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[571 ABSTRACT 
A fiber optic microphone is provided for measuring 
fluctuating pressures. An optical fiber probe having at 
least one transmitting fiber for transmitting light to a 
pressure-sensing membrane and at least one receiving 
fiber for receiving light reflected from a stretched mem- 
brane is provided. The pressure-sensing membrane may 
be stretched for high frequency response. Further, a 
reflecting surface of the pressure-sensing membrane 
may have dimensions which substantially correspond to 
dimensions of a cross section of the optical fiber probe. 
Further, the fiber optic microphone can be made of 
materials for use in high temperature environments, for 
example greater than IOOO’ F. A fiber optic probe is also 
provided with a backplate for damping membrane mo- 
tion. The backplate further provides a means for on-line 
calibration of the microphone. 

24 Claims, 7 Drawing Sheets 
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HIGH TEMPERATURE FIBER OPTIC 

REF'LECIlVE MEMBRANE UNDER TENSILE 
MICROPHONE HAVING A PRESSURE-SENSING 

STRESS 5 

The invention described herein was jointly made by 
employees of the U.S. Government and an contractor 
employee during the performance of work under a 
NASA Grant. In accordance with 35 U.S.C. 202, the 10 
contractor elected not to retain title. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention is directed to fiber optic sen- IS 

sors, and in particular, to fiber optic microphones for 
measuring fluctuating pressures. 

2. Description of the Related Art 
Fiber optic pressure sensors are known and fall pri- 

marily into either of two categories: interferometric 20 
sensors or intensity-modulated sensors (fiber optic le- 
ver). Interferometric sensors respond to a change of 
phase of light in a sensing fiber relative to that in a 
reference fiber. The fiber optic lever, on the other hand, 
responds to changes in intensity of the light reflected 25 
from a vibrating surface. 

In the fiber optic lever, light from a light source is 
directed through a transmitting fiber, reflected from a 
mirror on a membrane, intercepted by receiving fi- 
ber(s), and detected by a light receptor. When the mem- 30 
brane vibrates, it modulates the intensity of the received 
light. A transfer coefficient of light, which is the ratio of 
total radiated light power from the proximal tip at the 
photodiode of the receiving fibers to the total incident 
power into the transmitting fiber, may be determined. 35 
The transfer coefficient is lightly sensitive to the dis- 
placement between the mirror and the distal end of the 
fibers. 

Since prior art fiber optic levers use either a massive 
optical reflector or an unstretched membrane as the 40 
pressure sensing element, they suffer limited frequency 
response. Further, those using an unstretched mem- 
brane have no means of damping the membrane motion 
to suppress sharp peaks in the frequency response. Still 
further, these sensors lack means for on-line calibration. 45 

Interferometric fiber optic sensors enjoy the advan- 
tage of higher sensitivity than known fiber optic levers, 
but in field applications suffer the serious disadvantage 
that they respond to vibration and thermal gradients 
along the entire length of the fibers. The fiber optic 50 
lever, on the other hand, is sensitive only to events 
taking place in the small gap between the distal end of 
the fibers and the mirror on the vibrating membrane. 

Other sensors are known which are based upon a 
constitutive property such as piezoelectricity, piezo- 55 

* resistance, or magnetostriction. For example, non-fiber 
optic pressure sensors include the piezoresistive trans- 
ducer manufactured by Kulite Semiconductor Prod- 
ucts, Inc. or Endevco Corp.; the piezoelectric trans- 
ducer manufactured by PCB Piezotronics, Inc.; the 60 
ceramic microphone manufactured by General Radio 
Co.; and the condenser microphone manufactured by 
Bruel & Kjaer, Inc. These sensors are inherently low- 
temperature devices, although some commercially 
available sensors permit operation at moderately high 65 
temperatures. For example, the Kulite HEM-375 Series 
or PCB Piezotronics Model 123A can operate at 500' F. 
The attachment of a water-cooled jacket to such a sen- 

2 
sor will permit operation at higher temperatures. HOW- 
ever, the attachment of a water-cooled jacket to piezo- 
electric, piezoresistive, or magnetostrictive sensors has 
two main disadvantages: first, the water-cooled sensor 
creates a cold spot in the high-temperature test environ- 
ment and may profoundly influence the fluctuating 
pressures to be measured; secondly, the volume occu- 
pied by the cooling jacket prevents close sensor proxim- 
ity which is required in some applications. 

The condenser microphone is provided with a back- 
plate and a membrane which create a capacitor wherein 
pressure changes are measured by measuring capaci- 
tance changes. Although the condenser microphone 
exhibits good performance in regard to bandwidth, it 
suffers a serious limitation. Since capacitive loading by 
the connecting cable reduces the microphone sensitivity 
and contributes to 60 Hz interference, it is necessary 
that a signal conditiqning electronic circuit, also known 
as a preamplifier, be located in close proximity to the 
pressure sensing element. This makes the condenser 
microphone impractical for use in confined spares. Fur- 
ther, the input capacitance of the preamplifier limits the 
minimum practical size. 

U.S. Pat. No. 4,599,711 to Cuomo discloses a multi- 
lever miniature fiber optic transducer. A bifurcated 
fiber optic transducer comprises one transmit fiber and 
at least one pair of receive fibers, each receive fiber pair 
having two fibers with different core diameters. The 
transmit and receive fibers are separated at one end and 
combined at the distal end in the vicinity of a miniature 
reflective surface sensitive to axial motion caused by 
minute pressure changes, either in air or water, such 
that any displacement of the reflector from equilibrium 
will increase or decrease different illuminated areas of 
the receive fibers which can be used to generate a pro- 
cessed output signal proportional to this motion, thus 
providing a sensitivity and an output independent of 
variations at the input. The reflector is provided in an 
unstretched state at the distal end of the fiber through 
an optically clear bonding compound. 

Kaman Sciences Corporation markets an eddy-cur- 
rent sensor capable of operating at temperatures up to 
2ooo" F. as the "KP-1911 Series Basic System Configu- 
ration." A disadvantage of the Kaman sensor is the 
limited frequency response. Eddy currents are gener- 
ated in a metallic button attached to a vibrating mem- 
brane, and thus the button mass-loads the membrane 
and severely limits the response at high frequencies. 
U.S. Pat. No. 4,149,423 to Zuckerwar discloses a 

high-temperature microphone system. The sensor is a 
condenser microphone driven by a radio frequency 
oscillator through a bulky half-wavelength transmission 
line. Consequently, the sensor cannot attain a small sue, 
high frequency response, or high operating temperature 
desired in many applications. 
U.S. Pat. No. 4,687,927 to Iwamoto et al discloses a 

pressure measuring system in which light is transmitted 
through an optical fiber to an unstretched diaphragm 
having a reflective surface. The diaphragm reflects light 
to another optical fiber and to a photosensitive element. 
A second reference optical fiber is provided to compen- 
sate for system fluctuations. The reflective surface area 
is large compared with the area of the optical fibers. 

U.S. Pat. No. 4,926,696 to Haritonidis et al discloses a 
fiber optic micropressure transducer. A thin diaphragm 
is positioned across a chamber from an optical surface 
and micromachined into a substrate. A fiber optic as- 
sembly is mounted facing one side of the diaphragm. 
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Coherent light from a fiber is partly reflected by the 
diaphragm and recombines in the fiber to produce an 
interference pattern which is indicative of diaphragm 

quency response, are small in size, and are capable of 
oDeratine. at high temveratures. Further there is a need 

deflection. 
U.S. Pat. No. 4,932,263 to Wlodarczyk discloses a 5 

temperature compensated fiber optic sensor comprising 
a wall enclosing a chamber formed from two members 
micromachined in silicon or a similar substance, a mem- 
brane which may have an optical grating formed 
thereon, and a fiber optic fiber which extends into the 10 
cavity parallel to the membrane. Light is injected into 
the fiber with a wavelength that couples with the grat- 
ing on the membrane. The coupling varies with pres- 
sure outside the chamber. 

semiconductor structure for a fiber optic pressure sens- 
ing element. The sensor comprises an unstretched dia- 
phragm consisting of at least two layers applied to an 
apertured substrate, at least one of the layers having 
luminescent properties. Stresses in the diaphragm 20 
change the spectrum of luminescent light emitted by the 
active luminescent layer. The luminescence may be 
sensed by an optical fiber. The sensitivity of the dia- 
phragm is chosen by the cross-sectional area of a cavity 
formed in the sensor and the thickness of the dia- 25 

U.S. Pat. No. 4,473,747 to Brogardh et al discloses a 15 

phragm. 
In pressure sensors, it is desirable to calibrate the 

sensor to obtain a true reading of the pressure fluctua- 
tions. Calibration has been performed by attaching an 
electrode to the outside surface of the pressure-sensing 
membrane. This suffers a disadvantage at high frequen- 
cies because the electrode interferes with acoustical 
signals. Further, since the electrode is not a part of the 
sensor, the measurements are affected. 

Fiber optic sensors which measure fluctuating pres- 
sures by detecting changes in light transmission from a 
membrane require a membrane having good reflectiv- 
ity. Typically, the membrane must be processed to have 
the requisite reflectivity. For example, polishing may be 
required to produce a highly reflective surface. 

A number of methods are known for polishing sur- 
faces. For example, U.S. Pat. No. 4,098,031 to Hartman 
et al discloses a method for lapping and polishing a 
semiconductor material. A wafer is bonded to a spacer 
which is capable of accommodating surface irregular- 
ities by applying a suitable adhesive such as wax. The 
spacer and the wafer are then mounted to a mounting 
plate which is inserted into a lapping future for lapping 
and polishing. 
U.S. Pat. No. 4,258,508 to Wilson et al discloses a 

method of holding down wafers mounted on a mount- 
ing plate without the use of wax. Once mounted, the 
wafers are mounted on a polishing machine, and there- 
after, the wafers are cleaned with hydrofluoric acid. 
U.S. Pat. No. 4,512,113 to Budinger discloses a work- 

piece holder for a polishing operation provided with a 
template releasably secured to a carrier by an adhesive 
layer. The template has a plurality of equally spaced 
holes defining a cavity. Inserts are provided in each 
cavity and include a vacuum material bonded to a fu- 
turing material by an adhesive layer. Four pieces are 
releasably secured to the futuring materials and extend 
beyond the exposed major face of the template. After 
mounting the workpieces, they can be polished in a 
polisher. 

There is a need for sensors capable of detecting fluc- 
tuations-in pressure. In particular, there is a need for 
sensors which are capable of achieving a high fre- 

30 

35 

40 

45 

50 

55 

- 
f& techniqueslfor processing membranes used in such 
sensors so that their surfaces have the requisite reflec- 
tivity for detecting changes in pressure. Still further, it 
is desirable to provide means for calibrating such sen- 
sors. 

SUMMARY OF THE INVENTION 
A fiber optic microphone is provided comprising an 

optical fiber made of at least one transmitting fiber and 
at least one receiving fiber, and a reflecting membrane 
for reflecting light from the transmitting fiber to the 
receiving fiber. Changes in the surface of the reflecting 
membrane are detected by changes in the light reflected 
therefrom. In a preferred arrangement of the fiber optic 
microphone of the invention, the membrane is stretched 
to provide high frequency response. In an especially 
preferred embodiment, an active diameter of the mem- 
brane corresponds to the diameter of the optical fiber 
probe. This active diameter may be very small to permit 
further enhanced high frequency response. In another 
arrangement of the invention, a backplate is utilized to 
dampen membrane motion. A backplate may also be 
used in an on-line calibration embodiment of the inven- 
tion. The backplate and the membrane are subjected to 
a voltage potential to create membrane vibration which 
can be used for calibration purposes on-line. The fiber 
optic microphone can further be constructed for use in 
high temperature environments. 

The present invention also provides a method for 
processing a thin membrane material to a shiny finish. 
Membrane material is mounted to a slide which is 
mounted to a polishing future by use of bonding mate- 
rial. 

BRIEF DESCRIF'TION OF THE DRAWINGS 
A more complete understanding of the present inven- 

tion can be obtained by reference to the accompanying 
drawings, wherein: 

FIG. 1A is a cross-sectional view of an optical fiber 
probe of the present invention; 

FIG. 1B is a sectional view of the optical fiber probe 
shown in FIG. 1A; 

FIG. 2 is a cross-sectional view of a microphone 
cartridge of the present invention; 

FIGS. 3A and 3B are cross-sectional views of a pin- 
vise assembly of the invention; 

FIG. 4 is a cross-sectional view of another micro- 
phone cartridge of the present invention; 

FIG. 5 is an enlarged cross-sectional view of a por- 
tion of the microphone cartridge shown in FIG. 4; 

FIG. 6 is a top view of a coil spring used in the micro- 
phone cartridge shown in FIGS. 4 and 5; 

FIGS. 7A and 7B are cross-sectional views of a fix- 
ture assembly of the invention used to perform polish- 
ing; and 

FIG. 8 is a graph of displacement versus frequency of 
a microphone of the invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present invention provides an apparatus for mea- 
suring time-varying pressures in air or other gases over 

65 a wide band of frequencies. Measurement of timevary- 
ing pressures may be accomplished in aerodynamic 
boundary layers where small size, wide dynamic range 
and on-line calibration means are essential. Further, 
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measurement of time-varying pressures in high temper- invention has a greater bandwidth and a smoother fre- 
ature (1oOO’ F. or higher) environments may be accom- quency response than prior art sensors. 
plished by the present invention, as may be found in In one embodiment, the invention is designed to 
internal combustion or jet engines, high speed boundary achieve operation at temperatures reaching 1OOO” F. or 
layers, or geothermal applications. The present inven- 5 above. The optical fiber probe components 9,12,13 and 
tion further provides a method for processing mem- 16 must be made of materials which will withstand these 
branes used in such sensors. high temperatures. An important factor involves the 

The basic components o fa  fiber optic microphone of construction of the optical fibers 12 and 13. In the past, 
the present invention are shown schematically in FIG. commonly available organic-coated Si l ica  fibers have 
1 ~ .  optical fiber probe 11 is comprised of input and 10 been satisfactory for use at room temperature. HOW- 
output optical transmission lines 12 and 13, respectively. ever, at elevated temperatures and harsh environments, 
An optoelectronic transmitting unit 14 and an optoelec- these fibers cannot be used. In particular, it is well 
tronic receiving unit 15 are provided for transmitting known that optical fibers fail through moisture-induced 

tronic transmitting unit 14 is transmitted Over the opti- 15 reaches critical levels at elevated temperatures. To 
overcome this problem, the fibers of the present inven- 

and receiving light. Light generated in the optoelec- microcracking. This moisture-indud microcracking 

transmission line 12 into a microphone 
The light is reflected by a mirror 22 on a pressure sen+ 
ing element, and a portion of the light is received by the 

tion are hermetically Sealed to prevent moisture pne- 
tration. This protection can be achieved by the 
optical fiber cladding with special materials such as optical transmission lines 13 and carried to the optoelec- 

tronic receiving unit 15. The amount of light received 20 metais or unique polymer jackets. For example, suitable 
fibers include a multimode step-index fiber having a 
100-micron core, a 140-micron cladding, and an alumi- by the optoelectronic receiving unit 15 is used to detect 

pressure changes upon the pressure sensing element. num jacket with an outside diameter of about 165 mi- The light generated by the optoelectronic transmit- crons, developed by Hughes Aircraft Company to per- ting unit 14 may be from a conventional source such as 25 form at temperatures up to 10220 F. similar gold-clad 

for example, Mitsubishi Part No. 4102A. The optoelec- trade name ‘6Thermocoat,,, for operation at lower tem- 
tronic receiving unit 15 is also conventional, and may peratures such as 725e F., are available from Fiber 
contain a photodiode such as, for example, EG & G 3o Guide Industries, Inc. 

FFD-0409 and a transimpedance preamplifier Suitable materials for the membrane 21 include metal 
which concerts the optical signal to an electrical output. foils, for example of nicke], aluminurn, stain- 

dates the intensity of the receiver light, and the opto- low alloy are preferred since alloys tend to 
electronic receiving unit 15 provides an electrical signal 35 crack upon foeg. me of the thin mem- 
proportional to the instantaneous incident sound pres- brane may range between about 0.0005 inch and abut 
sure at the microphone cartridge 10. 0.002 inch. Non-heat resistance materials may also be 

The optical transmission lines of the present invention used, especially in low temperature 
may be arranged* for example, as shown in lB. where heat resistance is not required. A thin substrate 
FIG. 1B shows one possible arrangement of fibers corn- 40 having a reflective surface deposited thereon, for exam- 
prised of one centrally located transmitting frber 12 and ple a 0.0005 inch thick ~~l~ substrate having an alumi- 
six surrounding receiving fibers 13. The optical fibers num film deposited thereon, may also be used. Silicon 
me contained tightly in a hypodermic metal tubing 16 may be used as a membrane material, but requires fabri- 
and held in Place by means of a suitable bonding agent cation by micromachining techniques, whereby the 
9. The number Of receiving fibers and their core diame- 45 membrane could be formed as of the 
ten can VW, depending on the ultimate size and neces- microphone assembly 20. The remafig parts of 
W Y  sensitivity of the microphone cartridge assembly- the cartridge may be made of stainless steel or any other 
Smaller core diameters, Small as four microns Or less, material capable of withstanding high temperatures in 
permit higher frequency response ranges. Core diame- the of high temperature resistant sensors. 
ten ranging h She from about 50 microns to about 400 50 Bonding agent 9 may comprise as suitable adhesive 
microns are acceptable for many uses and are commer- for the environment in which the sensor is to be used. In 
cially available from Fiberguide Industries. high temperature applications it is preferred that high 

Connections of the optical fibers to the optoelec- temperature adhesives be employed, for example ce- 
tronic supporting units 14 and 15 may be achieved by ramic adhesives, such as that available as “cermabond” 
means of optical fiber cOMeCtors available from several 55 manufactured by Aremco Products, Inc. These high 
manufacturers, such as, for example, AMP Special In- temperature adhesives may be used at temperatures 
dustries Series 501529 or Amphenol Fiber Optic Prod- reaching 4400” F. Low temperature adhesives may also 
ucts, Series 905/906. be used when the sensor is used in a low temperature 

The invention has greater bandwidth sensitivity and environment. The bonding agent may be used such that 
miniaturization potential than piezoelectric and piezore- 60 vent holes are provided for permitting the passage of air 
sistive sensors. The invention does not suffer from 60 around the fibers. This arrangement performs a damp- 
Hz interference or capacitive loading by a connecting ing function without the requirement of a damping 
cable because it does not require signal conditioning backplate. Vent holes may eliminate the need for a 
electronics in close proximity to the membrane, as is the backplate, and allow for a small-size microphone. 
case of the condenser microphone. The present micro- 65 Components 9,12 and 13 may, if desired, be installed 
phone can operate effectively at a much smaller size in a suitable sheath such as a hypodermic needle 16 
than the condenser microphone. Within the class of made from, for example, Type 304 stainless steel or 
intensity-modulated fiber optic pressure sensors, the ceramic material. The optical fibers 12 and 13 are fur- 

a light emitting diode (LED) such as, for Mo- fibers are useful up to 1382” F. Other fibers clad with 
for example polyamide available under the type MFoE1202p Or a laser diode (LD) such 

Sound pressure incident upon the membrane 21 mod- less steel, and the like. Pure metals, or metals having a 

integral 



7 
5,146,083 

8 
ther protected by a ceramic sleeving 17. This high tem- membrane is held in place as tension is applied, the 
perature sleeving may comprise braided alumina fibers membrane 21 is preferably joined to both the case 23 
such as Nextel 312 braided sleeving manufactured by and the retaining ring 24, for example by means of a 
the 3M Company. This product is rated to retain its weld 26, such as an electron beam weld. A taper on the 
strength and flexibility at continuous temperatures up to 5 top surface of the tension ring 25 causes the tension to 
2200" F. The ceramic sleeving may be rigid or flexible, pull the membrane 21 toward the case 23. The taper 
and although optional, it is preferred for high tempera- thus serves to stabilize the static position of the mem- 
ture applications. brane in the presence of severely fluctuating pressure 

The fiber optic lever shows numerous potentid ad- loads. An & gap 18 is provided between the &or 
vantages with regard to kgh-temperature operation. 10 surface 22 of the membrane and the optical fiber probe 
When compared to condenser microphones, the fiber 11. The & gap may be adjusted to between about 50 
optic lever possesses three primary advantages. First, and 250 microns. 
because mmtical  Signals are transmitted opt idly A tension adjuster is provided for tensioning (stretch- 
rather than electrically, there is no loading by cable ing) the membrane. Any means of applying tension to 
capacitance or 60 Hz noise due to capacitive pickup. 15 the membrane may be utilized in the present invention. 
The usual practice Of locating a condenser microphone A stretched membrane extends the bandwidth of the 
preamplifier as close as possible to the microphone 
cartridge is not viable at high temperatures. Secondly, 

sensor. In an exemplary embodiment, the tension ad- 
juster # is provided to apply tension to the membrane 

the same loading effect limits the minimum practical 21. A lower portion of the case 23 is provided in a form 
size of a condenser microphone to about Q inch, but the 20 which may be gripped, securely. For example, the 
minimum size of a fiber optic microphone is limited by lower portion of the case 23 may be into the 
the size of the optical fibers, which are currently avail- form of a square or hexagonal nut The tension ad- 
able in diameters as small as 0.0039 inch as rated for 600" juster @ contains similar gripping portion, denoted as C. service. Finally, the fiber optic microphone has an nu& 42, which may be gripped, for example in an exter- inherent advantage in band width. The reason for this 25 nal torque wrench, and has external threads 41 which 
stems from the fact that the condenser microphone engage mating internal 29 in the case 23. Torque 
~ ~ ~ ~ e t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ s  ~~~~~~ 

applied to the nut 42 forces the tension adjuster 40 to 
rotate, advance along the axis of the cartridge 10, and placement at the center of the membrane. At some exert a force upon the membrane 21 through the tension frequency between the first and second membrane reso- 30 

nant frequencies, the mean displacement falls to zero. ring 25* The tension in the membrane 21 is 'Ontrolled 
& a result, the response of the condenser microphone 
drops very rapidly just after the fundamental resonant 

never falls to zero. Thus, provided the membrane damp- 35 sponding to 25% ofthe yield stress Of 

through the level of the applied torque, as may be deter- 
XUhed from a reading on atorque wrench indicator (not 

frequency. ne center displacement, on the other hand, shown). If the membrane is stretched to a tension corre- 

ing is adjusted properly, the frequency response of the Of high temperature operation)* then the frequency 
fiber optic sensor can be extended to beyond the second response 
resonant frequency. diameter cores of the optical fiber probe, frequency 
In particular, high frequency response may be ob- responses &YOnd loo kHz are possible- 

tained by stretching the membrane so that tensile stress 40 
is provided therein. In the present invention, a mem- and includes three sections ** 30b and ** 
brane may be provided which is under tensile stress tively. Section a, which also penetrates the tension 
while at rest, i.e. in the absence of pressure fluctuations. ring 25 and is nearest to the membrane 21, is Preferably 
For room temperature operations, it is preferred that of such a diameter as to ensure a sliding but snug fit to 
the membrane for the optical fiber microphone be 45 the optical fiber Probe 11. This arrangement further 
stretched about 60% to about 80% of the yield stress of permits the diameter ofthe reflecting surface to substan- 

ture operations, the membrane is stretched less than Probe- High frequency response is achieved by having a 
room temperature operation because the material tends small active membrane diameter corresponding to the 
to weaken at higher temperatures. For example, the 50 o p t i d  fiber Probe diameter. Generally, where one 
membrane is preferably stretched to about 25% of the transmit fiber is w r r ~ m d e d  by Six receiving fibers, this 
yield stress for high temperature operations of about diameter corresponds to about three times the diameter 
2ooo' F. of an individual fiber of the probe. Individual fiber 

A microphone cartridge 10 of the invention is shown diameters may be as small as about 1 mil, in which case 
detail in FIG. 2. The microphone cartridge 10 corn- 55 a membrane diameter of 3 mils would be preferred. 

p h  a body assembly 20, tension adjuster 40 and a Section 30b is of greater diameter than section a, and 
pin-vise assembly 50. serves to reduce the length of section 3Oa to facilitate its 

The body assembly 20 includes the membrane 21 drilling by a small-diameter drill. Section 3oc, of greater 
which serves as the pressure sensing element. The mem- diameter than section 30b, seats the collet 51 of the 
brane 21 is stretched over a tension ring 25 and is se- 60 ph-vise assembly 50. 
cured around a case 23 by a restraining ring 24. The The pin-vise assembly 50 is shown in detail in FIGS. 
membrane 21 is polished on one surface to improve 3A and 3B. The pin-vise assembly 50 comprises a slot- 
optical reflectivity, by a novel procedure described ted collet 51 and a draw nut 52. The collet 51 contains 
below, and then formed into the shape of a cup by four slots 53 and four flutes 54 for rendering a f m  and 
means of a punch die. After the cup-shaped membrane 65 secure grip upon the optical fiber probe 11. The draw 
21 is positioned over the tension ring 25 and case 23, the nut 52 may advance along the axis of the tension ad- 
retaining ring 24 is fitted over the membrane 21 (e.g., by juster 40 and press the flutes 54 against the optical fiber 
press-fitting) to secure its position. To ensure that the probe 11 to secure the optical fiber probe in place. 

(in the 

extend to about kHz With 

An extends through the tension adjuster 

the material used for the membrane. For high tempera- tially correspond with the diameter Of the optical fiber 
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An alternative method of securing the optical fiber 
probe in place is by use of any suitable bonding agent in 
place of the pin-vise assembly 50. 

In assembling the microphone cartridge 10, the cup- 
shaped membrane 21 is positioned over the tension ring 5 
25 and case 23, and the retaining ring 24 is fitted over 
the membrane to secure its position. The weld 26 may 
be provided to further secure the membrane 21. The 
tension in the membrane 21 is then adjusted by causing 
the tension adjuster 40 to rotate and advance along the 10 
axis of the microphone cartridge 10. After the mem- 
brane tension is adjusted to a value corresponding to a 
prescribed torque setting, the optical fiber probe 11 is 
installed into the microphone cartridge 10. 

the optical fiber probe 11 must be properly positioned in 
the microphone cartridge 10, and the membrane 21 
must be tensioned to provide an acceptable frequency 
response. Since the width of the air gap 18 establishes 
the optimum sensitivity of the device, the final adjust- 20 
ment of the probe must conform to this requirement. 
Then, the probe 11 is secured in place by means of the 
pin-vise assembly 50. Typical dimensions of the micro- 
phone may be Q inch for the cartridge diameter, 0.033 
inch for the active membrane diameter, and 50-250 25 
microns for the air gap 18. 

In another embodiment of the invention, the basic 
components of the system shown in FIG. 1A are uti- 
lized. However, in addition to modulating the light 
intensity received by the optoelectronic receiver 15 in 30 
proportion to an incident sound pressure, the compo- 
nents of the exemplary microphone cartridge 100 
shown in FIG. 4 fulfill two additional functions: damp- 
ing the membrane motion to achieve smooth frequency 
response over the entire bandwidth; and providing an 35 
on-line calibration means to track changes in micro- 
phone sensitivity as may occur in hostile environments. 

A cross-section of the microphone cartridge 100 is 
shown in FIG. 4. A membrane 117 is clamped between 
a shoulder 119 of a microphone case 118 and a tightly 40 
press-fit clamping ring 120. The membrane 117 can be 
any elastic material with a mirrored finish 121 on the 
side facing the interior of the cartridge 100. For exam- 
ple, the membrane material may be a thin material as 
discussed above in connection with the first embodi- 45 
ment. Tension is applied to the membrane by any suit- 
able means which will impart tensile stress to the mem- 
brane In an exemplary embodiment, tension is provided 
by a tension adjuster 122 and a tension ring 123. The 
tension adjuster 122 contains external threads 124, 50 
which engage similar threads in the case 118, and a nut 
125 machined on or attached to the bottom side. Torque 
applied to the nut l25, by means of an external tool, 
rotates the tension adjuster 122, forces it to advance 
along the microphone axis, and presses the tension ring 55 
123 against the membrane 117, thus applying tension to 
the membrane A rim 126 of the tension ring 123 is a 
contact surface of small curvature which defines the 
active sensing area of the membrane 117 as the circular 
area of diameter A-A'. This area need not correspond to 60 
the diameter of the optical fiber probe as preferred in 
the first embodiment. The active membrane area may be 
quite large in comparison with the membrane diameter 
area preferred in the first embodiment. For example, 
this area may be as large as about two inches in diame- 65 
ter. 

A metallic backplate 127 and an insulating support 
128 together comprise a backplate assembly. The back- 

To ensure proper operation of the pressure sensor, IS 

10 
plate assembly fulfills two functions: damping the mem- 
brane motion and providing an on-line calibration 
means. The backplate 127 is bonded to the insulating 
support 128, and the latter is tightly fit into the tension 
ring 123. A slot 130 around the periphery of the back- 
plate 127 prevents its contact to the tension ring 123. 
The slot 130 also functions to permit the passage of air 
for the damping function. 

The remaining parts of the microphone cartridge 100 
may be made of any suitable material, for example, 
titanium or stainless steel. Suitable materials for the 
insulating support 128 include, for example, nylon, tef- 
lon, boron nitride, or a machinable glass-like material. 
The membrane 117 may also be made of a metal with a 
polished surface, for example, nickel 

Without the backplate 127, the motion of the mem- 
brane 117 may be highly underdamped. Consequently, 
the microphone response may show a very large peak 
about a membrane resonant frequency. A function of 
the backplate 127 is to dampen the membrane motion 
and thus achieve a smooth frequency response over the 
entire operating bandwidth. To fulfill this function, the 
backplate 127 should be located close to the membrane 
117. For example, if the active membrane diameter 
A-A' is f inch, then the gap 131 between the membrane 
117 and the backplate 127 should be no larger than 
about 0.002 inch to render an effective damping. An 
advantage of the arrangement shown in FIG. 4 is that as 
the tension adjuster 122 advances toward the membrane 
117, the size of the gap 131 remains constant 

A capillary vent hole can be introduced to pass air 
between the gap 131 through the cartridge 100 to the 
ambient environment for the purpose of equalizing the 
static pressure on either side of the membrane 117. 

A secondary function of the backplate 127 is to serve 
as a fued electrode of an electrostatic actuator which is 
used as a means of calibrating a microphone. The pres- 
ent invention provides the fued electrode internally to 
the microphone. As discussed below, voltage from an 
external source is applied between the backplate 127 
and the membrane 117 to generate an electrostatic force 
which attracts the membrane 117 toward the backplate 
127. A preferred connection of the external voltage to 
the backplate 127 and membrane 117 is shown in the 
arrangement of FIG. 5. A coil spring 132, joined at the 
ends to form a toroid, is inserted into a slot 129. Other 
connections may also be used such as, for example, a 
leaf spring. The slot 129 may be formed, for example, by 
machining the slot into the backplate 127. 
Detail of the toroidal spring 132 is shown in FIG. 6. 

When the optical fiber probe 11 is inserted into the 
cartridge 100, the toroidal spring 132 makes a positive 
electrical contact with the metallic hypodermic tubing 
116, thus providing two easily accessible connections, 
one being the tubing 116 (through the backplate l27) 
and the other the cartridge case 118 (to the membrane 
117). Electrical insulation between the metallic tubing 
116 and cartridge components is achieved by means of 
the insulating material 133. The insulating material may 
be, for example, teflon tubing, ceramic tubing, or any 
other insulating material. 

The metallic portion of the backplate 127 may be film 
deposited on the insulating portion 128, in which case 
an alternate electrical connection is required. 

If the applied voltage between the membrane 117 and 
backplate 127 consists of an AC component superh- 
posed upon a DC component, then the electrostatic 
force excites the membrane into motion at the same 
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frequency as the AC component. If the voltage consists 
of an AC component alone, then the frequency of the 
membrane motion will be twice that of the applied AC 
voltage component. In either case, a fixed amplitude of 
the AC component will produce a fued amplitude of 5 
the exciting force upon the membrane 117. 

The responding motion of the membrane 117 modu- 
lates the intensity of the light reflected from the mirror 
121 in the same manner as when the membrane is ex- 
cited by an incident sound pressure. Since the electro- 10 
static force is known and constant, changes in mem- 
brane response, and thus microphone sensitivity, due to 
changes in environmental conditions can be monitored 
at any time. 

phone, it is necessary to adjust the gap, typically 
0.005-0.006 in., between the distal end 134 of the optical 
fiber probe 111 and the mirror 21. This can be accom- 
plished by manually moving the probe along the axis of 
the cartridge 100. The coil spring 132 facilitates such 20 
motion, in both directions, while maintaining positive 
electrical contact. After the final adjustment has been 
accomplished, the optical fiber must be secured in place. 

A case seat 135, joined to the case 118 by means of 

To obtain the optimum performance from the micro- I5 

threads 124, completes the cartridge assembly 100 
shown in FIG. 4. It contains a plug 136, which fulfills 
two functions: (1) to secure the fiber probe 111 and (2) 
to complete the electrical connections to the electro- 
static actuator electrodes 117 (membrane) and 127 
(backplate). 

The plug 136 has a hole through its center, which 
contains a straight section to pass the optical fiber probe 
111 and a tapered section 137 to seat a ferrule 140, made 
of a readily compressible material such as, for example, 
nylon or teflon. As torque is applied to a nut 139 at the 
end of the plug 136 and the threads 138 of the plug 
engage those of the case seat 135, the ferrule 140 presses 
at first against surface B-B' of the seat and afterwards 
radially against the optical fiber probe 111. Sufficient 
pressure applied to the ferrule 140 secures the fiber 
probe 111 in place. Alternatively, the optical fiber probe 
111 may be secured by means of a collar attached to the 
bottom surface of the case seat 135 in place of the plug 
136 and ferrule 140. 

A coaxial cable 141 completes the electrical connec- 
tions between the electrostatic actuator electrodes and 
power supply. The coaxial cable 141 contains a center 
conductor 142, which is connected to the hypodermic 
tubing 116, and a braided shield 143, which is connected 
to the nut 139 by means of a jumper wire 144. In the 
embodiment selected for illustration, the center conduc- 
tor 142 is soldered to the hypodermic tubing, and the 
jumper is soldered to the braided shield 141 and into a 
small hole 145 in the nut 139 at locations designated by 
M A ,  146B, and 146C respectively. The coaxial cable 
may alternatively be connected through a miniature 
connector in place of direct soldering. Thus the electri- 
cal path from the power supply PS to the fixed elec- 
trode of the electrostatic actuator consists of the center 
conductor 142, hypodermic tubing 116, coil spring 132, 
and backplate 127; the path to the variable electrode 
consists of the braided shield 143, jumper 144, plug 136, 
case seat 135, case 118 and membrane 117. The optical 
fibers within the probe 111 and coaxial cable 141 are 
retained by heat-shrinkable tubing 147, or other insulat- 
ing cover, from the nut 139 up to their terminations. 

Membrane material like nickel foil, as delivered, gen- 
erally has insufficient optical reflectivity to serve as an 
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12 
effective mirror 22. Thus, the present invention also 
provides a novel procedure for providing sufficient 
optical reflectivity to thin membranes. 

Discs of foil are cut having a one-fourth inch diame- 
ter from a sheet of foil, and are subjected to a procedure 
which improves the optical reflectivity sufficiently to 
meet the requirements of the microphone of the inven- 
tion. FIGS. 7A and 7B show a novel future assembly 60 
used to perform the polishing operation of the present 
invention. Foil discs 61 are mounted on a flat piece of a 
slide 63, for example a 2x2 inch crown glass micro- 
scope slide, which is mounted to a polishing future 
mount 65 in one operation. The bonding material for 
both mounts 62 and 64 may be a hard mounting wax, for 
example Crystal Bond 509. Initially, the polishing fn- 
ture mounts 65 and microscope slide 63 are heated to a 
temperature of approximately 180" F. Then the Crystal 
Bond 509 is applied to the mount 65 and microscope 
slide 63. The foil discs 61 are placed on the microscope 
slide 63 having a coating of bonding material, taking 
great care to ensure that no air is trapped under the disc 
61. Any air trapped under the disc 61 will deform the 
thin disc upon cooling due to contraction. After the disc 
61 and microscope slide 63 are mounted, the polishing 
fmture mount 65 is installed into a commercial polishing 
machine. In the example selected for illustration, the 
polishing furture mount 65 may be inserted into a preci- 
sion polishing jig PP5, which is installed into a precision 
lapping and optical polishing machine PMZA, both 
manufactured by Logitech Limited. After installation of 
the polishing future mount 65, polishing is accom- 
plished by means of a polishing pad, for example a felt 
polishing pad which is continuously loaded with a 0.05 
micron colloidal silica polishing suspension (Buehler 
Mastermet). After polishing, the discs 61 are dis- 
mounted by heating the polishing fixture assembly 60, 
and then cleaned to remove mounting wax residue, for 
example. 

The membrane can also be polished by other meth- 
ods, for example by vapor deposition, chemical polish- 
ing and the like. 

The invention will be further illustrated in the follow- 
ing, non-limiting example, it being understood that the 
example is intended to be illustrative only and that the 
invention is not intended to be limited to the materials, 
conditions, process parameters and the like recited 
herein. 

EXAMPLE 
A high-temperature microphone cartridge is fabri- 

cated. Except for the membrane and fiber bundles, all 
parts are made of type 347 stainless steel. The mem- 
brane consists of 0.001'' thick nickel 200, pressed into 
the shape of a cup having an outer diameter of 3.175 
mm. The bottom side of the membrane is made shiny by 
a vapordeposition technique. After the tension ring and 
membrane are inserted over the microphone body, the 
clamping ring is press-fit to hold the membrane in place. 
Because friction is not adequate to retain the membrane 
as tension is applied, the membrane and bottom end of 
the clamping ring are together electron-beam welded to 
the body. The tension adjuster, such as that shown in 
FIG. 2, containing threads which engage similar 
threads in the body, is turned until its torque reaches a 
prescribed level; as it advances along the microphone 
axis, it pushes the tension ring and thus provides tension 
to the membrane. 
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The bundle of optical fibers, containing typically a nyiiig loss of bandwidth. Finally, an increase in air vis- 
central transmitting fiber and several peripheral receiv- cosity improves the membrane damping, but this is 
ing fibers, is pressed into a hypodermic needle. After important only near a resonant frequency. A decrease in 
the latter is inserted into the microphone body, the air density is but a minor effect because the air gap 
assembled cartridge is placed into a future, where the 5 compliance is secondary to the membrane compliance. 

TABLE 2 
membrane is excited acoustically. The hypodermic nee- 
dle is positioned until the microphone output is maxi- 
mum, then locked in place by means of a pin vise at the Summary of microphone propcnm at room and 

elevated temperatures. bottom end of the cartridge. The active diameter of the 
20' C. (68' F.) membrane is not the outside diameter of the cartridge, 10 Temperature 

rather the diameter of the inside hole in the tension ring. Membrane mi) 
In this manner microDhones of verv small active diame- m i ~  - 600' C. (1112' F.) 

ter can be constructeb. The propekes of the fiber bun- pm 
Density, kg/m3 
Tension. N/m dle are listed in Table 1. 

0.4064 0.4103 
25.4 25.4 
8800 8673 
2616 2118 

1s Resonantfreq. 
in vacuum 
Fundamental, Hz 101884 91466 

Operating temperature to 600' C. (1 112' F.) Second harmonic, Hz 233870 209955 
Air Fiber type 

100 pm 2o Density, kg/m3 1.205 0.4351 Core diameter 
Isothermal sound 290.16 476. I Cladding diameter 140 pm 
vel., m / s  Coating diameter 165 pm 
Viscosity. pPa-sec 18.18 37.3 Number of fibers 7 

Hypodermic needle 

TABLE 1 
Optical fiber bundle uscd in a microphone. 

metalcoated stepindex multimode - 

Gap, pm 150 151.5 
Specific heat ratio 1.403 1.35 

#21, 0.032" OD x 0.023" ID 

The distance between the proximal end of the fiber 25 ~ ~ ~ ; r i n ~ ~ ~ n n g  

6 & 6  6 & 6  
0.082 & 0.2475 

0.056 & 0.056 
38.1 & 38.1 

bundle and the membrane surface is typically 150 pm. 
This distance is too small to permit the placement of a 
backplate in the air gap to dampen the membrane mo- 

serve to fulfill this function. Space between the fibers 30 E:i2i;kr volume., m3 
serving as long vent holes provide viscous damping if 

Quantity 
~i~~~~ from 
center, mm 

0.082 & 0.2475 

0.056 & 0.056 
38.1 & 38.1 
1ooOOOO 

tion. Nevertheless the bundle of optical fibers may itself Radius, mm 

ooO ooO 

the tolerances are sufficiently small. Otherwise, an ad- 
hesive is required, and damping may be foregone or 
provided through capillary openings. If the six receiv- 
ing fibers are arranged uniformly around a central trans- 
mitting fiber, as indicated in Table 1 without adhesive, 
then there are six such vent holes adjacent to the central 
fiber and six more around the periphery of the bundle. 

The response of a prototype microphone can be pre- 
dicted with the aid of a theory of condenser micro- 
phones as extended by Hu, "Theoretical and Experi- 
mental Study of the Optical Fiber Microphone," Dis- 
sertation. University of Rhode Island (1987) to fiber 
optic microphones. A summary of pertinent material 
and geometric properties is given in Table 2. The mem- 
brane tension corresponds to a radial stress assumed to 
be 25% of the yield stress. In reality this parameter will 
be very difficult to determine. The membrane thickness 
is chosen to be five times that found in commercial 
condenser microphones in order to improve mechanical 
stability at elevated temperatures. The air gap dimen- 
sion is based solely upon optical response. The mem- 
brane resonant frequencies are computed from the clas- 
sical formula for an undamped stretched membrane. 
Since the response at the membrane center, unlike that 
of the membrane mean, does not fall dramatically 
shortly after the fundamental resonant frequency, the 
microphone should prove useful up to the second har- 
monic and thus fulfill even demandinn soecifications on 

*For compuutiod purpose only. 

MICROPHONE PERFORMANCE 
The predicted response of the microphone described 

in Table 2, according to the theory of Hu, above, is 
shown in FIG. 8. The membrane motion is obviously 
underdamped, but in the absence of a backplate reme- 

40 dial measures will prove difficult. Any internal friction 
within the Ni 200 material itself may help to compen- 
sate. The unloaded membrane resonant frequency is 102 
kHz at room temperature and drops to 91.5 kHz at 600" 
C. (1112' F.). The upper cutoff frequency, where the 

45 amplitude is 3 db below its low-frequency level, actu- 
ally lies beyond the second membrane resonance, lo- 
cated at 234 and 210 IrHz for the two temperatures 
respectively. The high-temperature response further 
shows a slight improvement in sensitivity and, despite 

50 the loss in bandwidth, is highly satisfactory. The mini- 
mum detectable sound pressure level is determined by 
thermal noise in the photodetector and amplifier and is 
expected to lie in the vicinity of 130 dB re 20 ppa. The 
microphone is expected to operate linearly over a dy- 

While the invention has been described with refer- 
ence to particular preferred embodiments, the invention 
is not limited to the specific examples given, and other 
embodiments and modifications can be made bv those 

35 

55 namic range from 130 to at least 190 dB. 

I .  

bandwidth. 
Exposure to high temperatures has three primary 

effects upon microphone performance. First, thermal 
expansion increases all dimensions. The increase in gap, 
in particular, introduces a loss of optical sensitivity. 
Secondly, a reduction in elastic modulus causes the 65 
membrane to relax and lose tension. This effect actually 
improves the mechanical sensitivity and partly compen- 
sates for the optical loss. However, there is an accompa- 

60 skilled in the art without departing from the s p k t  and 
scope of the invention. 

What is claimed is: 
1. An apparatus for measuring pressure fluctuations, 

an optical fiber probe comprising a single optical fiber 
for transmitting light from a light source and a 
plurality of optical fibers for receiving and trans- 
mitting reflected light; 

comprising: 
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a pressure-sensing membrane having a reflecting sur- 
face for reflecting said light, wherein said reflect- 
ing surface undergoes deflections in relation to the 
pressure fluctuations to be measured, said mem- 
brane is under tensile stress while at rest, wherein 5 
said optical fiber probe is arranged such that said 
single optic fiber transmits light to the approximate 
center of the reflecting surface and the plurality of 
optical fibers receives and transmits the reflected 
light, whereby the light reflected by center dis- lo 
placement of the membrane is indicative of the 
sound pressure incident on the membrane. 

2. The apparatus of claim 1, wherein an active area of 
the reflecting surface has dimensions which substan- 15 
tially correspond to dimensions of a cross section of the 
optical fiber probe 
3. The apparatus of claim I, said apparatus having a 

frequency response of at least 100 kHz 
4. The apparatus of claim 1, further comprising a 20 

tension adjuster for adjusting said tensile stress. 
5. The apparatus of claim 1, further comprising an 

adjustable tension ring for supporting and applying said 
tensile stress to said membrane, said tension ring being 
provided with an axial hole having dimensions which 25 
substantially correspond to dimensions of said reflecting 
surface. 
6. The apparatus of claim wherein said membrane is 

stretched over a convex surface having an opening 
therein for allowing said transmitted and reflected light 30 
to pass therethrough. 
7. The apparatus of claim 6, wherein said convex 

surface is substantially hemispherical. 
8. The apparatus of claim 1, wherein said optical fiber 

probe is at least partly encased in a heat resistant sheath. 35 
9. The apparatus of claim 8, wherein said optical fiber 

probe is resistant to temperatures higher than 1OOO" F. 
10. The apparatus of claim 8, wherein said sheath 

comprises a rigid tube encasing part of said optical fiber 
probe proximate to said membrane, and a flexible tube 
encasing another part of said optical fiber probe. 
11. The apparatus of claim 10, wherein said flexible 

tube overlaps said rigid tube. 
12. The apparatus of claim 8, further comprising a 45 

high temperature resistant bonding agent for holding 
said optical fibers within at least part of said sheath 
proximate said membrane. 
13. The apparatus of claim 1, further comprising a 

backplate adjacent said membrane of the same side of 50 
said membrane as said optical fiber probe, said back- 
plate having an axial opening. 

14. The apparatus of claim 13, wherein said backplate 
has a damping effect on vibrations of said membrane. 
15. The apparatus of claim 13, further comprising a 55 

voltage source connected to said backplate and said 
membrane which can create a known voltage potential 
between said backplate and said membrane. 
16. An apparatus for measuring pressure fluctuations, 

comprising: 60 

._ 

16 
an optical fiber probe comprising a single optical fiber 

for transmitting light from a light source and a 
plurality of optical fibers for receiving and trans- 
mitting reflected light to a light receiver; and 

a pressure-sensing membrane having a reflecting sur- 
face for reflecting said light, wherein said reflect- 
ing surface undergoes deflections in relation to 
pressure fluctuations to be measured, and an active 
area of the reflecting surface has dimensions which 
substantially correspond to dimensions of a cross- 
section of the optical fiber probe, wherein said 
optical fiber probe is arranged such that said single 
optic fiber transmits light to the approximate center 
of the reflecting surface and the plurality of optical 
fibers receives and transmits the reflected light, 
whereby the light reflected by center displacement 
of the microphone is indicative of the sound pres- 
sure incident on the membrane. 

17. The apparatus of claim 16, wherein said active 
area and said cross section are each substantially circu- 
lar and have substantially the same diameter. 
18. The apparatus of claim 16, wherein said optical 

fiber probe has a temperature resistance of at least looo" 
F. 
19. The apparatus of claim 16, wherein at least a part 

of said optical fiber probe proximate said membrane is 
encased in hypodermic needle tubing. 
20. The apparatus of claim 16, wherein said mem- 

brane is under tensile stress while at rest. 
21. The apparatus of claim 20, wherein said optical 

fiber has a frequency response of at least 100 kHz. 
22. The apparatus of claim 20, wherein said mem- 

brane is stretched over a convex tension ring provided 
with an axial opening which defrnes said active area. 

23. The apparatus of claim 22, wherein said convex 
tension ring is substantially hemispherical. 
24. An apparatus for measuring pressure fluctuations, 

comprising: 
an optical fiber probe comprising a single optical fiber 

for transmitting light from a light source and a 
plurality of optical fibers for receiving and trans- 
mitting reflected light to a light receiver, 

a pressure-sensing membrane having a reflecting sur- 
face for reflecting said light, wherein said reflect- 
ing surface undergoes deflections in relation to 
pressure fluctuations to be measured, wherein said 
membrane is under tensile stress while at rest, 
wherein said optical fiber probe is arranged such 
that said single optic fiber transmits light to the 
approximate center of the reflecting surface and 
the plurality of optical fibers receives and transmits 
the reflected light, whereby the light reflected by 
the center displacement of the membrane is indica- 
tive of the sound pressure incident on the mem- 
brane; and 

a pin-vise assembly for securing the optical fiber 
probe such that a constant gap is provided between 
an end of the optical fiber probe and said reflecting 
surface when said reflecting surface is at rest. 

* * * I *  

65 
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