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[57] ABSTRACT

R

CESUICe

in a combustion chamber of an internal combustion engine

is provided with a non-intrusive, metal-embedded fiber ()IJnti(.

pressure sensor. A Fabry-Perot Interferometer is arranged in
a terminated, 5»111;=,L~ mode fiber to function as a pressure

gange. The fiber y-Perot Interferometer (FEFPI) is
cnﬂnmdmdrnalmﬂanmm1vmudluuhqm)mdlutheryhnmﬂ
head of the engine. The metal part and FFPI experience a
longitudinal compression in response to the pressure in the
chamber. In another aspect of the invention, a non-intrusive
fiber containing the FFPI is embedded in a hole drilled or
otherwise provided in the metal housing of a spatk plug. The
spark plug is threaded into the cylinder head of an internal
corbustion engine and is directly exposed to the combus-
tion chamber pressure. Consequently, the spark plug housing
and I xperience a longitudinal strain in response to the

pressure in the chamber.

14 Claims, 4 Drawing Sheets
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1
METHOD AND APPARATUS F
MEASURING PRESSURE WITH F
: OPTICH

IR
IBER

CROSS

REFERENCE TO RELATED
APPLICATION

This Application s related by subject matter to comnmonly
igned, copending U.S. patent application Ser. No. 08/147,
830, now U.S. Pat. No. 5,452,087, which is incorporated
herein by reference.

TECHNICAL FIELD OF THE INVE

This invention relates in general to the field of fiber optics.
More particularly, the present invention telates to a method
and apparatus for measuring the pressure inside a combus-
tion chamber of an internal combustion engine using a fiber
optic sensor.

BACKGROUND OF THE INVENTION

Ever since the introduction of fiber optics technology, the
optical fiber has proven o be a wvel satile and relatively
efficient means of transporting light energy amd infrnaation.
For example, optical fibers are used in the medical field to
transport laser energy through flexible catheters for pin-
point microsurgery, or in the telecommunications field to
transport data for long distances at very high rates. More
recently, developments in fiber optics technology have
spurred considerable research on the use of optical fibers as
pressure or strain sensors.

The need for improved pressure sensors has been widel
1?E:(:()!g;[liillitjlZill‘1jflfi‘lVEnSAEnEHr1:]JLAEl[l(i.15LE5\7(:]JC![)]]EDE:llii|EHC1[!JJTI]]JU[[ilZ§l.<
(EEKLEL[]Jqul(Z,‘!;]JUEi]];E;-iij:ﬂti‘i?ﬂﬂt(:(l.];UE(:(;E;[I]FE;;Egill];gyi:f;1flil\l‘31|:r sen used in
the automotive industry to measure dynamic pressures in
autorobile and truck engines. In one application, a port in
a cylinder wall or head of an engine is provided for pressure
measurernents. Gas exiting the combustion chamber through
the port passes through a roetal tube to the spring-activated
gauge. However, spring-activated pressure sensing devices
do not operate reliably at high temperatures. Consequently,
the device must be located remotely from the combustior
chamber, which recuces the response time of the sensor and
introduces measurement errors due o acoustical effects and
pressure drops in the clongated tube. The relatively slow
response of such sensors linuits their utility to average
pressure measurements, and the resulting rneasurement
errors reduce the aceuracy and reliability of the measure-
ment data.

More accurate pressure readings, with acceptable time
resolutions, have been provided by using piezoelectric trans-
ducers as sensors. In a conventional application, a piezo-
electric transducer is mounted in a special port, typically ir
the cylinder head of an engine. Two types of such transdue:
ers may be used. In one type, the piezoelectric element is
exposed directly 1o the pressure in the combustion chamber.
n the other type of transducer, a piston is located between
the chamber and the piezoelectric element. Consequently,
the elerment responds to the displacement of the piston and
only indirectly to the pressure in the charmber. A disadvan-
tage of piezoelectric transducers is that they must be cooled
with recirculating water or air because of their vulnerability
to the high temperature environment in which they must
operate. Nevertheless, even with optimun cooling, piezo-
electric transducers roust be frequently recalibrated, their
operating life is relatively short, and the seusors are rela-
tively expensive. Generally, piezoelectric pressure sensors
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have proven useful for engine research and development, but
due 10 their limitations, they have not been widely incorpo-
rated into engine products.

Recent advances in embedding optical fibers in metals
have spurred the development of fiber optic pressure sen-
sors. For example, commonly-assigned U.S. Pate li
cation Serial No. (Attorney Docket No. 17
describes a novel technique for embedding optical fibers in
metals, by using swess-relieving tubes at the afr-metal inter-
faces of the fibers. Previous attempts to embed optical fibers
in metals had all resulted in failure. Even more particularly,
nowever, Vol. 16, No. 24 of Optics Letters, Dee. 15, 1991,
pp. 1990-92, describes the sensing of temperature and
ultrasonic pressure with fiber optic Fabry-Perot interferorn-
eters embedded in aluminum partts. Breakage of the fibers a
the air-metal interface during the embedding process
avoided through the use of stainless-steel stress-relief tubes
However, these fibers are fed completely through the alu-
mdnum part, which may be useful for monitoring tenapera-
ture and strain in alurninum structures such as aircraft wings,
but prohibitive in applications where the sensor must not be
intrusive, such as, for example, monitoring pressure inside
the combustion chamber of an engine. Ther , it folllows
that if a mon-intrusive, metal-embedded fiber optic pressure
sensor were possible, then the problems encountered with
spring-activated gauges and piezoelectric pressure $ensors
would be overcome.

18

SUMMARY OF THE INVENTION

In accordance with the present invention, a method and
apparatus ate provided for measuring pressure differences
across a mechanical barrier with fiber optics which substan-
tially eliminate or reduce disadvantages and problems asso-
ciated with prior methods and apparatuses.

In one aspect of the present invention, a method and
apparatus for measuring pressure in a combustion chamber
of an internal combustion engine is provided with a non-
intrusive, metal-embedded fiber optic pressure sensor. A
Fabry-Perot Tnterferometer is arranged in a terminated,
single mode fiber to function as a pressure gauge. The fibex
Fabry-Perot Tnterferometer (FFFT) is embedded in a metal
casing which is disposed in a cylinder head of the engine.
The metal casing and FFPI experience a longitudinal comn-
pression in response to the pressure in the chamber. In an
aspect of the invention, the metal casing and the FFPI
gxperience the pressure indirectly throngh a metal dia-
phragm

In another aspect of the invention, a non-intrusive fiber
mmmMﬂm;meFFEHm@mme@dhuLmﬂﬂmmmﬂxwoﬁmw
wise provided in the metal housing of a spark plug. The
spark plug is threaded into the cylinder head of an engine
and is directly exposed to the combustion chamber pressure.
Consequently, the spark plug and FFPL experience a longi-
tudinal strain in response to the pressure in the chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and the advantages thereof, reference is now made to
the following description taken in conjunction with the
accompanying drawings, in which:

FIG. 1 is a simplified schematic of a pressure monitoring
system using a non-intrusive, embedded fiber optic pressure
sensor comstructed in accordance with the present invention.

FIG. 2 is a side view of a fiber Fabry-Perot Interferometer
in accordance with a preferred embodiment of the present
invention.
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FIG. 3 is a cross-sectional view of a non-imtrusive,
embedded fiber optic pressure sensor disposed in a cylinder
head of an internal combustion engine in accordance with
the preferved embodiment of the present invention.

FIG. 4 is a cross-sectional view of a non-intrusive
embedded fiber optic pressure sensor disposed in a cylinder
head of an internal combustion engine in accordance with a
second embodiment of the present invention.

FIG. § is a cross-sectional view of a non-intrusive,
embedded fiber optic pressure sensor disposed alongside a
spark plug of an internal combustion engine in accordance
with a third embodiment of the present invention

LED DESCRIPTION OF THE
INVENTION

The preferred embodiments of the present invention and
their advantages are best understood by referring to FIGS. 1
through & of the drawings, like numerals being used for like
and corresponding pasts of the various drawings.

‘With reference to the drawings, FIG. 1 shows a simplified
schematic of a pressure monitoring system. using a non-
intrusive, embedded fiber optic pressure sensor constructed
in accordance with the invention. Pressure monitoring sys-
tem 100 includes single mode laser source 102, which may
be a semiconductor laser diode, a solid state laser such as a
neodymium yttrium alumdnurn garnet (ND:YAG) laser, or
other lasers that produce a suitably narrow spectral line. In
a preferred embodiment, laser source 102 is a continuously
operating, 1.3 pm semiconductor laser diode with a laser
heat sink. The temperature of the laser heat sink may be
controlled with a thermoelectric cooler and monitored with
a thermistor. The light from laser source 102 is coupled into
single mode optical fiber £1, which is generally depicted by
the solid line connected between the components of system
100. The coherent light from laser source 102 is passed
through optical isolator 104, which functions to prevent
destabilization of the laser’s spectral purity due to optical
feedback from the rest of the system. The light from optical
isollator 104 is split into two equal-amplitude conaponents in
fiber coupler 106. One component of the light is coupled tc
embedded FFPT 108, while the second component is termi-
nated in irnpedance matching liquid device 114, Responsive
to a sensed pressure, a portion of the first component of Light
is reflected from embedded FFPI 108 and passed through
fiber coupler 106 to photosensitive detector 110. Photosen-
sitive detector 110 may be. for example, an InGaAs semi-
conductor photodiode or any suitable detector having similar
functional capabilities as detector 110. Fhotosensitive detec-
tor 110 converts the detected light energy imto an electrical
signal which is displayed on oscilloscope or digital signal
processor 112.

FIG. 2 is a side view of a fiber Fabry-Perot Interferometer
in accordance with a preferred embodiment of the present
invention. The pressure to be displayed or otherwise
recorded is provided by the optical signal from the FFF
which may function as a highly sensitive strain or pressure
transducer. FFPL 108 cornprises internal mirrors mil and m2
separated by length L of fiber £1. Each mirror m1 and m2 is
produced by a known process of vacuurn depositing a thin
film of dielectric material TiO), on a cleaved end of fiber 1.
Fiber £1 consists of a fiber core combined with a cladding of
lower refractive index to form an optical waveguide.
Although the fiber core in FIG. 2 is depicted as being
surrounded by cladding, it is for illustrative purposes only,
and the core and cladding materials are typically combined
to form. a single, mechanical entity. In one aspect of the
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invention, nonreflective termination nl is provided to mini-
mire back-reflections and thus terminate the transmitted
signal. The end of fiber fIl may be terminated by cleaving or
polishing the fiber at a predetermined angle selected spe-
cifically to minimize back-reflections, or by breaking the
fiber in such a manner that the surface is a poor refiector. A
novel fusion splicing technique, which is described in U.S
Pat. No. 4,848,950, and incorporated herein by reference, is
used to incorporate mirrors ml and m2 into a continuous
length of the fiber. The reflectance R for each of mirrors mil
and m2 is selected to fall within the 2--12% range.

The reflectance of the FIFPI is a function of the optical
path length nl. of the interferometer, whers n is the effective
refractive index of the guided mode of the fiber
Consequently, a longitudinal strain or compression (i.e
change in L) affects the fraction of the incident optical power
which is reflected by the FFPL By measuring this reflected
optical power at display 112, the magnitude or value of the
strain or compression may be determined. Only changes that
affect the fiber in the region between mirrors m1 and m2 are
sensed. Assuming that the induced change of nL.in FFPT 108
is proportional to the pressure P in the combustion chamber
of an engine, then the round teip phase shift of the reflected

signal ¢ is given by:

dpeapy K (0

where ¢, is the round irip phase shift of the reflected signal
at zero pressure, and I is a constant that is determined by the
sensor’s configuration. By measuring this phase shift, the
magnitude of the longitudinal strain (change in L) experi-
enced by the sensor and, therefore, the pressure in the
combustion chamber may be determined.

FIG. 3 is a cross-sectional view of a non-intrusive,
embedded fiber optic pressure sensor disposed in a cylinder
head of an internal combustion engine in accordance with
the preferred embodiment of the present invention. Using a
form of the embedding technique described in U.S. patent
applicaticn Ser. No. 07/926,756, now U.S. Pat. No. 5,283,
852, which is incorporated herein by reference, FFPI 108 is
embedded alomg the axis of metal part 322. Metal part 322
may be, for example, a metal rod or other appropriate part
that has been machined or otherwise constructed so that it
can be disposed in a larger structure, such as, for exampile,
a metal housing. Metal part 322 is disposed in metal housing
320, which may be constructed of stainless steel or any other
suitable metal. Fiber f1 including FFPI 108 is passed
through stress-relieving tube 318, which is positioned at the
top opening in metal part 322, Tube 318 may be constructed
of metals, such as stainless steel, or ceramic or other suitable
materials, and functions to prevent breakage of the fiber
during the embedding process and also provide strain. relief
in the finished part. The size of the opening in metal part 322
is such that it permits stress-relieving tbe 318 to be inserted
therethrough, bt to leave a minimal gap between the tog
opening and the outer surface of tube 318 so that molten
metal cannot escape therethrough. In addition, the inside
diameter of tube 318 is such that it accommodates optical
fiber £1 and FFPT 108 and yet minimizes the entry of molten
metal. In a pre d embodiment, the metal part containing
the ernbedded FFPImay be produced by a casting process in
which molten atuminum alloy 386 (92.7% Al, 7.0% Si, 0.3%
Mg) is poured into a mold into which the FFPI extends.
Aluminum, other aluninum alloys, alloys of brass or other
metals, or other suitable materials such as, for example,
cerarnics, may be subgtituted aluminum alloy 3586, The
only constraint for the purpose of embedding optical fibers
is the melting temperature of the metal or other material
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used. The melting point of the molten raterial to be poured
should be less than that of fiber f1, which is approximately
1600° C. for glass fibers and over 2000° C. for sapphire
fibers. The molten material is allowed to cool to or near
room temperature before moving the resultant embedded
sensor. If necessary, the metal part containing the FFPT may
be machined to desired specifications. Alternatively, embed-
ding may be accomplished by drilling a hole in a metal part
and epoxying the FFPT in the hole. Howewer, it is preferable
to cast the FFPI in the metal part for higher operating
temperatures

Housing 320 is machined and threaded at both ends, so
that one end can be screwed into a corresponding threaded
hole in cylinder head 328, and compression nut 324 can be
screwed onto the opposite end. Metal part 322 is disposed
inside a hole drilled, machined, or otherwise fashioned along
the axis of housing 320. Compression nut 324 is screwed
down against washer 330, which functions to fix the positicon
of metal part 322 with respect to housing 320. Washer 330
may be made of any appropriate washer rnaterial capable of

withstanding the high temperatures and harsh environment.
An end of metal part 322 is disposed against an inside end
of heusing 320. The adjacent outside end of housing 320 is
directly exposed to the pressurized environment inside com-
bustion chamber 326. It would be within the scope of the 2
invention for the pressurized environment to contain a gas or

liquid. Importantly, neither metal part 322, housing 320, nor
the embedded fiber sensor intrude extensively into the
combustion chamber. Pressure in the chamber forces the end
of hounsing 320 against the adjacent end of metal part 322,
resulting in a longitudinal compression in metal part 322
whilch is also experienced by the embedded fiber sensor. The
resulting change (decrease) in length L of the section of fiber
between mirrors m1 and m2 produces a proportional change

in the reflected energy from FFPI 108. Constructed in this :

manner, optical signals from laser source 102 are coupled
via fiber £1 to FFPI 108, and the signals reflected by FFPI
108 are received and analyzed at display 112. Signals
passing through FFPI 108 are terminated by termination nl.

FIG. 4 is a cross-sectional view of a non-intrusive,
embedded fiber optic pressure sensor disposed in a cylinder
head of an internal combustion engine in accordance with a
second embodiment cf the present invention. As an alterna-
tive to the embodiment shown in FIG. 3, the metal part
containing FFPIL 108 may be monnted in such a way that the
pressure in the combustion chamber may be experienced
through a metal diaphragro, which is physically distinct
from the metal housing. Using the embedding technique
described above, FFFI 108 is embedded along the axis of
metal part 422 Metal part 422 may be made of a material
similar to that of metal part 322 in FIG. 3, and machined or
otherwise constructed so that it can be disposed in metal
housing 420. Metal housing 420 may be constructed of
stainless stecl or any other suitable metal. Fiber £1 including
FFPI 108 is passed through stress-re
is positioned at the top opening in metal part 422. Similar to
tube 318 in FIG. 3, tube 418 may be constructzd of stainless
steel, or ceramic or other suitable materials. Similar to metal
part 322 in FIG. 3, metal part 422 may be cast from an
aluminnm. alloy or other suitable material. I necessary.
metal part 422 containing the FFPI may be machined fo
desired specifications. Alternatively, embedding may be
accomplished by drilling a hole in a metal part and epoxying
the FFPL in the hole. The epoxy is capable of withstanding
relatively high temperatures.

Housing 420 is machined and threaded at three locations,
including the outer diameter of one end of the housing, the

-

ing tube 418, which :

10

1.

th

20

30

40

4!

Tr

5¢

o

50

(%

T

G

outer diameter at an intermediate point on the housing, and
the inner diameter at the opposite end of the housing.
Consequently, the intermmediate threads can then be screwed
into a corresponding threaded hole in cylinder head 428, and
compression nut 424 can be screwed onto the end of the
housing over the outer diameter threads. Threaded collar 4344
is screwed down against metal diaphragm 432, which func-
tions to fix the bottom end of metal housing 420 in place
against metal diaphragm. 432, Diaphragm 432 may be con-
structed of type 304 stainless steel, or any other suitable
material capable of withstanding the high temperature and
pressure environment in combustion chamber 426. Ferrule
430 may be made of stainless steel or any other suitable
material. A hole is drilled or otherwise fashioned. in the
bottom end of metal part 422, which defines an air gap.
Therefore, termination nl of FFPI 108 is disposed adjacent
to the air gap. Compression nut 424 is screwed down against
metal ferrule 430, which functions to fix the position of
mietal part 422 with respect to housing 420 and diaphragm
432. The bottom end of metal part 422 is disposed against an
inside surface of diaphragm 432, except for the area defining
the air gap. The adjacent outside surface of diaphragm 432
is directly exposed to the pressurized emvironment inside
combustion chamber 426. Pressure in the chamber produces
a proportional pressure against the bottom swrface of dia-
phragm. 432, forcing it against the botvom surface of metal
paxt 422, and thus producing a longitndinal compression in
FFPI 108. The resulting change (decrease) in the length L
produces a proportional change in the reflected energy from
FFPI 108. Similar to the preferred embodiment described
r, optical signals from laser source 102 are coupled via
fiber f1 to FFPL 108, and the signals reflected by FFPL 108
are received and analyzed at display 112. Signals passing
through FFPI 108 are terminated by termuination nl

Alternatively, it would be within the scope of the invention
to remove diaphragm 432 so that the metal part and embed-

ded FFPI are directly exposed to the pressure in the com-
bustion chamber.

FIG. § is a cross-sectional view of a non-intrusive
embedded fiber optic pressure sensor disposed alongside a
spark plug of an internal combustion engine in accordance
with a third embodiment of the present invention. Using the
embedding technique described above, FFPI 108 is passed
threugh strain-relief tube 518, and embedded in metal hous-
ing 522 of spark plug 534. FFPI 108 may be embeddecd
parallel to the rotational axis of spark plug 534, in a hole
drilled or a groove machined in metal housing $22. Spark
plug 534 may be a standard spark: plug that is typically used
in an internal combustion engine. FFPI 108 is then fixed in
place with a high ternperature solder, epoxy, or other suitable
material.

Spark plug housing 522, which includes embedded FFPI

108, is screwed into a corresponding threaded hole in
cylinder head 520. Therefore, spark plug surfaces 534 and
534b are directly exposed to the pressure P in combustion
chamber 526. Consequently, the upper portion of spack plug
534 is caused to stretch and experience a longitudinal strain
that increases the length I in response to pressure P. The
resulting imcrease in length L. produces a proportional
change in the reflected energy from FFPT 108. The reflected
energy from FFPL 108 is then received and analyzed at
display 112 of FIG. 1. Alternatively, it would be within the
scope of the present invention to attach FFPI 108 to the
outside surface of housing 522 with solder or epoxy, rather
than embedding it within the housing.

Ini sumimary, the signal response to pressure of 2 conven-
tional piezoelectric pressure sensor is similar to the signal

—
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response of the fiber optic pressure sensor of the invention
However, the conventional semsor must be water-cooled or
air-cooled to obtain such a response at high temperatures,
thus increasing the complexity and cost of the conventional
semsors cornpared with semsors comstructed in accordance
with the invention. Tn fact, fiber optic sensors comstructed in
accordance with the invention may operate continuously at
ternperatures above 1000° ., while the maximum. allowable
perature for operating uncooled, piezoelectric pressure
sensors is in the range of 150° C.-250° C.

Although the present invention has been described in
detail, it should be nnderstood that vacious changes, substi:
tutions and alterations can be made thereto without depart:
ing from the spirit and scope of the present invention as
defined by the appended claims.

The invention claimed is:

1. Apparatus for measuring pressuce it a vessel containing
a gas or liquid, comprising

a metal jpart;

ammmwmmmmmmmmmﬁnmMmMMmeWmm

one and of said fiber optic sensor terminates in said
metal part; and

a metal housing that penetrates

wall of said vessel and experience:
vessel, said metal part abutting a surface of

through an aperture in
the pressure in said
d metal

housing and experiencing a compression responsive to
id pressure experienced by said metal housing, said
fiber optic sensor operable to experience a compression

essure on said metal housing,

2. The apparatus of claim 1, wherein said fiber optic
sensor includes a Fabry-Perot Interferometer.

3. The apparatus of claim 1. wherein said vessel com-
prises a combustion chamber of a cylinder in an internal
combustion engine.

4. The apparatus of claim 1, wherein said aperture com-
prises an internally threaded hole, said metal housing includ-
ing matching external threads. and said p netration being
accomplished by screwing said metal housing into said hole

5. Apparatus for measuring pressure in a vessel comtaining
a gas or liquid, comprising

responsive to the pr

>

a netal part;

a fiber optic sensor embedded in said metal part wherein
one end of said fiber optic sensor terminates in said
metal part; and

a diaphragm memaber penetrating through an aperture ina
wall of said vessel and experiencing the pressure within
said vessel, said metal part positioned in. contact with
said diaphragm mernber and experiencing a compres-
sion responsive to said pressure experienced by said
diaphragm member, said fiber opti sensor operable o
experience a compression responsive to the pressure on
said diaphragm member.

6. The apparatus of claim 5, wherein said fiber optic

sensor includes a Fabry-Perot Interferorneter.

7. The apparatus of claim 8, wherein sald vessel com-
prises a combustion chamber of a cylinder in an internal
combustion engine.

§. The apparatus of claim 8, wherein said aperture corn-
prises an internally threaded hole, said diaphragm member

8 :
including matching external threads, and said penetrating
being accomplished by screwing said diaphragm member
into said hole.
9, Apparatus for measuring pressure in a combustion
chamber of an internal combustion engine, comprising:

a spark plug threadedly attached.to a cylinder head of said
internal combustion engine, a portion of said spark plug
disposed in said combustion chamber; and

a fiber optic sensor embedded in sald spark plug and
operable to experience a strain responsive to a pressure
on said spark plug

10. A method of measuring pressure in a vessel containing

a gas or liquid, comprising the steps of:
sensor in & metal part;

10

5 embedding a fiber optic
inserting a metal housing through an aperture in a wall of
said vessel:
positioning a first end of said metal part in contact with
) said metal housing;
’ sensing a comnpre
sive to a pressur
generating an optical signal responsive
101,
55 11 The method of claim. 10, wherein the embedding and
sensing steps further comprise the steps of:
embedding a fiber Fabry-Perot Interferometer in said
metal part; and
sensing a compression in said fiber Fabry-Perot Tnterfer-
ometer responsive to a pressure in said vessel.

ion in said fiber optic sensor respon-
¢ in said vessel; and

to said compres-

[ &)
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12. A method of measuring pressure in a vessel containing

a gas or liquid, comprising the steps of:

embedding a fiber optic sensor in a metal part;

inserting a diaphragm member through an aperture in a

wall of said vessel;

positioning a first end of said metal part in contact with

said diaphragm member;

sensing a compression in said fiber optic sensor respon-

sive to a pressure on said diaphragm member; and
generating an optical signal responsive to said cornpres-
sion.

13. The method of claim 12, wherein the embedding and
sensing steps further comprise the steps of:

embedding a fiber Fabry-Perot Interferometer in said

metal. part; and

sensing a compression in said fiber Fatey-Perot Interfer-

ometer responsive to a pressure on said diaphragrn
member,

14. A method of measuring pressure in a combustion,
chamber of an internal combustion engine, comprising the
steps oft

embedding a fiber optic sensor in a spark plug of sadd

internal combustion engine;

sensing a strain in said fiber optic r responsive to a

pressure in said combustion chamber; and
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generating an optical signal responsive to said strain.
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