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Committee Chairman: Richard O. Claus
Electrical Engineering
(ABSTRACT)

A method of using optical fiber to measure strain and
correct for the effects of temperature is proposed. A means
of measuring apparent strain is given, pure temperature is
measured using Fresnel-backscatter based Optical Time Domain
Reflectometry, and a method for combining the two measurements
to obtain a measurement of mechanically-induced strain alone
is developed. The background, theory and experimental results
that demonstrate the feasibility of such a system are
presented and the results are compared with the performance
of existing fiber-based means of measuring temperature.
Experiments on several OTDR-addressed, intensity-based optical
temperature sensors are performed and a method for
manufacturing small air gap splices for use in measuring

strain at several places along an optical fiber are presented.
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CHAPTER I

1.0 INTRODUCTION

Strain measurement using optical fiber is a relatively
new technology with several methods having been developed over
the past few years. The Interferometer [1,2] which has been
developed and refined by the Naval Research Laboratory, the
Intensity Modulator [3], the Modal Domain sensor proposed by
Duncan [4], and Zimmermann's method using Optical Time Domain
Reflectometry (OTDR) [5] are examples of fiber optic sensors
that can be used to measure strain. Others who have
investigated the use of OTDR for sensing are Jackson et. al.

[6], Kingsley [7,8], Sirkis [9], and Kim et. al. [10].

One problem with fiber optic strain sensors is the effect
of temperature on the strain measurement. As will be
discussed later, both refractive index and fiber geometry vary
with temperature and these variations can affect strain

measurements.

A fiber optic strain sensor that would compensate for
temperature effects was desired. The method chosen was to
expand on Zimmermann's technique [5] which uses OTDR to

measure strain between air gap splices. The air gap splices



2
cause pulses on the OTDR and these pulses shift as the fiber
between them is strained. One area to be expanded upon was
the manufacturing of the air gap splices. The desired result
was to make them easy to manufacture and as small as possible
so they could be embedded in a material and subsequently used

for internal material measurements.

The purpose of this thesis, then, is twofold:
1) To develop a means of temperature compensation for strain
measurements taken with an OTDR and 2) To develop small,
easy-to-manufacture substitutes for large cross-section air

gap splices previously used in OTDR Fresnel-based strain

measurements.

The method proposed here for measuring temperature
compensated strain is believed to be novel. To our knowledge
no one has combined an intensity temperature sensor and an
OTDR strain measurement technique as reported here to obtain

temperature compensated strain measurements.



CHAPTER II

2.0 OTDR

An optical engineer uses OTDR to measure the overall loss

in optical fiber and to locate breaks, microbends or other

aberrations.

In an OTDR-based fiber optic strain sensor, an OTDR is
used to observe the relative movement of two marked points as
the fiber is strained [5]. Since the marked points (simply
aberrations in the fiber) may be relatively close together and
may move only a small distance, an OTDR with high resolution
is needed to measure small strains in small structures. The
OTDR used 1in the experiments reported here was the
Opto-Electronics Picosecond Fiber Optic System which consists
of the MF-20 Mainframe and the TDR10 Processing System and is

rated at 100 micron resolution [11].

2.1 BASIC OTDR SYSTEM

The typical basic OTDR system consists of a pulsed laser,
a detector, averaging circuitry and an output screen on an
oscilloscope. A block diagram of this basic OTDR is shown in

Figure 2.1 [12]. The pulsed laser light is coupled into the
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fiber and the backscatter is sent back to a beamsplitter or
fiber coupler and is partially received by the photodetector.
The averager and additional signal processing electronic

circuitry is used to improve the signal to noise ratio and

display the backscatter.

The resultant plot on the oscilloscope generally is a
negatively sloped function from which the Rayleigh backscatter
may be inferred. Localized large amplitude pulses in the
output represent Fresnel reflections. A simple OTDR plot is
shown in Figure 2.2 [12]. For this work, however, only the

Fresnel reflections were monitored.

It should be noted that Rayleigh backscatter can be used
to measure strain, but it is complicated by the spatial
transient behavior of the fiber. A localized strain causes
some backscatter above that caused by normal Rayleigh effects
and thus limits the spatial resolution. This effect can be

minimized by segmenting the fiber [5].

2.2 PHOTON COUNTING OTDR

A more sensitive OTDR is the photon counting OTDR. Here
the OTDR counts photons to determine the amount of light at

the photodetector. Typically the photon counting OTDR uses
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an avalanche photodiode in the "geiger counter" mode. A
minimum detector sensitivity of 16 photons has been reported
[13], and experiments with single photon avalanche diodes
(SPAD) have resulted in a minimum sensitivity of 3 x 1071
watts [14]. Opto-Electronics reportedly is in the process of
manufacturing a photon counting detector for use with the OTDR
at the Fiber and Electro Optics Research Center at Virginia
Tech. As will be discussed later, the use of this detector
would allow new methods of OTDR strain measurement to be

undertaken.
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CHAPTER III

3.0 STRAIN MEASUREMENTS USING OTDR

3.1 STRAIN

For the purposes of this project, the discussion of
strain will be limited to linear, or "one-dimensional" strain

since that is what happens when an optical fiber is strained.

Figure 3.1 shows an object being strained by a force "F".
When the force is applied, points A and B move to the
positions A' and B' respectively. The displacement of point
A is u and the displacement of point B is u + Au. The

definition of linear strain € is therefore

€ = 1lim Au/Ax = du/dx (3.1)

It should be noted that Figure 3.1 ignores the Poisson effect,

which is the tendency of an object under tensile strain to

contract laterally [15].



3.2 MEASURING STRAIN

As shown in chapter II, Fresnel reflections occur at the
location of a material interface along the fiber. When using
OTDR techniques to measure strain, one purposely places two
or more sets of interfaces along the fiber and measures the
amount of separation between the resultant OTDR pulses in the
time domain. The time separating the pulses will increase as
the fiber 1is strained because the 1length of the fiber
increases. Note, however, that the pulses may also be
characterized by their amplitude as well as their location in
time. In this thesis, modulation of pulse amplitude is used
to determine temperature. Measurement of pulse spacings and
amplitudes results in two readings: temperature (related to
pulse amplitude) and strain-plus-temperature (related to pulse
separation change). It 1is theorized that the temperature
effects can be subtracted from the strain-plus-temperature

effects to give us a measurement of strain only.

Zimmermann presented the basic theory for determining

strain at constant temperature [5]. It is presented here

briefly.

The length of the fiber, 1l¢, is given by
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lg= ct/n (3.2)
where c is the speed of light, t is the time it takes the
light pulse to travel the length of the fiber and n is the

group index of refraction of the fiber core. Differentiating

equation 3.2 gives an expression for the amount of fiber

elongation.
dlg= (c/n?) (ndt - tdn) (3.3)
The strain, €, is given by

€ =dlg/l¢

dt/t - dn/n. (3.4)

The relationship between index and strain is assumed linear
and the proportionality constant is defined as "a", a negative
number that can be determined empirically. In his
experiments, Zimmermann found "a" to range between -0.27 to

-0.36 depending on the fiber type

Assume dn/n is given by

dn/n = af(e) (3.5)
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The equation for strain, equation 3.4, is now

€ = (dt/t) (1/(1 + a)) (3.6)

where dt is the shift in pulse arrival time between the

unstrained and strained states.

3.3 ESTABLISHING REFERENCE MARKS

Establishing small, easy-to-manufacture OTDR addressable
reference marks along a fiber was another purpose of this
effort. The two methods as shown in Figures 3.1 and 3.2 were
attempted. The first of these was the fiber "neck-down"
approach. With a fiber connected to the OTDR, a portion of
100/140 multimode "semi-graded" (effective index profile >2)
index fiber was placed in the fusion splicer (Power
Technology, Inc., Model PFS 330). An arc was then generated
while providing a tensile force on the fiber. This resulted
in a slight necking down of the fiber. The process was then
repeated, in an attempt to get an OTDR pulse reflected from

the location of the neck-down area, while maintaining the end

reflection.

It was determined that by the time the fiber had necked
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down enough to produce a back reflection, there was not

sufficient power transmitted to observe +the far end

reflection.

Another attempt at establishing a reference mark was to
create rounded ends on two fibers prior to fusing. While the
ends were still separate, they were brought together on the
fusion splicer guides until a Fresnel reflection was detected.
The spheres were then fused, attempting to keep them separated

at the distance that gave the highest Fresnel reflection.

This method was attractive because the reference mark was
fast and easy to manufacture compared to an encapsulated tube
air gap splice. While the spheres gave a Fresnel reflection,
the resultant decrease in power transmitted through the mark

was too great to give a second reflection.

While neither of these attempts were successful using the
Opto-Electronics OTDR, they may work when used with a Rayleigh
backscatter/photon counting OTDR. The potential increased
sensitivity obtainable using such devices would warrant an

investigation of these designs.



13

3.4 THERMAL CONSIDERATIONS

As Zimmermann pointed out, the effects of temperature on
the sensor output are due to changes in both refractive index
and in fiber length [5]. The refractive index changes,
however, are the dominant effects. The combined effect of

temperature on time delay is:

37/8T = (1/c) ((dn/38T)1le+ n(dlge/aT)), (3.7)

where

31g/dT = alg, (3.8)

and a is the Coefficient of Thermal Expansion of the fiber.

Typical values are 7 x 10/

m/m-°C for a and 2 x 10 °/°C for
an/8T [5]. Substituting these values into equations 3.7 and
3.8, we would expect to see a change in time delay of 20 ps

for a one-way measurement or 40 ps for a two-way measurement

for a 3-meter length of fiber and a 100°C temperature rise.

It was theorized that if a measurement of temperature
was obtained where the strain was being measured, equations
3.6, 3.7 and 3.8 could be used to determine the strain

independent of temperature effects. The following is a sample

calculation:
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Assume 3 meters of fiber is strained 2%. Typical values are:

AT = 20 ps

T = 1450 ps for n = 1.45

m
]

(a7/%t) (1/(1+a)) (3.6)

(20/1450) (1/.7) = .02 = 2% strain
In other words, if this fiber is strained under constant

temperature, and a pulse shift of 20 picoseconds is observed,

a strain of 2% has taken place.

If the temperature increases 50°C, the pulse shift due

to temperature alone is given by

ar = (1/c)((an/aT)l¢g+ n(81lg/3T))A3T. (3.7)

Typical values are:

an/aT = 2 x 10°°/°C
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dlg/ 8T = alg (3.8)
= .21 x 10 °m/m-°C for 3 meters

AT = (1/(3x10%)) (6 x 10° + (1.45) (.21) (10~ ) (50)

10.5 ps

€apue = (20-10.5)/(1450) (1/.7) = .009 = .9% strain

error = (2 -.9)/2 = 55%

Thus in a typical case an error of 55 percent could be

corrected if accurate temperature measurement were obtained.

The overall design shown in Figure 3.3 was proposed for
the temperature compensated strain sensor. The figure shows
the fiber with reference marks for the OTDR-based sensor
reflections. Between the strain measuring fiber and the OTDR,
an intensity modulator that is temperature sensitive is
inserted. The amplitude of the OTDR pulses will fluctuate as

a function of temperature.
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Figure 3.2 The Neck-Down Aberration
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Figure 3.3 The Double-Sphere Aberration
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INTENSITY SENSOR REFERENCE MARKS
FIBER —
TO OTDR ] -

Figure 3.4 Temperature Compensated Strain Sensor Design,
Phase I



CHAPTER IV

4.0 EVOLUTION OF THE OVERALL STRAIN SENSOR DESIGN

As mentioned in chapter III, initial attempts at creating
the novel, in-line reference marks along the sensor fiber were
not successful. The plan was to use the design shown in
Figure 3.3 for the temperature compensated strain sensor and
to make the air gap splices as easy as possible to
manufacture. Since neither the double-sphere nor the neck-
down design worked (though either of these may work with a
photon counting OTDR), it was felt that the best design would
be to use air gap splices similar to those Zimmermann used in
his experiments. One possible problem with this, though, was
that the air gap splices themselves might expand with
temperature (though this could be prevented by encapsulating
the splices) and would therefore reduce the pulse amplitude
by increasing the distance of the gap across which the light
must travel. Also, it was desired to make the sensor as

straightforward and simple as possible.

The overall strain sensor design was reconsidered and it
was noticed that one air gap splice could be eliminated and
the far end reflection would be used for the second reference

mark. This would then give us two pulses on the OTDR. The

20
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design is shown in Figure 4.1.

The design was reevaluated further. Still present was
the remaining air gap splice. It was determined that this
splice could be eliminated entirely and only the pulses
resulting from the intensity temperature sensor and the far
end reflection would be used. This would simplify the
manufacturing of the sensor. As can be seen in Figure 4.2,
the final design of the temperature compensated strain sensor
consists of a temperature sensor with a length of fiber
connected to it. When the length of fiber is strained, the
two pulses on the OTDR will separate. The pulse caused by the

mark closest to the OTDR will remain stationary and the other

one will move.

Having reviewed the macroscopic design of the strain

sensor, an examination of the design of the intensity

temperature sensor follows.

4.1 INTENSITY MODULATION

A result of optical intensity modulation is that the
amplitude of a pulse seen on the OTDR output display will vary
with temperature. Four basic types of intensity modulation

were considered: Moving mask, fiber end displacement,
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waveguide coupling, and microbend loss. These are described

below [16].

4.11 MOVING MASK

As can be seen in Figure 4.3(a), the "moving mask" device
consists of two fibers, each connected to a lens and a
blocking device or mask. The mask may move between the two
lenses and block out part of the transmitted light. If the
mask is attached to a bimetallic strip in a mechanical

housing, the mask will move in and out as a function of

temperature.

Note that this method can be used with or without the
lenses. The only difference between the two cases is that
when no lenses are used, the sensitivity is reduced by the

loss over the gap between the fibers.

4.12 FIBER DISPLACEMENT

Fiber displacement is a rather simple method of
modulating transmitted light intensity. See Figure 4.3 (b).
Here the fiber moves either laterally or longitudinally as a
function of temperature. The amount of light coupled into the

receiving fiber will therefore be a function of temperature.
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4.13 WAVEGUIDE COUPLING

With this method the cladding from two sections of fiber
is removed so the evanescent fields are coupled from one fiber
into the other. See Figure 4.3(c). If metal, or other
material that expands as a function of temperature, is
attached to the two fibers, then as the fibers move away from

each other, the light intensity coupled into the receiving

fiber is reduced.

4.14 MICROBEND LOSS

Another sensor is the microbend sensor shown in Figure
4.3(d). Here the fiber is configured in small bends and a
deformer is used to squeeze the fiber and thus decrease the
bend radii. As the fiber bends are made smaller, some of the

light then propagates into the cladding which gives a loss in

intensity.
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4.2 THE INTENSITY MODULATED TEMPERATURE SENSOR PORTION,

DETAILED DESIGN

As described above, there are several ways to design an
intensity-based temperature sensor. For this project, the
sensor design chosen was one that had a longitudinal air gap
that increased with temperature. The main reason for choosing

this sensor was ease of manufacturing.

The first task in designing the sensor was to determine
the distance the air gap would have to increase to give
optimum sensitivity. This was done by placing the two cleaved
ends of 100/140 fiber into the fusion splicer and then varying
the air gap. The gap was varied in increments of 50 microns
while the intensity of the far end reflection was observed.
The air gap gave a noticeable intensity drop at 50 microns and
still transmitted a readable signal with a gap of 600 microns.

The data is shown in the graph in Figure 4.4.

It was desired to compare this plot with the theoretical
loss of the fiber over a transverse air gap. Several articles
[17-21] have been written on the subject and the method of

calculating the loss using ray optics is given by Miller and

Mettler [17].
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Figure 4.5 gives a plot of the theoretical power
reduction over the air gap. Note that this curve matches
quite well with the actual data taken. The slight differences

can be attributed to mode mixing [18].

The next task was to design the temperature sensor and
select the material. The temperatures ranges chosen were
23-100°C, 23-180°C, and 23-350°C full scale. The tubing
material selected was corrosion resisting steel (CRES) because
of its relatively high coefficient of thermal expansion, 17.3

x 10 %m/cm--c [22].

Another problem was how to attach the fiber to the
casing. For this TRA-CON epoxy was chosen because in other

experiments it proved easy to use and had exhibited good

adhesion characteristics.

One important aspect of the manufacturing of the
intensity sensor device is obtaining clean perpendicular faces
on the fiber ends that form the air gap. Better reflections
and light transmission through the temperature sensor are
possible when proper cleaving is employed. To obtain good

cleaves the York FK-1000 cleaver was used.
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4.3 SENSOR CONSTRUCTION

The sensors were 2.5 cm, 7 cm, and 15.25 cm long. Each
consisted of a stainless steel tube surrounding a hollow core
fiber which was epoxied at one end to the tube and the fiber.
At the other end the tube was epoxied to the 100/140 fiber end

and the hollow core fiber was allowed to float free. See

Figure 4.6.

The 2.5 cm long sensor was to be the high temperature
sensor, designed to operate from room temperature (23°C) to
350°C, a AT of approximately 320°C. The 7 cm sensor was
designed to operate from room temperature to 180°C, a AT of
about 160°C. The 15.25 cm long sensor was the low temperature
sensor, designed to operate over a temperature range of

approximately 80°C, from room temperature to 100°C.

The 7 cm sensor was built using "active manufacturing";
that is the two fiber ends that form the air gap were placed
into the hollow core fiber while one end of the 100/140 fiber
was connected to the OTDR. This way it could be determined
whether or not adequate reflections were present on the OTDR
as the sensor was built. The last step was to epoxy the
sensor at the ends of the metal tube. This was also done

actively to ensure pulses due to the two reflections were on
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the OTDR screen when the unit was left to allow for epoxy

curing.
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INTENSITY SENSOR REFERENCE MARK

[ ]

TO OTDR —
FIBER L

Figure 4.1 Temperature Compensated Strain Sensor Design,
Phase II
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INTENSITY SENSOR

FIBER END

TO OTDR — I
FIBER

Figure 4.2 Temperature Compensated Strain Sensor Design,
Phase III--Final
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CHAPTER V

5.0 EXPERIMENTATION

5.1 STRAIN TESTING--TEMPERATURE CONSTANT

An experiment to test the strain measuring capabilities
at constant temperature was set up as shown in Figure 5.1.
The pulley was loaded, thus straining the fiber and the result
was a pulse shift. This experiment confirmed that strain

between two points could be measured with the temperature

constant.

5.2 TEMPERATURE EFFECTS

In order to determine the pulse shift due to temperature
only, a 3-meter length of fiber was placed in the Thermotron
at room temperature and the setup was prepared for a 100°C
temperature rise while the far end pulse was monitored on the

oscilloscope. The expected pulse shift had been calculated

to be approximately 40 ps.

The pulse was monitored under room temperature
conditions. A shift as much as 44 ps due to the instability

of the OTDR system was noticed. The system had been unstable

34
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in earlier experiments by other FEORC students and long-term
stability was necessary for this experiment. The conclusion
was that accurately measuring the pulse shift due to
temperature only would not be possible until OTDR problems

were resolved.

In order to evaluate the temperature sensors, testing
devices and procedures were developed. In two cases, the OTDR
was connected to the sensor and the sensor was placed in a
water bath as shown in Figure 5.2. The other times the
sensors were tested in the Thermotron oven and the amplitude
of the pulses at the far end reflections were observed. Note

that the devices were not strained.

5.3 THE LOW-RANGE TEMPERATURE SENSOR

The low-range temperature sensor was tested by placing
it in a beaker of water on a hot plate. As the temperature
increased, no change was found in the amplitude of the far
end reflection. Also, the amplitude of both the sensor gap
peak and the far end reflection were extremely small. This
led to the belief that some damage had occurred to the ends
of the fiber forming the air gap. It most likely had broken

when the fiber was inserted into the hollow core.
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Another low-range sensor was manufactured with the same
dimensions. This time the sensor was constructed while it
was connected to the OTDR. This way it was possible to
monitor the reflections while the fiber was being inserted
into the hollow core. Since a good reflection was maintained
throughout the manufacturing process, it appeared the cleaved
fiber faces were still flat and smooth. This proved to be the
case. This sensor was tested in the Thermotron oven and the

results are shown in Figure 5.3.

5.4 THE MEDIUM-RANGE TEMPERATURE SENSOR

The 7 cm sensor was tested by placing it in a beaker of
water and then putting the beaker on a hot plate. The sensor
was connected to the OTDR and the hot plate was turned on.
Temperature readings were taken at approximately every 10°C.

The results are shown in the graph, Figure 5.4.

As the temperature neared the boiling point of water,
(actually 97°C), the sensor was placed directly on the hot
plate to see what would happen. The intensity of the pulse
dropped rapidly. Since no means of measuring the temperature
directly on the hot plate was available, no data was recorded.
This experiment lead to the belief that the sensor was

actually more effective at a higher range than 20 to 100°C.
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Most likely too much epoxy had wicked into one of the ends of

the stainless steel tube, thus decreasing the effective length

of the tube.

5.5 THE HIGH-RANGE TEMPERATURE SENSOR

Since the range of the 2.5 cm long, high-range
temperature sensor was relatively high, it was placed directly
on the hot plate and the signal amplitude was observed. The
signal decreased in amplitude as the temperature increased.
Unfortunately, during manufacture, the fiber jacket had been
stripped away from the metal tube a distance of about 10 cm.
This made the fiber weak in that area and it broke as the
sensor was placed in a beaker of water to cool it down and

watch the signal increase in amplitude.

We did not repeat the above experiments because the first

trial showed that the sensors were not satisfactory.

5.6 SENSOR REDESIGN

Brass was the material chosen for the redesigned sensor.
The sensor was 15.25 cm long and an initial air gap was
intentionally inserted between the fibers at room temperature.

This sensor was manufactured actively. The initial gap size
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was Iincreased until the signal strength of the far end
reflection dropped one division on the oscilloscope. The
sensor was tested in the Thermotron oven for two full

temperature cycles from 23°C to 120°C. The results are shown

in Figure 5.5.

Notice that the plot is fairly linear and has good low
end sensitivity. Note also that the sensor gives good signal
variation over the temperature range. This is due to the

higher coefficient of thermal expansion of brass vs. CRES.

The results, however, were not repeatable. A likely
explanation of this is the magnitude of the distance A shown
in Figure 4.6. When the sensor was manufactured, it was
desired to keep A fairly large so the epoxy did not wick into
the tube to the free end of the hollow core fiber. This would
stop the relative movement between the fiber and the hollow

core and thus make the sensor ineffective.

The results show, however, that A had been made too
large. The fiber had most likely bowed when the outer tube

had shortened due to cooling. This bowing would have caused

the hysteresis.
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Figure 5.1 Strain Sensor Test Setup
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Figure 5.5 Results of the Redesigned Sensor Test
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CHAPTER VI

6.0 DISCUSSION OF RESULTS

The results shown in Figures 5.3, 5.4, and 5.5 show that
problems existed with all sensors and that the redesigned

brass sensor was the best of the three.

The difference between the two stainless steel sensors
can be attributed to the initial gap (or lack thereof) between
the two cleaved fibers. 1In the low range temperature sensor
there was no initial gap inserted when the sensor was
constructed. An explanation of the peak between 30°C and 70°C
is that there exists a certain amount of total internal
reflection between the two cleaved fiber ends and the inside
of the hollow core fiber when the gap is very small. This

internal reflection could be setting up a Fabry Perot effect

that gives the peak.

With the medium range stainless steel sensor, the curve
is relatively flat with a slight decrease at 70°C. Since this
sensor was shorter than the low range temperature sensor (7
cm vs 15.25 cm), it was expected the curve would be somewhat
flat, but not to the degree that was observed. This sensor

may have had an increase in the size of the initial gap while
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the sensor was being cured. This would have made the sensor
give a smaller decrease in power for a given temperature
range. Figures 4.4 and 4.5 show that the power loss curve

flattens out after the gap size exceeds 250 microns.

Both of these stainless steel sensors had curves that
were unsatisfactory. However, ignoring the low end peak, the

low range sensor had a 40% power reduction over a 50°C

temperature range.

With the redesigned sensor, equivalent in length to the
low range stainless steel sensor, brass was chosen because it
had a 21% higher CTE over stainless steel [22]. The brass
sensor had a 50% reduction in power over a 50°C range. This

is what would be expected because of the higher CTE.

The main problem with the brass sensor was the
repeatability. It appears that the A dimension shown in
Figure 4.6 was too large, thus causing a bowing effect on the
fiber. Also, since the diameter of the metal tube is much

larger than the fiber, some misalignment no doubt occurred.



CHAPTER VII

7.0 CONCLUSIONS AND RECOMMENDATIONS

A method of compensating for temperature when making
strain measurements using Fresnel-based Optical Time Domain
Reflectometry has been presented. The method relies on a
temperature sensitive in-line element that modulates the
intensity of light received from a far fiber end reflection.
In developing this strain sensor, several intensity
temperature sensors were designed and constructed. These
sensors have various operating temperature ranges and were
made using both corrosion resistant steel and brass. Brass

elements produced better temperature effect reduction of the

pulse amplitude.

Both the overall strain sensor and the temperature sensor
designs are described. The initial strain sensor design was
simplified and the performance of the temperature sensor was
improved. Although the problem of hysteresis existed, a
solution was presented, namely decreasing the length of free
fiber inside the tube. However, misalignment of the fibers

inside the tube could be present.

A recommendation is that the two reference mark methods

46
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developed herein be tested with a photon counting OTDR. Due
to the repeatability problems and the extreme difficulty in
manufacturing and aligning the sensor components, this design
cannot be recommended as a temperature corrected strain
measuring device. The concept of using two sensing techniques

could perhaps be put to better use with more sophisticated

sensor designs.
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