For example,
substrates with isolated silicon islands enable batch process-
ing for diaphragm release, typically resulting in even lower
manufacturing cost and better uniformity. In addition, the
cavity length can be monitored and adjusted during fabri-
cation, possibly to ensure operation in a linear regime.
[0021] Optical fiber sensors of the invention can be used
for a variety of applications that require high sensitivity and
fine resolution for measurement of pressure in tight spaces.
For example, optical fiber sensors can be integrated into
catheters and used to measure blood pressure intravenously
or in arteries during angioplasties. They can also be embed-
ded in other catheters for pressure measurement in the brain,
lungs, or bladder. Optical fiber sensors can also be used for
remote sensing in industrial applications, such as down-hole
oil well pressure measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIGS. 1A-1C are schematic illustrations of fiber
sensors according to different embodiments of the present
invention.

[0023] FIGS. 2A and 2B are schematic illustrations of a
fiber sensor in operation.

[0024] FIG. 2C is a plot of output intensity from the fiber
sensor as a function of fiber sensor cavity length.

[0025] FIGS. 3A and 3B are schematic illustrations of
methods of constructing fiber sensors according to embodi-
ments of the present invention.

[0026] FIG. 4 is a schematic illustration of a method of
etching a recess in a silica thin film according to embodi-
ments of the present invention.



US 2017/0191893 A1

[0027] FIGS. 5A-5F are schematic illustrations of meth-
ods of localized heating of silica diaphragms and optical
fiber tip according to embodiments of the present invention.
[0028] FIG. 6 is a schematic illustration of an optical fiber
in contact with a silica thin film on a silicon frame structure.
[0029] FIG. 7A is a schematic illustration of an etched
optical fiber in a ferrule in contact with a silica thin film on
a silicon frame structure.

[0030] FIG. 7B is a schematic illustration of optical fibers
held in place by silicon chips with either step-slots or
V-grooves.

[0031] FIG. 8 is a schematic illustration of a wireless
communication system suitable for use with optical fiber
Sensors.

[0032] FIGS. 9A-9C are illustrations of the fiber sensor
characterization setups.

[0033] FIG. 10 is a schematic illustration of making an
etched fiber from single-mode and multimode fiber.

[0034] FIGS. 11A and 11B are photographs of an etched
fiber and an optical sensor, respectively, according to
embodiments of the present invention.

[0035] FIGS. 12A and 12B are photographs of end faces
of optical sensors according to embodiments of the present
invention.

[0036] FIGS. 13A-13C are plots of pressure measure-
ments made using an example sensor.

[0037] FIG. 14 is a plot of pressure response from the
sensor versus notch wavelength shift.

[0038] FIG. 15 is a plot of pressure change and wave-
length shift versus time for three cycles of pressure fluctua-
tion.

[0039] FIGS. 16A-16E are diagrams and photographs of
an optical fiber sensor packaged inside a bio-compatible
catheter structure.

[0040] FIG. 17 is schematic diagram of an experimental
setup used to measure blood pressure in a pig study con-
ducted at the CEMOS lab.

[0041] FIG. 18 illustrates the user interface of the Lab-
view™ program controlling the laser and spectrum collec-
tion by the setup shown in FIG. 17.

[0042] FIG. 19 is a plot of the fiber sensor reflection
spectrum collected in the CEMOS lab.

[0043] FIG. 20 is a plot of the blood pressure waveform
measured by a hospital catheter transducer.

[0044] FIG. 21 is a plot of the blood pressure waveform
from the optical fiber sensor shown in FIG. 17.

[0045] FIG. 22 is a plot of pressure measured by the
optical fiber sensor of FIG. 17 showing a decrease in blood
pressure from 50 mmHg to 45 mmHg, caused by complete
occlusion of coronary vessel.

[0046] FIG. 23 is a plot of blood pressure measured by the
optical fiber sensor of FIG. 17 showing a gradual increase in
blood pressure following partial deflation with resolution of
the occlusion.

[0047] FIG. 24 includes (a) a plot of pressure measured by
the optical fiber sensor of FIG. 17 showing that the pressure
decreased then increased due to deployment and deflation of
the coronary occluder; (b) a coronary angiogram following
introduction of the UML fiber pressure sensor into the left
anterior descending coronary artery with a circle that iden-
tifies a 90% stenosis with markedly reduced flow at the site
of the vascular occluder; and (c) another angiogram showing
alleviation of the critical stenosis following deflation of the
vascular occluder.
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DETAILED DESCRIPTION OF THE
INVENTION

[0048] The foregoing will be apparent from the following
more particular description of example embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating embodiments of the present invention.

[0049] In one embodiment, the optical pressure sensor of
the invention includes a silica thin film contacting an optical
fiber. The optical pressure sensor can be fabricated by
employing, for example, localized or confined heating meth-
ods, including, for example, laser heating, electrode dis-
charge heating and flame heating. Depending on the heating
method, the cavity formed between the silica thin film and
the optical fiber can be evacuated or filled with fluid, such
as inert gas. The thin film can be fixed on a solid substrate
during bonding and released after bonding, resulting in a
sensor whose diameter can be the same as the diameter of
the optical fiber (e.g., 125 um for single-mode fiber). In
addition, the solid substrate can be patterned or made into an
array with MEMS technology.

Optical Fiber Sensors

[0050] FIGS. 1A-1C show different versions of the present
inventive optical fiber sensor. FIG. 1A shows the profile of
a sensor 100 made of optical fiber 102 with a core 106
surrounded by a cladding 104. The difference in refractive
indices between the core 106 and the cladding 104 allows
the fiber 102 to guide light over long distances with very low
loss in one or more modes; depending on the embodiment,
the fiber 102 may be either single-mode fiber or multimode
fiber as determined, in part, by the diameter of the core 106.
Part of the core 106 is etched away to form a recess in the
fiber 102. A silica diaphragm 110 in contact with the
cladding 104 defines a cavity 108 between the recess in the
fiber 102 and the diaphragm 110.

[0051] The diaphragm 110 may be made of silica, silicon,
silicon oxide, or silicon nitride, with a thickness of less than
about three microns, or, more preferably, about one micron
or less, e.g., about 100 nm or about 750 nm. The diaphragm
can be formed of a layer of silica, silicon nitride, silicon
oxide, or silicon deposited onto a silicon wafer, which can
be removed by etching. This thin film can be made by
oxidation of silicon wafers or by low pressure chemical
vapor deposition. The silicon wafer can be removed from the
thin film layer by either wet etching and dry etching, such as
deep reactive ion etching, although dry etching is preferred.
[0052] The diaphragm 110 has the thickness and surface
characteristics of the thin film deposited on the substrate. For
example, silica thin films may have a thickness of anywhere
within the range of about 0.1 um to about 10 pm; more
preferably, the thickness is about 1.0 pm or less. The
thickness of the diaphragm made from such as thin film is
within the range of about 1% to about 10% of the total
thickness (or, more preferably, by up to and including 5%),
e.g., a diaphragm that is nominally 1.0 um thick may have
an actual thickness of 1.0 um+0.1 um. Such a diaphragm is
almost perfectly flat—at a width of about 20 pm, it has a
wedge angle of about 0.15 prad. In addition, it is very
smooth, with a root-mean-square roughness of about 0.2 nm
over an area of about 20 umx20 pum. For more on the
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characteristics of thin films prepared using deep reactive ion
etching, see, e.g., S. Chandrasekaran and S. Sundararajan,
“Effect of microfabrication processes on surface roughness
parameters of silicon surfaces,” Surfaces & Coatings Tech-
nology 188-189: 581-587 (2004), incorporated herein by
reference in its entirety.

[0053] FIG. 1B shows alternative sensor 120 made of an
optical fiber 122 with a core 126 and a cladding 124. In this
case, however, the sensor 120 includes a cavity 128 between
the fiber 122 and a diaphragm 130 with a recess. As above,
the diaphragm 130 is formed of a thin film and has a uniform
thickness, e.g., a thickness that varies by up to and including
about 10%, or, more preferably, about 5%. The diaphragm
130 is preferably made of silica, and can include silicon,
silicon nitride or a composite material which has silicon,
oxygen, nitrogen or hydrogen. The diaphragm 130 does not
need to be precisely aligned to the cladding 124 so long as
the end face of the core 126 is aligned to the recess in the
diaphragm 130. In general, the end face of the optical fiber
122, including the end face of the core 124, should be
aligned parallel to the surface of the diaphragm 130 on the
interior of the cavity 128.

[0054] FIG. 1C shows another alternative sensor 140 of
the invention, made of optical fiber 142 and a silica dia-
phragm 150. Here, recesses in both the fiber 142 and the
diaphragm 150 form parts of a cavity 148. The diaphragm
150 contacts the fiber cladding 144 such that the core 146
opposes the interior surface of the diaphragm 150.

[0055] Alternatively, in another embodiment, not shown, a
cavity can be defined by a short, fused capillary tube (not
shown).

Operation of Optical Fiber Sensors

[0056] FIGS.2A and 2B are schematic illustrations of how
the fiber sensor 100 of FIG. 1A is employed to detect
changes in temperature or pressure. (Sensors 120 and 140
operate in the same manner.) The fiber 102 transmits a
measurement beam 200 from a fiber input 103 to a core/
cavity interface 111 between the core 106 and the cavity 108.
The core/cavity interface 111 reflects part of the measure-
ment beam 200 and transmits the rest. The reflected part, or
reflected beam 202, propagates back down the optical fiber
102 towards the fiber input 103.

[0057] The transmitted part of the measurement beam, or
transmitted beam 206, propagates through the cavity 108 to
an interface 109 between the cavity 108 and the silica
diaphragm 110. The transmitted beam 206 reflects off the
cavity/diaphragm interface 109 and propagates back through
the cavity 108. The core/cavity interface 111 transmits (at
least part of) the transmitted beam 200, which propagates
back down the optical fiber 102 towards the fiber input 103.
(Further reflections can occur at each interface in the sensor
100, resulting in spurious signals that can be filtered from
the desired signal.)

[0058] As the transmitted beam 206 propagates back and
forth through the cavity, it accumulates a round-trip phase
delay equal to twice the product of the cavity length 118 and
the cavity’s index of refraction. The accumulated phase
delay causes the transmitted beam 206 to interfere with the
reflected beam 202 to produce a signal that depends on the
phase difference. Changes in the cavity length 118 due to
external pressure or temperature changes produce corre-
sponding changes in the measured signal.
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[0059] As shown in FIG. 2B, for example, when the
ambient pressure decreases, the diaphragm 108' bows out-
wardly, as shown, causing the cavity length 118' to increase,
which, in turn, causes the reflected beam 206' to accumulate
a greater phase delay. Likewise, increases in ambient pres-
sure cause the cavity length 118 to decrease and the reflected
beam to accumulate less phase delay. Changes in tempera-
ture may also cause the cavity to expand or contract,
resulting in corresponding changes in the detected interfer-
ence signal.

[0060] FIG. 2C shows a plot 280 of the intensity detected
at the fiber input 103 as a function of the cavity length 118.
The intensity varies sinusoidally with the cavity length
according to the equation:

I=Iy+1, cos(4mnl/h),

where n is cavity’s index of refraction, 1 is the cavity length,
 is the wavelength of the measurement beam 200, and I,
and I, depend on the coeflicients of reflection of the inter-
faces 109 and 111. At certain initial cavity lengths, the
intensity varies linearly about a quadrature point 282 as a
function of cavity length. Setting the initial cavity length to
about (m+2)(A/4), where m is an integer equal to zero or
greater than zero, corresponds to fixing the cavity’s relaxed
length to a quadrature point. The Q point is the center of the
linear zone of the spectrum. Although linear variation about
the quadrature point is useful for intensity demodulation, the
cavity length can vary from (m+%2)(/4), though the length
should preferably remain within the linear range.

[0061] Other demodulation techniques can be used to
measure pressure or temperature changes. For example, with
spectrum demodulation, the entire reflection spectrum is
used to determine the pressure by measuring the shift in the
spectrum position. With this method, the cavity length is no
limitation provided that the length is long enough to have at
least one peak or valley within the spectrum measurement
range.

[0062] The thickness of the diaphragm 110 and the diam-
eter of the diaphragm 110 affect the sensitivity of the sensor.
Generally speaking, thinner diaphragms tend to be more
sensitive to pressure variations, hence the desire to make
diaphragms with thickness of one micron or less.

Making Optical Fiber Sensors

[0063] FIG. 3A shows a method of making an optical fiber
sensor 100 according to one embodiment of the present
invention. Standard optical fiber 301, shown in (a), is etched
in (b) to form a hole or recess 303. In (c), the etched fiber
is bonded to silica thin film 305 on a holding substrate 306.
Next, in (d), unnecessary silica thin film is removed to form
a silica diaphragm 307, which is bonded to the fiber before
the holding substrate is removed to release the diaphragm
(e). The fiber can also be bonded to the silica after the excess
silica is removed.

[0064] The thickness of the diaphragm depends on how
thick the silica can be grown on the silicon wafer, and can
be under about 3 um thick, under about 1 um, and even as
thin as 100 nm. Commercially available silicon wafers may
be used to lower costs and to make handling easier; typical
commercially available wafers have silica layers that are
within a range of about 50 nm to about 10 um thick. The
diaphragm can also be made thinner by etching it after it has
been bonded on the fiber.
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[0065] FIG. 3B shows an alternative method of making an
optical fiber sensor by bonding thin silica (silicon dioxide)
film 313 directly onto the end face of an optical fiber 311
with a recess. A silica-on-silicon wafer is etched with silicon
wet etching, such as potassium hydroxide (KOH) wet etch-
ing, or dry etching, such as silicon deep reactive ion etching,
to remove the silicon substrate from the silica thin film 313.
Etching is a selective process; that is, it involves removal of
the silicon, but not the silica 313. After the silicon is etched
away, only the silica film 313 is left. The wafer can be
patterned before etching to keep some silicon as a frame to
hold the thin oxide layer (not shown). Etching can also be
performed after the thermal bonding described below.
[0066] As shown in (a), the film 313 is placed between a
fiber with a recess 311 and a holder 315, which should be
able to survive in high temperature without sticking to the
oxide. Next, the silica layer 313 is thermally bonded (b) to
the optical fiber 311. Alternatively, the recess formed in (b)
of FIG. 3A can be formed by hydrofluoric (HF) etching and,
optionally, splicing, the end face of a single-mode optical
fiber. Because the core and cladding of the fiber 311 have
different doping levels, their etching rates in HF solution are
different. Proper etching produces a recess in the core
without excessive removal of the cladding.

[0067] After thermal bonding, a ferrule (not shown) is
placed around the fiber 311. The ferrule’s inner diameter
should match the fiber’s outer diameter to ensure a snug fit.
Once the ferrule is in place, the holder is removed (c) and the
silica film 313 beyond the area of end face of the optical fiber
311 is cut away (d). If the holder is a silicon substrate, it can
be etched away with an alkaline-based solution, such as
KOH in water. Because the etching rate for silica is much
lower than the etching rate for silicon, the silica thin film acts
a natural stop layer for silicon wet etching. This makes the
release process simple: once the optical fiber is bonded to
silica thin film on a silicon substrate, the assembly can be
dipped into an alkaline solution until all the silicon is
removed. When oxide thin film without a substrate is used,
there is no need to etch away silicon.

[0068] Some sensors may need cavities whose diameters
exceed the diameter of a single-mode fiber core. These
cavities can be formed by splicing a piece of multimode
optical fiber to the single-mode optical fiber, then cleaving
the multimode fiber to the desired length before etching
away the multimode core to form a recess as in (b) of FIG.
3A.

[0069] Silica thin film can be fabricated using any one of
several approaches. Thermal oxidization is cost efficient
when using silicon wafers, which are available with thermal
oxide layers that range in thickness from 0.05 um to 10 pm.
Other deposition methods, including plasma-enhanced
chemical vapor deposition (CVD), low-pressure CVD, and
sputtering, can be used to deposit silicon oxide with modi-
fied physical and mechanical properties onto silicon wafers.
For example, the ratio of silicon to oxygen or the coeflicient
of thermal expansion (CTE), which is related to the amount
of stress exerted on the thin film, can be varied by adjusting
the process parameters. Changing the properties of the silica
thin film makes it possible to alter or improve the perfor-
mance of sensors constructed with the silica thin film. A
straightforward improvement is to use a silicon oxide thin
film whose CTE matches that of the optical fiber, thereby
eliminating thermal drift in the sensor caused by materials
with mismatched CTE.
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[0070] FIG. 4 shows a method of making a sensor by
etching a recess in the diaphragm instead of the optical fiber.
For example, the recess can be etched into a 5 pm silica thin
film 421 on a silicon substrate 423. Selectively removing
part of the top oxide layer yields a shallow hole 425, as
shown in FIG. 4, which can be sealed with an optical fiber
to form a cavity. Recesses can also be fabricated in both the
end face of optical fiber and the silica layer at the same time,
and the resulting pieces can be bonded together to form the
cavity. Those skilled in the art will understand that other
cavity forming methods can be used without significant
differences in performance.

Bonding Silica to Optical Fiber

[0071] Thermal fusion bonding is a good way to bond
silica thin film to an optical fiber end face. However, high
temperatures cause the thin film to deform greatly when
heated to or above its softening or melting points. High
temperatures also cause the optical fiber to deform and
changes the refractive index distribution within the core and
cladding of the optical fiber. To obtain high-quality bonding
between the thin film and optical fiber tip, a substrate holder
should be used to hold the silica film and the heating zone
should be confined to the vicinity of the optical fiber tip and
the thin film. Localized heating allows the interface to reach
high temperature more quickly, minimizing deformation and
index changes. Another advantage is that thermal fusion
bonding does not require parts to have extremely flat,
smooth bonding surfaces, as needed for lower temperature
processes. Eliminating the need for flat, smooth surfaces
significantly lowers the cost of the final product.

[0072] During thermal bonding, the optical fiber and/or
the diaphragm are heated, e.g, to about 200° C. or above for
silica diaphragms or to about 700° C. and above for silicon
diaphragms. (Polishing the fiber before heating may reduce
the temperature required to bond the fiber to the diaphragm.)
After cooling down, mechanical stress may exist between
the substrate and the diaphragm due to the differences in
their CTE. Removing the substrate should release this stress,
which can make the structure very fragile. Choosing a
sufficiently thin substrate also reduces the mechanical stress.
On the other hand, reducing the substrate thickness reduces
support force for the thin silica film during fusion bonding.
The silicon-silica two-layer structure can also deform, caus-
ing the film/substrate to push against the fiber. Therefore, the
silicon substrate thickness should be selected carefully
according to the thickness of the silica thin film and the
bonding parameters.

[0073] During bonding, the reflection spectrum can be
monitored in real time to give an indication of the cavity
length. The cavity length can be precisely adjusted by
adjusting the heating power, heating time, and force applied
to push the fiber and thin film together. Because the dia-
phragm is fixed on the silicon substrate, adjusting the cavity
length does not affect the quality and shape of the dia-
phragm.

[0074] Silicon and silica have different absorption coeffi-
cients for wavelengths between six and fourteen micron. In
that range, silicon is partly transparent while silica strongly
absorbs. In the wavelength range between 350 nm and 1.1
wm, the behavior of silicon and silica reverses: silicon
absorbs strongly, whereas silica is transparent. Thus, either
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the silicon or the silica can be heated selectively with a
readily available high-power laser at an appropriate wave-
length.

[0075] FIG. 5A illustrates selectively heating a silica/fiber
interface with a 10.6 pm CO, laser. Collimated laser beams
507 pass through a silicon substrate 505 before being
absorbed at the interface of a silica thin film 503 and an
optical fiber 501. As shown in FIG. 5A, a sufficiently large,
collimated beam 507 can be used to heat the whole surface
of the fiber end face, eliminating any complex laser focusing
and scanning requirements. Because the laser beam 507 is
collimated, it has a long working distance, which makes it
easier to design and use the bonding system.

[0076] FIG. 5B shows an alternative laser fusion bonding
involving a focused laser beam 509. Focusing the beam
increases the intensity and reduces the illuminated area,
making it possible to heat a small spot quickly and precisely,
reducing thermally induced stress. (Diffraction limits the
minimum spot size.) Mounting the laser (not shown), a
focusing lens 511, or substrate/fiber to a stage or steering the
beam with a mirror or other deflector makes it possible to
move the focused spot relative to the fiber/silica interface. A
fiber 501 and thin film 503 can be bonded by the moving
beam 509 or the substrate/fiber 503/501 along a designed
path at a given speed or sequence.

[0077] FIG. 5C shows thermal fusion bonding of an opti-
cal fiber 501 and a silica thin film 503 via electrical
discharge, or splice bonding. Although splice bonding is
well-known for bonding optical fibers, it has not yet been
used to bond etched optical fiber 501 and silica-on-silicon
dies 512, possibly because of difficulties in securing the dies
512 and fibers 501 between electrodes 513.

[0078] First, a die 512 is cut from a silica-on-silicon wafer
with a dicing saw or using deep RIE. Preferably, the die size
is similar to the diameter of the optical fiber, i.e., it is a circle
about 125 pm in diameter. Next, a small piece of the die 512
is fixed on a holder, such as a piece of optical fiber, with high
temperature cement or any other suitable adhesive. The die
512 and holder are secured between the electrodes 513 of a
commercially available fusion splicer, then brought close to
the end face of an etched optical fiber 501, as shown in FIG.
5C. Once the fiber 501 is aligned to the die 512, an arc
discharged between the electrodes 513 splices the fiber 501
to the die 512.

[0079] FIG. 5D shows thermal fusion bonding of silica
503 on a silicon substrate 505 to an etched fiber 501 using
flame heating. A high-temperature flame 515 heats a silicon
substrate 505. The silicon substrate 505, which is a good
thermal conductor, conducts heat to the silica thin film 503,
which is a good thermal insulator. Heat conducted by the
silicon 505 to the silica 503 causes the silica 503 to heat up
until the interface between the silica 503 and the fiber 501
reach the desired temperature, which is typically at least
about 700° C. (and can be 800° C. or even 1000° C.), the
temperature at which silica begins to soften. Other materials,
such as silicon nitride, can be heated to higher temperatures
to ensure proper bonding.

[0080] FIG. 5E shows thermal fusion bonding of silica
503 on a silicon substrate 505 to an etched fiber 501 using
electrical resistor heating. The substrate 505 is placed on a
resistor 517, which, like a filament lamp, can be heated to
over 700° C. almost instantaneously with a large enough
current. Because silicon has very good thermal conductivity
and silica does not, only the silica thin film 503 and the
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optical fiber tip 501 reach the desired temperature of at least
about 1000° C. Electrical resistor heating can be done in a
vacuum environment.

[0081] Laser fusion bonding and electrical resistor heating
can be conducted under vacuum to produce a sealed cavity
with better reference pressure. When gas is sealed in the
cavity between the fiber and the diaphragm, the pressure in
the cavity varies with temperature. The cavity can deform
due to differences between the internal and external pres-
sures. A vacuum cavity suppresses this response, giving the
sensor a better reference pressure and better stability in
environments with large temperature variations.

[0082] FIG. 5F shows alternative thermal bonding using
an isolated silicon substrate 519. To reduce heating time and
save energy, the silicon substrate under the fiber tip can be
isolated from the rest of the substrate by selectively remov-
ing portions of the substrate. The silica thin film 503
transfers very little, if any, heat because its conductivity is
low and its transfer cross-section is small.

[0083] FIG. 6. shows an etched optical fiber 601 in contact
with a silica thin film 603 on a silicon frame structure 605.
An isolated silicon substrate (island) 607 supports the silica
thin film 603 under the fiber 601. The frame structure 605
and substrates 607 can be made by selectively etching a
silicon wafer using MEMS technology. Once the frame
structure 605 and substrates 607 are etched into the wafer,
the optical fibers 601 can be bonded to the thin film 603 on
the wafer above each silicon island 607 by heating to at least
about 1000° C., as described above. Because the silicon
islands 607 are isolated from each other, they do not
influence each other (e.g., by conducting heat).

[0084] FIG. 7A shows an optical fiber 701 held in position
with a ceramic ferrule 711 above a silica thin film 703 on a
silicon frame structure 705. Standard optical fiber ferrules,
such as the ceramic ferrule 711, can be used to handle the
optical fiber 701 during fabrication of optical fiber sensors.
The ferrule 711 has an inner diameter that is just a little
larger than the outside diameter of the optical fiber 701 and
an outer diameter of a few millimeters. The ferrule’s end
face is flat. The ferrule 711 includes a cone-shaped holder on
one side and is an ideal structure for holding the optical fiber
during thermal bonding. Optionally, the flat side is also good
to use when it is desired to hold as much of the fiber tip or
to hold the tip from another angle. For example, when the
cavity length is to be adjusted, the fiber is pushed, but done
s0 as to not cause the fiber to curve, so the flat end is used.
[0085] FIG. 7B illustrates two alternative ways of securing
an optical fiber 701 during fabrication of an optical fiber
sensor. These alternatives involve holding the fiber 701 in
place is using a silicon cap 752 and one of two silicon chips
754 and 756 instead of a ceramic ferrule. The chip 754
shown at left (a) has a step-slot fabricated by HF wet
etching, whereas the chip 756 at right (b) has a V-groove.
Chips with V-grooves are readily available in the market.
The fiber 701 is placed in either the step-slot or the V-groove
and a silicon cap 752 is pressed on to hold the fiber 701 in
place. Compared with the step-slot structure 754, the
V-groove structure 756 can hold the fiber 701 tighter but
may be less flexible. These two clamp holders 754, 756 can
be selected depending on the bonding force needed and
fragility of the fiber.

Wireless Communication with Optical Fiber Sensors
[0086] FIG. 8 is a schematic diagram of a wireless com-
munication system 800 suitable for use with an optical fiber
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sensor 802. Wireless communication enables real-time
blood pressure measurement and monitoring while isolating
the patient from contamination from system 800. Radio
technology provides instant wireless access, as in the Pres-
sureWire® Aeris, built by Radi Medical Systems’ in coop-
eration with General Electric Healthcare. Despite its matu-
rity, however, radio technology can cause undesirable
electromagnetic interference (EMI). Therefore, infrared (IR)
wireless communication is used here because it does not
introduce EML.

[0087] As shown in FIG. 8, the wireless communication
system 800 includes a transmitter 808 and a receiver §12.
The transmitter 808 receives an output signal from an optical
fiber sensor 802, which is connected to the transmitter 808
via an optical fiber 804 and a sensor driver 806. The
transmitter 808 encodes the output signal according to
standard protocols, then transmits a corresponding IR signal
810. The receiver 812 receives an IR signal 810 and sends
it to a computer 814 for processing. The sensor driver 806
and transmitter 808 can be placed on the operating table and
the receiver 812 can be placed elsewhere, depending on the
wireless protocol and the layout of the operating room.

[0088] Standards now available now for IR wireless com-
munication include the Infrared Data Association Standards
(IrDA), for point-to-point communication with an operating
range from 0-1 m, and the IEEE 802.11 and wireless LANs
standards, for links up to 10 m long. These standards can be
used for surgical applications.

Pressure Measurements with Example Fiber Sensors

[0089] FIGS. 9A-9C are illustrations of various pressure
measurement systems for testing fiber sensors 1301. FIG.
9A shows a pressure measurement system 1300 (employing
an Omega PX303 pressure sensor) for testing a fiber sensor
1301. A pressure source 1302 applies pressure via a control
valve 120 to the sensor 1301, which is in a pressure chamber
1304. A spectrum measurement system 1308 senses changes
in the reflection spectrum of the sensor 1301. A data acqui-
sition system 1310 records the changes measured by the
spectrum measurement system 1308 and pressure changes
measured by a reference sensor 1306 to characterize the
precision of the sensor 1301.

[0090] FIG. 9B shows an alternative pressure measure-
ment system 1330 that features automated control of the
pressure applied to a sensor 1301 in a nitrogen-filled test
chamber 1360. A reference sensor 1362 coupled to the
chamber senses the chamber pressure and feeds pressure
information to a computer 1308, which is coupled a pressure
controller 1350 (Model 9034, Pressure Systems Inc.) that
controls the pressure in the test chamber. The computer 1308
also records measurement data obtained with the sensor
1301 and a component testing system (CTS) 1368 for later
analysis.

[0091] FIG.9C s a diagram of a setup 1375 for measuring
the performance of a fiber optic sensor 1301 in water 1382.
An electropneumatic transducer (IP-413, Omega) is con-
nected to a chamber 1380 filled with water 1382. The
electropneumatic transducer acts as a valve that controls the
pressure in the chamber. During testing, the optical fiber
sensor 1301 and a reference sensor 1381 (PX303-030G5V,
Omega) are installed in the chamber 1380. The fiber sensor
1301 is then immersed in water 1382 and the reference
sensor 1381 detects the pressure in air. A component testing
system 1368 gets signals from the fiber sensor 1301. A
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computer 1308 obtains, compares, and stores the signals
from the fiber sensor 1301 and electrical reference sensor
1381.

EXEMPLIFICATION

[0092] The following examples illustrate optical fiber sen-
sors and methods of making optical fiber sensors without
limitation of the claims.

Example 1: Fabrication of an Optical Fiber Sensor

[0093] FIG. 10 shows how the recess was etched into the
fiber tip. Single-mode fiber 1001 (SMF-28, Corning) was
fusion-spliced to graded-index multimode fiber 1003 with a
62.5 pm diameter core. Next, the fiber was cleaved at
multimode fiber 1003 near the connection point between the
single-mode and multimode fibers. The length of the mul-
timode fiber ranges from 20-100 pm in order to have one or
more valleys in the reflection spectrum from 1520 nm to
1570 nm (the wavelength range of the spectrometer) to
ensure that spectral shifts could be measured accurately.

[0094] Then, the fiber was etched using 49% HF for 330
seconds. Because the core of multimode fiber 1003 has
much higher etching rate than other parts of fiber 1003,
etching exposes a recess in the fiber end face. As noted
above, the recess can be etched directly into single-mode
fiber 1001, but recesses etched into single-mode fiber 1001
tend to be narrower and shallower than recesses etched into
multimode fiber 1003.

[0095] Next, a double-sided, polished silicon wafer with a
thermal oxide layer was used to fabricate the silica thin film.
Silicon wafers with 1 pm and 3 pm silica films were used for
demonstration. One side of the oxide was partly removed by
reactive ion etching (ME). Then the silicon was etched away
with KOH solution or ME to leave only the thin film.

[0096] The sensor was then assembled according to the
process shown in FIG. 3B. First, a thin film was placed
between the tip of the optical fiber, which is held in a
zirconia ferrule with a 128 pm diameter hole (Kientec, Inc.).
The fiber tip, thin film, and ferrule were heated with a
propane torch while the thin film was pressed against the
fiber. Once the fiber was bonded to the thin film, the thin film
beyond the end face of the optical fiber was removed by
pulling the fiber through the ferrule.

[0097] FIGS. 11A and 11B are photographs of an optical
fiber sensor. A standard zirconia ferrule was used to support
the thin film and the optical fiber during fabrication. FIG.
11A shows the optical fiber with a recess etched using HF.
FIG. 11B shows the end face of the fiber sensor after the
oxide thin film was bonded to the end face of optical fiber.
Light shading in the center indicates that the thin film is
suspended over the cavity and the darker shading indicates
the bonding area. The shaded area near the edge of the fiber
tip indicates imperfect bonding caused by an uneven surface
or dust.

[0098] FIGS. 12A and 12B are photographs of thin-film
silica bonded to the end of the etched fiber tip. Darker shades
indicate that the thin film has been bonded (no reflection).
Lighter areas indicate poor or no bonding. Differences in the
optical refraction index between the film and the fiber tip
produce reflections at index discontinuous positions, includ-
ing the interior edge of the cavity.
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Example 2: Test Data for an Optical Fiber Sensor
with a 3 um Thick Diaphragm

[0099] FIG. 13A is a plot of the reflection spectrum from
a fiber sensor with a 3 pum thick diaphragm on a multimode
fiber with a 62.5 um core diameter. Based on the period of
the reflected fringe, the cavity length is about 70 pm. FIG.
13B is a plot of the spectral shift (in picometers) measured
by the fiber sensor and the pressure shift (in pound per
square inch) measured by the reference sensor as a function
of time. The two plots line up well, indicating the fiber
sensor’s high precision. FIG. 13C is a close-up of one of the
cycles shown in FIG. 13B. FIG. 13C shows that the fiber
sensor exhibits good linearity (the correlation coeflicient of
the test curves and the linear curve is R-0.9974, and com-
pares well to the reference sensor. The sensitivity of the
spectral shift is about 51 pm/psi and can be further improved
by fabricating diaphragms with thinner or larger diameter.

Example 3: Multi-Cycle Test Data for an Optical
Fiber Sensor

[0100] FIGS. 14 and 15 show further test data from
example fiber sensors. FIG. 14, like FIG. 13C, is a plot of
notch wavelength shift versus pressure for three pressure
cycles over a range of 0-9 psi. FIG. 15 shows pressure and
wavelength versus time for three pressure measurement
cycles over a range of 0-9 psi. The overlap of the points in
FIG. 14 shows that the inventive optical fiber sensor exhibits
good linearity and very small hysteresis. The slope of the
line plotted in FIG. 14 is the sensitivity of the fiber sensor,
which, in this case, is about 0.35 nm/psi. The correlation
coeflicient between pressure change and wavelength shift is
0.99996 which means the sensor has very good linearity. The
maximum difference between increasing wavelength shift
and decreasing wavelength shift is 0.126% which shows low
hysteresis—that is, the deviation between measurements of
increasing and decreasing pressure over the same range is
relatively small, e.g., about 0.3% or less.

Example 4: Optical Fiber Sensor Packaged for
Intravascular Applications

[0101] One of the important applications of this inventive
optical fiber pressure sensor is for measuring blood pressure
directly inside blood vessels. Then a flexible and bio-
compatible packaging catheter structure is needed for the
intravascular use. FIGS. 16A-16F show a fiber sensor appa-
ratus 1200 that uses one of many suitable packaging solu-
tions. A piece of over 6-foot-long optical fiber 1206 with a
sensor 1202 at its tip is placed inside a continuous stainless
steel coil 1210. The coil 1210 includes a long section that is
tightly wound 1214 and a loosely wound section 1212
extending over about 1.0 inch of the coil’s distal end. (Here,
distal refers to the end of the apparatus 1200 inserted into the
blood vessel, and proximal refers to the other end of the
apparatus 1200.) The loosely wound section 1212 of the coil
1210 is stretched to open up gaps to provide access for the
sensor 1202 to blood in the blood vessel. The loosely wound
section 1212 can also make the coil 1210 softer, which
makes it easier for the distal end of the fiber sensor apparatus
1200 to move inside the blood vessel.

[0102] A heat-shrink polytetrafluoroethylene (PTFE) tube
1230 disposed outside the closed coil section 1214 provides
added stability and column strength. A stainless steel bead
1220 is laser-welded at the very distal tip of the open pitched
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coil section 1212. The fiber sensor 1202 is placed inside the
coil 1210 about 0.078 inches proximal to an interface 1216
between the tightly wound section 1214 and loosely wound
section 1212 of the coil 1210. This allows the tightly wound
section 1214 to protect the sensor 1202 but still provides
good access to incoming blood. Stainless steel and PTFE are
both biocompatible and widely used in various medical
applications, including intravascular applications.

[0103] FIG. 16B is a cross-section of fiber sensor appa-
ratus 1200 that shows the diameters of the optical fiber 1206,
the stainless steel coil 1210, and the heat-shrink PTFE tube.
There is 0.001 inch difference in diameter between the OD
of optical fiber coating and ID of coil to insure easy-
installation, stabilities and ventilation.

[0104] FIGS. 16C-16E are photographs of an example
fiber sensor apparatus 1200. FIG. 16C shows the interface
1216 between the tight coil section 1214 and the stretched
coil section 1212. FIG. 16D is a close-up of the distal end of
the apparatus 1200 that shows the metal bead 1220,
stretched coil 1212, tightly wound coil 1214, and heat-shrink
PTFE tube 1230 that surrounds the coil 1210. FIG. 16E
shows that each coil is about 250 pm thick and that the
separation between adjacent coils in the loosely wound
section 1212 is about 175-180 pm.

Example 5: Animal Study Demonstration of
Intravascular Blood Pressure Sensing

[0105] FIG. 17 shows a fiber sensor measurement schema
that uses a laser beam instead of electric current to measure
intravascular blood pressure. A laser beam generated by a
tunable laser (TLB-6600; New Focus) launches through a
circulator into an optical fiber sensor introduced into the
blood vessel of interest. The optical fiber sensor, which is
made using the techniques described above, includes a
Fabry-Perot structure on the tip of the optical fiber that
reflects two laser beams at the fiber core endface and the
inner diaphragm surface, respectively, generating interfer-
ence fringes. The reflected light travels back through the
fiber and is detected by a photo-detector whereupon the
reflection spectrum is recorded.

[0106] FIG. 18 shows the user interface of a Labview™
program running in the computer control that coordinates
the tunable laser and the reflection spectra recording. “File
storage directory” is used to set the file storage destination.
“Full data display window” shows the whole data that has
been obtained since the experiment started. “Partial data
display window” shows the data that is chosen within a
certain time which is determined by the “data display length
adjust knob.” “Sensor parameter input box” is used to
prepare the sensor before the sensor is ready to be tested.
[0107] FIG. 19 shows one of the sensor’s actual reflection
spectra between 1520 nm and 1570 nm. The whole reflection
spectrum fringe shifts from right to left when pressure
applied to the sensor increases. The applied pressure is
calculated based on the wavelength shift at the spectrum
valley.

[0108] Prior to in vivo testing, each pressure sensor is
calibrated in water, as described above, and packaged in a
bio-compatible coil. First, the valley wavelength of the
reflection spectrum is recorded with no additional pressure
applied to the sensor. The valley wavelength is recorded
again when a certain level of pressure, e.g., 10 mmHg, is
applied on the sensor. The sensitivity of the sensor is given
by
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Valley Wavelength(w. pressure) —

Valley Wavelength{w.o. pressure)
10 mmHg-0

Sensitivity =

[0109] The sensor shown in FIG. 17 was used in a pig
study performed with approval of the Institutional Animal
Care and Use Committee of the University of Massachusetts
Medical School. Briefly, 25-50 kg Yorkshire swine were
premedicated with intramuscular Glycopirrolate B (0.01
mg/kg) and an anesthetic cocktail (5 mg/kg Telazol; 2.5
mg/kg Ketamine; 2.5 mg/kg Xylazine) after which endotra-
cheal intubation was performed. Anesthesia was maintained
with inhalational 2-3% Isoflurane. Exposure of the left
anterior descending coronary artery (LAD) was obtained via
a median sternotomy, and 3.0 mm vascular occluder secured
beyond the takeoff of the largest diagonal branch. Next,
femoral arterial access was obtained via cutdown, and a 6
French introducer sheath was inserted. Heparin was admin-
istered intravenously (50 units’kg), and a 6 French JR-4
guide catheter (Medtronic; Minneapolis, Minn.) advanced to
the aortic arch. Baseline blood pressure measurements were
obtained with standard invasive manometry. Optical spectral
measurements were similarly obtained for comparison
offline.

[0110] Next, the guiding catheter was introduced into the
ostium of the left main coronary artery, and angiography was
performed in the LAO projection. The optical sensor pro-
totype wire was advanced into the LAD at a point beyond
the vascular occluder. Pressure and spectral measurements
were again obtained. The vascular occluder was deployed in
order to create stenoses of various degrees as confirmed with
repeat angiography. Spectral measurements were obtained
beyond the stenosis to determine the correlation of stenosis
severity with the anticipated shift in the optical spectrum.

[0111] Results indicate that the optical sensor accurately
reflects invasive arterial hemodynamics. FIG. 20 shows the
pressure tracing obtained from the aorta demonstrating the
baseline blood pressure (67/39; MAP=50). The heart rate is
64 beats per minute, reflecting a cardiac cycle time of 0.94
second.

[0112] FIG. 21 demonstrates the pressure waveform
detected by the optical fiber pressure sensor. Compared with
FIG. 20, the waveform obtained by the optical fiber sensor
is very similar. The optical fiber sensor shows the systolic
pressure is 65 mmHg, the diastolic pressure is 38 mmHg,
and heart rate is 64.4 bpm, consistent with the invasively
transduced blood pressure.

[0113] The results also show that optical sensor identifies
coronary stenosis-induced arterial pressure gradients. In
order to determine whether the optical fiber pressure sensor
is capable of detecting a decline in pressure generated by
coronary stenoses, the optical spectral data were obtained in
the presence or absence of critical stenoses of the LAD
utilizing the surgically placed vascular occluder. FIG. 21
shows that mean coronary blood pressure obtained distal to
the stenosis decreased from 50 mmHg to 45 mmHg in 20
seconds upon complete occlusion of the porcine LAD. Mean
arterial pressure obtained at the coronary ostium with the
standard transducer remained unchanged. Alleviation of the
occlusion with partial deflation of the occluder resulted in an
immediate response from the optical fiber sensor. FIG. 22
shows the blood pressure increase gradually from 43 mmHg
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to 47 mmHg. Deployment and deflation of the vascular
occluder was repeated, whereupon the optically-detected
pressure decreased from 49 mmHg to 45 mmHg and
returned to 49 mmHg (FIG. 23).

[0114] The findings from this study demonstrate that the
optical sensor prototype wire can discriminate pressure
measurements obtained in vivo. The sensor accurately
detected blood pressures transduced invasively. Importantly,
the sensor was able to detect a decline in mean arterial blood
pressure of the left anterior descending coronary artery when
stenoses were created experimentally.

[0115] Currently, the waveform obtained by the optical
fiber sensor is less detailed as compared with measurements
obtained by catheter transduction. The most likely explana-
tion is not due to the optical fiber sensor itself. Rather, the
low sampling rate of the currently available tunable laser
accounts for this finding. The sampling rate of current
tunable laser is 8 points per cardio-cycle. An increase in the
sampling rate of the tunable laser by 20 points per second
would likely improve the detail of the optical fiber sensor
and more closely correlate with catheter-transduced pressure
waveforms.

[0116] While this invention has been particularly shown
and described with references to example embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the scope of the invention encom-
passed by the appended claims.

What is claimed is:

1. A method of making a sensor, comprising the steps of:

(a) forming a thin film having at least one of 1) a thickness

that varies by up to and including about 10 percent, and
il) a thickness in a range of between about 50 nm and
about 750 nm;

(b) supporting the thin film on a holder and, while the thin

film is being supported on the holder;

(c) placing a surface of the thin film directly in contact

with a surface of an optical fiber; and

(d) heating at least one of the thin film and the optical fiber

to at least about 700 degrees Celsius to thermally bond
the thin film to the optical fiber and thereby form a
sensor with a diaphragm defining one side of a cavity.

2. The method of claim 1, wherein the step of forming the
thin film includes dry etching.

3. The method of claim 1, wherein the step of forming the
thin film includes wet etching.

4. The method of claim 1, wherein the diaphragm has a
thickness that varies by up to and including about ten
percent.

5. The method of claim 4, wherein the diaphragm has a
thickness that varies by up to and including about five
percent.

6. The method of claim 1, wherein the thin film is a silica
thin film.

7. The method of claim 1, further including the step of
supporting the thin film with a frame structure.

8. The method of claim 1, further including the step of
forming a recess in the surface of the optical fiber before
placing the surface of the thin film directly in contact with
the surface of the optical fiber.

9. The method of claim 8, wherein forming the recess
includes removing part of a core of the optical fiber.
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10. The method of claim 1, further including the step of
forming a recess in the surface of the thin film before placing
the surface of the thin film directly in contact with the optical
fiber.

11. The method of claim 1, further including the step of
pushing at least one of the thin film and the optical fiber
toward the other of the thin film and the optical fiber.

12. The method of claim 1, wherein heating the at least
one of the thin film and the optical fiber includes localized
heating of the thin film, thereby causing the thin film to bond
to the optical fiber.

13. The method of claim 12, wherein localized heating of
the thin film includes illuminating the surface of the thin film
with a laser beam.

14. The method of claim 1, further including the step of
adjusting a length of the cavity by pushing or pulling on the
thin film or the optical fiber while heating at least one of the
thin film and the optical fiber.

15. The method of claim 1, further including the step of
supporting the optical fiber with a ferrule, V-groove, or
step-slot.

16. The method of claim 1, wherein the optical fiber is a
multimode optical fiber and further including the step of
bonding the multimode optical fiber to a single-mode optical
fiber.

17. An optical fiber sensor formed by a method compris-
ing the steps of:

(a) forming a thin film having at least one of'i) a thickness

that varies by up to and including about 10 percent, and
i) a thickness in a range of between about 50 nm and
about 750 nm;
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(b) supporting the thin film on a holder and, while the thin
film is being supported on the holder;
(c) placing a surface of the thin film directly in contact
with a surface of an optical fiber; and
(d) heating at least one of the thin film and the optical fiber
to at least about 700 degrees Celsius to thermally bond
the thin film to the optical fiber and thereby form a
sensor with a diaphragm defining one side of a cavity
18. The optical fiber sensor of claim 17, wherein the
diaphragm is formed of the thin film, and wherein the thin
film has a thickness of about two microns or less.
19. The optical fiber sensor of claim 17, wherein the thin
film is a silica thin film.
20. The optical fiber sensor of claim 17, wherein the thin
film is formed by dry etching.
21. An optical fiber sensor formed by a method consisting
essentially of the steps of:
(a) forming a thin film having at least one of 1) a thickness
that varies by up to and including about 10 percent, and
il) a thickness in a range of between about 50 nm and
about 750 nm;
(b) supporting the thin film on a holder and, while the thin
film is being supported in the holder;
(c) placing a surface of the thin film directly in contact
with a surface of an optical fiber; and
(d) heating at least one of the thin film and the optical fiber
to thermally bond the thin film to the optical fiber and
thereby form a sensor with a diaphragm defining one
side of a cavity.
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