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The proper interpretation of measurements from an optical fiber sensor requires a full
understanding of its mechanical response to external action and the corresponding change
in optical output. To quantify the mechanical behavior it is necessary to know the
mechanical properties of the fiber coatings. A new method for measuring the coating
stiffness directly on the fiber uses nano-indentation. Special sample preparation and
testing procedures were developed for the measurement of very low modulus materials
using the Nano Indenter II. Results are obtained for two different acrylate coated optical
fibers, namely Corning SMF28 and 3M FS-SN-4228. These results are used in
understanding the behavior of the novel crack sensor and of an interferometric strain
sensor.

A distributed crack sensor that does not require prior knowledge of crack location and
employs a small number of fibers to monitor a large number of cracks is developed. The
basic design of the sensor is a polymer sheet containing an inclined fiber that is coupled
to a structure. The sensor principle is that cracking in the structural member leads to
cracking in the polymer sheet which induces fiber bending leading to signal loss.
Monitoring the backscattered signal provides crack opening size and location. A
theoretical model for optical fiber loss prediction is developed based on a combination of
mechanical and optical analyses. Model prediction is found to be in relatively close
agreement with experimental results. Model simulation can hence be carried out to
provide guidelines for designing crack sensors for various applications.

The behavior of both coated and uncoated fibers for strain measurement applications is
also examined. A theoretical assessment using a three-dimensional finite element model
for both coated and uncoated optical fibers is presented. Results show that the coating
stiffness can significantly affect the strain transfer from the member under load to the
optical fiber. The three-dimensional finite element model can provide guidelines for the
optimized design of strain sensors. A straightforward analytical solution shows good
equivalence with the theoretical solution under certain conditions. Experiments using an
interferometer were conducted to verify the results of the theoretical study and show
good correspondence.
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Title: Associate Professor of Civil and Environmental Engineering
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Chapter 1
Introduction
As Civil structures age there arises a need to assess the safety of these structures. One

way to accomplish this is by monitoring their condition and performance. Current

practice uses only visual periodic inspections to monitor buildings. This could lead to a

dangerous situation should a structural default occur in between the inspection intervals.

Traditional sensors such as strain gages and accelerometers can provide useful

information for such structures however optical fiber sensors offer some definite

advantages. With low signal loss, optical fibers are suitable for remote sensing

applications. The optical signal is immune to low-level electromagnetic noises

commonly found in electrical instruments. Since the optical fiber does not carry

electricity, the sensor and sensing system are not vulnerable to lightning attack, a

problem faced by large bridges and dams in open areas. Also, with its small size and

light weight, fiber optic sensors are unobtrusive when installed in buildings. Moreover,

fiber sensors can be multiplexed to have a number of sensing points along a single fiber

or designed to make distributed measurements. Such capabilities are beyond

conventional electrical transducers and sensors.

The development of optical fiber sensors is relatively new. Many of the original sensors

were developed for the aeronautical and military communities. Application of such

sensors to Civil Engineering Systems has already started but requires additional study.

This thesis investigates two different optical fiber sensors and how they mechanically

behave as related to Civil Structures. The thesis also describes the development of a

Chapter 1: Introduction 12 Noah G. Olson



novel optical fiber sensor that has the potential of measuring many crack openings with

their corresponding locations.

-
S S

S S

Figure 1: Visual outline of thesis

Figure 1 is a diagrammatic illustration of the different thesis components and how they

are interrelated. There are two different types of optical fiber sensors that are

investigated; namely crack sensors and strain sensors. Even though both sensors operate

on different optical properties there are some similarities in looking at the sensors. These

are extrinsic sensors which means that they have a mechanical interaction with the

structure that physically changes the optical fiber. Understanding this mechanical change

requires knowledge of the mechanical properties of the optical fiber and the manner in

which it is connected to the structure. This is referred to as the "Mechanical Behavior of

Chapter 1: Introduction 13 Noah G. Olson
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Optical Fiber Sensors" in the figure. The "Optical Behavior of Optical Fiber Sensors"

refers to the change in optical properties that occurs from the physical change of the fiber.

The change in optical properties therefore alters the manner in which light passes through

the fiber. In the case of the micro-bend crack sensor, the loss of light occurs due to leaky

rays. For the strain sensor, the physical change in fiber length affects the amount of time

it takes for the light to pass through the fiber. The final part of the figure "Experimental

Tests" refers to the actual tests that were carried out in the lab to verify the theoretical

analysis of the fiber sensors. Chapter 2 will discuss the manner by which to measure the

mechanical properties of the optical fiber coating. Chapter 3 will look at the novel crack

sensor and chapter 4 addresses the strain sensor. Chapter 5 will offer some conclusions

and some ideas for future investigation.

Chapter 1: Introduction 14 Noah G. Olson
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Chapter 2
Stiffness Measurement of the External
Polymeric Coating on an Optical Fiber

1. INTRODUCTION

When optical fibers are employed as mechanical sensors to monitor structural strain or

cracking, the change in optical output is governed by the strain or deformation of the

fiber, and this is related to the strain or damage state of the structure to which the fiber is

coupled. The transfer of strain (or deformation) from the structure to the fiber strongly

depends on the elastic property of the polymeric protective coating on the surface of the

optical fiber. In many cases, the Young's modulus of the coating is required for the

"calibration" of the sensor (i.e., to obtain the quantitative relation between optical signal

change and changes in strain/cracking) and the proper interpretation of measurement

results. The coating is typically about 62.5 microns in thickness and made of very soft

polymeric materials. Determination of its elastic modulus is hence very difficult.

To measure the fiber coating stiffness, Nellen et all developed an approach based on the

testing of a torsional pendulum that consisted of an aluminum disc held by an optical

fiber. Knowing the modulus of the glass fiber, the shear modulus of the coating can be

found from the torsional frequency of the pendulum. This approach, while theoretically

sound, is vulnerable to error when the coating is soft, as the additional stiffness

contributed by the coating may be within the range of experimental error. Also, when the

polymeric coating is produced as a dual layer (with a stiffer layer on the outside and a

softer layer inside), the method is not applicable.
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This chapter will explain a manner by which to measure the coating stiffness directly on

the optical fiber using the nano-indentation technique. The principle of nano-indentation

for the in-situ measurement of elastic properties is first described. A major focus of the

chapter is on the specific specimen preparation technique to ensure successful execution

of the indentation test. Also, since the modulus of the coating can be very low (on the

order of several MPa), special procedures have to be followed in the testing. The

required adjustments to the testing system and the proper interpretation of experimental

results will be discussed. Experimental results for two types of acrylate coatings will be

presented as examples to demonstrate the applicability of the testing approach.

2. THEORY-PRINCIPLE OF THE NANO INDENTER* II

NANO INDENTER® II, the machine used to measure the elastic moduli of the optical fiber

coatings, was manufactured by NanoInstruments, Inc., a subsidiary of MTS. There are

three main components of the machine, 1) the indenter, 2) an optical microscope and 3) a

precision X-Y-Z table that moves the specimen. It is a load-controlled system capable

of operating at loads in the microgram range. However, with feedback techniques it is

able to run displacement-controlled experiments as well.

2.1 The Indenter
The indenter (see Figure 1) consists of a rod supported by leaf springs that confine it to

move only in the vertical direction. The rod is attached to the middle plate of a special

three-plate capacitive displacement sensor. Movement of the capacitor plate is used to

measure the displacement of the indenter. The total movement possible (i.e., the physical

gap of the capacitor) is 200pm. The theoretical depth resolution of the system is

approximately ±0.04nm.
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The tip of the indenter is a diamond tip. The tip used for the experiments was a standard

three-sided diamond pyramid. The diamond is ground so that the sides of the pyramid

make a 63.5' angle with the normal to the base. The resulting indent should look like an

equilateral triangle with the length of a side approximately 7.4 times its depth.

Load Application PROGRAMMABLE
Coil & Maqnets CURRENT SOURCE

Capacitive
Displacement OSCI
Gauge

Indenter Support - LOCK-IN AMPLIFIER
Springs -

Indenter Column SE ENT

Indenter
TABLE CONTROLLERS-

Sample

Motorized XYZ Table

Load Frame

Figure 1: Schematic Drawing Showing the Major Components of the NANO INDENTER" I

A coil is attached to the top of the indenter rod and is held in a magnetic field. Thus,

passage of a current through the coil can be used to apply a force to the indenter. For the

coating stiffness tests the "Standard Head" was used. The load resolution for the

"Standard Head" in the most sensitive range is approximately ±75 nN (±7.6 pigm). The

different load ranges are in Table 1.

Table 1: Load Ranges for Standard Head

Load Range mN Grams
0 10 1
1 40 4
2 180 18
3 700 70
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2.2 Principles for the determination of elastic modulus from indentation results
The NANO INDENTER® I with the Continuous Stiffness Method (CSM) option can

measure the modulus of a sample in two different ways. The first is using pure

indentation to measure the unloading stiffness and the second is by measuring the

dynamic response of the material. Both methods will be examined.

2.2.1 Pure Indentation
The study of contact mechanics is thought to have formally started with the work of

Hertz and Boussinesq in the early 1880s. The work of Hertz looked at the contact

between two elastic spherical surfaces with different radii. His theory is restricted to

perfectly elastic solids with no friction. Other researchers have expanded the theory since

his time to include friction and nonelastic effects.2 3 However, in regards to indentation it

is known that the displacements recovered during unloading are primarily elastic and

therefore the elastic frictionless assumptions made in Hertzian contact mechanics are

valid. Thus, with an independent knowledge of the indenter contact area, the indenter

modulus and the Poisson's Ratios for both the indenter and the material being tested it is

possible to find the modulus of the material in question. The theory presented by Hertz

has been used to develop the relationship between indenter depth and the corresponding

force for different indenter geometries that have surfaces whose profiles are smooth and

continuous. However, the common tips used in indentation tests are not smooth and

continuous but rather they have sharp edges such as the Berkovich indenter used in the

NANO INDENTER® 1I tests. G. M. Pharr, W. C. Oliver and F. R. Brotzen4 have shown that

there is a simple relationship between the contact stiffness, the contact area and the

elastic modulus that is not dependent on the geometry of the punch. They further show

that this methodology can be extended to geometries such as Berkovich indenters with
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some small modifications as described by King.5 They first start with the important

contribution of Sneddon6 who derived a general relationship between the load,

displacement, and contact area for any punch that can be described as a solid of

revolution of a smooth function.

LOADING

dP
UNLOADING dh

0

Displacement, h

Figure 2: Load vs. Displacement Curve for Typical Indentation Test

The NANo INDENTER® II (using pure indentation) measures the stiffness of the specimen

from the initial segment of the unloading curve as shown in Figure 2. This measurement

assumes that during the initial period of unloading the displacements are elastic and that

the contact area between the indenter and the specimen remains constant. With these

assumptions it is possible to approximate the unloading behavior using the analysis for

the indentation of a flat, cylindrical punch. Sneddon6 carried out such an analysis and

presented the results in the form:

4Ga
h (1)

1- v
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where a is the radius of the cylinder, G is the shear modulus, v is Poisson's Ratio, h is the

depth of the indentation and P is the load. Noting that the area of the contact circle is

A=za2 and that E=2G(J+ v) Equation ( 1 ) can be rewritten as:

2EVZ
P h (2)

Differentiating Equation ( 2 ) with respect to h yields:

dP 2 -- E- = -A (3)

P P

E.

k- k k

Es, vs ks = E2 k ki ks

//7' 1 - 1vS

Figure 3: Explanation for the Reduced Modulus

Since the indenter and the specimen both contribute to the deformation of the system it is

good to show the contributions of both materials in the measurement of the modulus.

One common way to model the behavior of elastic materials is to think of them like

springs as illustrated in Figure 3. In this case, one spring would represent the indenter, ki,

and the other spring, k , would represent the specimen being tested. When these two

materials are in contact they are behaving like two springs in series. To find an

equivalent stiffness for the two springs one would use the equation - = - + -. For an
k k, k5

elastic material the spring stiffness, k, is the elastic modulus, E. However, since this
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analysis has been done with a plane strain assumption, actually the plain strain modulus,

E/(J- vi), should be used.3 The plane strain assumption has been used since the thickness

of the solid being measured is large compared to the width of the loaded region.

Therefore, the equivalent modulus that represents the modulus of the indenter and

specimen is called the reduced modulus, Er, and is calculated by

1 _ 1-v 2  
-(i- v1 ) (1-v,2)I -+ ( S (4)

Er E E, E(

It follows then that Equation ( 4 ) can also be written in the form

E E1E 2
Er =I -1 vi .)1- Es +(I - vs, ( 5)

where vi and E are the indenter elastic constants and vs and Es are the elastic constants of

the specimen. Substituting the reduced modulus into Equation ( 3 ) yields:

dP 2 ~-- = -- A x Er ( 6)

Remembering that S=dP/dh, and rearranging Equation ( 6 ) leads to:

E = S (7)
2,[

Equation ( 7 ) holds only for flat cylindrical punches. The indenter head used in the

NANO INDENTERO II for the tests is a Berkovich shaped indenter, which is a triangular

based pyramid and therefore not like a flat cylindrical punch. Nevertheless, Pharr et. al.4

have shown that not only is Equation ( 6 ) valid for any indenter whose geometry can be
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described as a revolution of a smooth function, it is also the same general relationship

that describes the connection between contact stiffness, contact area and elastic modulus

regardless of indenter geometry. Therefore, even though the Berkovich Indenter cannot

be described by the revolution of a smooth function, Equation ( 6 ) still has application

with only a small modification.

King investigated flat-ended punches with circular, square and triangular cross sections

using finite element analysis. The triangular flat-ended punch is the flat-ended equivalent

of the Berkovich indenter. 4 He found that for all three indenters the unloading stiffness is

given by

dP -/pIA x E, (8)

where 8 represents a correction factor to make the equation right for the corresponding

geometry. The values for the three different geometries are shown in Table 2.

Additionally, it is nice to put Equation ( 8 ) in a form similar to Equation ( 6 ) leading to

dP 2
= pFA x Er (9)

Table 2: Values for 8

Geometric 8 by King5 for 8 by Pharr et. al.4

Shape Equation ( 8 ) for Equation ( 9 )
Circular 1.129 1.000
Triangular 1.142 1.034
Square 1.167 1.012

The constant 8 has the value of 1.034 for the Berkovich tip.
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2.2.2 Continuous Stiffness Method
The Continuous Stiffness Method allows the machine to do two things, first, it can help

in determining the surface of the specimen and second, it can determine the modulus of

the material being tested. In order to understand this, a brief overview of the dynamic

theory for the NANO INDENTER II will be presented. Then, a discussion about the ways

that it can help with determining the surface and the modulus will follow.

Load Application Capacitive Displacement Gauge;
Coil Damping Coefficient=C;

Indenter Support
Springs,
Stiff ness=K, KKI
Indenter Column, ----
Mass=m C

Load Frame,
Stiffness=K =1/Cp

Figure 4: Dynamic Model for the NANO INDENTER® 117

A dynamic model of the indenter head presented by Lucas, et. al.7 for the NANO

INDENTERO II is shown in Figure 4. The load application coil and the magnets create the

force to push the indenter into the specimen. With a DC signal it creates a quasi-static

indent. If the Continuous Stiffness Method is used, a harmonic component is added to

the DC signal to force the indenter into a vibration. The additional force amplitude is

small in comparison to the pure indentation so that the deformation is not significantly

effected. The system can measure displacements as small as 0.0001nm using frequency

specific amplification. The system can also measure the harmonic force amplitude as

well as the phase difference between the displacement and force signals. The dynamic

model and analysis will look at this behavior.
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Before the indenter makes contact the system can be simplified to a system with a mass,

spring and damper as seen in Figure 5.

Ks i

Ksh C dh

t

F m

F F=Foeiwt
Figure 5: NANO INDENTER® II dynamic model before sample contact

The differential equation for the motion of the system shown in Figure 5 is easier to

understand by first assuming that the forcing function is F=Fosin(ot). Then the

differential equation would be (see Thomson8 and Norton9 for more details)

d 2h dh
m 2 +C-+KSh= F0 sin(cot)

dt 2 dt
(10)

However, since the forcing function is F=Fo(cosct + isincax) it is necessary to look at the

complex frequency response. Using complex algebra and substituting h(t) with He"' and

Fosin(ct) with Foe" into Equation ( 10 ) yields

(-mco + Cico+ Ks)He'" t = Fe'" ( 11 )

It is important to note that only the imaginary part of Equation ( 11 ) is relevant.

Furthermore, the general solution to this equation consists of the complementary solution,

which represents the transient nature of the system, and of the particular solution, which

is the steady state solution. Since this system is in a steady-state condition when running

the tests that is the solution that is wanted. For the system shown above, the output
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displacement amplitude, H, is obtained by multiplying Equation ( 11 ) by its complex

conjugate which leads to

F0= VKS -MC0) + co 2c| i 2 (1)Fo

The phase angle between the applied force and the resulting displacement is given by

Ci c
tano = 2 13)

K, -mnca

To understand the response of the system once it has come into contact with the specimen

it is necessary to look at the more complicated model as shown in Figure 4. The solution

to this is understood by looking at the graphical vector representation in Figure 6.

Remember that in the harmonic motion the acceleration is 1800 ahead of the displacement

while the velocity is 90 ahead of the displacement.

F0 Fosin$ = (C+C)oh

ot h

0 ~ [(1ls+1lKf)-+Ks]h

F oo = ([(11S+11Kf) 1+KJ]-mC0')h
Figure 6: Graphical Representation of the dynamic response of the system after contact with specimen

The spring stiffness is associated with the displacement (in a translation system F=kx)

and is represented by the equivalent stiffness of keq=[(1/S+1/K)I+Ks]. The mass, m, is

associated with the acceleration (F=ma) and therefore it is 1800 out of phase with the
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displacement. Finally, the damping is associated with the velocity (F=bv) which is 900

out of phase with the displacement and the equivalent damping is Ceq=(C+C). It follows

then that the equations describing the performance of the system are

£cos# +- +jK( -KmC2) (14)
ho _S K,

hoF0
sin#(C+C)co(15)

From Figure 6 the phase angle can be found as

tan $= (C+C)c

+- +(K, mco) (16)
S Kf

The final consideration is the calculation of the modulus from the frequency specific

indentation. Referring to Figure 7 the Ah is described by Equation ( 17).

F

Ah
Figure 7: Modulus measurement with the Continuous Stiffness Method

F
Ah = - (17)

E 2V-

Rearranging Equation ( 17 ) by solving for the modulus (compare to Equation (7))

E=F T (18)
Ah 2-J
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Furthermore, since the testing machine can be fully characterized meaning that values for

Kf, Ks, Ci and m can be found, it is possible to determine the stiffness (S) and damping (C)

properties of the material under test. This can be seen by rearranging Equations ( 14)

and ( 15).

S= (19)
cos CS-(K, -MC01) K

ho

F
Cco= 0 sin# -Co (20)

ho

2.3 Characterization of NANO INDENTER® 11
As mentioned previously, it is necessary to know the different parameters of the system

so that measurement of the modulus can be made. These parameters along with typical

values are shown in Table 3.

Table 3: Parameters to Characterize the NANO INDENTER® II
Symbol Quantity Typical Value(s)

A Area of the indenter 24.5h2+...
E, vi Indenter elastic constants Ei= 1141 GPa, v = 0.07

8 Geometric Berkovich tip factor 1.034
K, Indenter support springs 46.63 N/m

Kf= 1/Cf Load Frame Stiffness 7.86x 106 N/m
m Indenter mass 6.579g
Ci Damping of Capacitive Displ. Gage 5 N/m/s

Some of the values summarized in Table 3 have already been discussed in regards to how

they are obtained. However, a discussion about how the area of the Berkovich tip and the

load frame compliance will be discussed now. These two parameters are important to
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ensuring that precise values of the specimen modulus are measured. Therefore, precise

calibration methods have been developed.

For a perfectly shaped Berkovich indenter tip the contact area is described by

A(h) = 24.5h 2  (21)

Yet, in reality the Berkovich tip is not perfectly sharp, rather it is rounded, thus it is

necessary to calibrate each tip by approximating the shape with

A(h)= 24.5h2+ C1h' + C2h 12+ Ch" +... + C8 h1128  (22)

where C1 to C8 are constants to be found. In the past the area function was determined by

imaging a series of large indentations. However, imaging methods are either not

effective for small indentations (such as optical imaging) or they are very time

consuming and expensive (such as TEM). Oliver et. al.2 have devised a reliable method

for calibrating the area function without imaging. Their method for determining the area

function is also done in conjunction with the measurement of the load frame compliance.

The calibration technique that they advise uses two calibration samples, one is well-

annealed, high purity aluminum and the other is fused quartz. These two materials are

chosen since they both have well known elastic moduli that are not depth dependent and

they both are elastically isotropic.

Since the calibration indentations are carried out in pure indentation mode, the load frame

and specimen can be modeled as two springs in series. Remembering that the

compliance is the inverse of the stiffness the combined compliance can be written as
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1 1
C = + -=Cf +C (23)

Kf K 5

where Cf is the load frame compliance and Cs is the specimen compliance. Combining

Equation ( 23 ) with Equation ( 7 ) gives

C = C + (24)
2E, rA

The above formula can be further simplified since the elastic constants for aluminum are

known to be E=70.4GPa and v=0.347. Combining this information with the elastic

constants of the diamond indenter (see Table 3) the value of Er can be calculated

(Equation ( 5 )) and therefore Equation ( 24 ) can be simplified. The system can measure

the total compliance, C, and the displacement, h, of the indenter. This is all the

information that is available to calibrate the area function and find the load frame

stiffness. To start, a series of large indents are made in the aluminum. For the two

largest indents, as an initial guess, Equation ( 21 ) is used to calculate the contact areas.

Next, an estimate of Cf is made from a plot of C versus A- 2. Then the contact areas for

all of the indents is made by rearranging Equation (24 ) to be

= C-C 1 2 (25)

A graph of A versus h is used to obtain an initial guess for the area function as expressed

in Equation ( 22 ). Since the area function influences the value of Cf, it is not finished

with just one step. It is necessary to iterate the process until convergence is reached.

Once convergence is reached, it will be noticed that on a plot of (C-Cf) versus K2 the
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data are linear and that at A-"' = 0, (C-Cf) = 0. This is what should happen when the

appropriate values of the load compliance and area function have been found. When the

frame stiffness is found, the area function can be completely determined. The aluminum

sample is good for large indents since it has low hardness however for small indents it is

not good for the same reason. For that reason, the fused quartz specimen (E=72 GPa and

v=0.170) that has a high hardness is used to make small indents. The constants for the

area function (Equation ( 22 )) are found by fitting the data for both the large and small

indents.

2

Oliver et. al. assessed the capability of the aforementioned calibration procedure by

testing six different materials. After creating the indentations the contact areas were

determined through SEM imaging. These values were compared with the calculated

values from the procedure above and the agreement was very good.

3. SAMPLE PREPARATION FOR THE NANO-INDENTATION TEST

With an explanation of the physics for the NANO INDENTER@ II now in place, it is possible

to look at the specifics of the indentation tests for the optical fibers.

Sample preparation for the NANO INDENTER® II is very important if accurate results are to

be obtained. For successful tests, the sample should be smooth and flat at an 800X

magnification. The samples need to be 38mm (1.25in) diameter cylinders to fit into the

holder of the indentation system (shown in Figure 8).
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Figure 8: sample Holder for the NANO INDENTER® II

3.1 First Attempt at Sample Preparation
In the initial attempt to prepare specimens, optical fibers were aligned vertically in a

cylindrical mold that was later filled with epoxy. The cylinder was cut in the horizontal

(or transverse) plane with the fibers lying perpendicular to the plane. It is customary for

the samples to be metallographic samples that can be polished using standard established

techniques. However, the optical fiber presents some very special requirements that do

not allow for standard preparation. In fact, the sample preparation was very difficult and

a solution was found only after much trial and error. The reason for the difficulty has to

do with the optical fiber itself. Since the optical fiber is composed of at least two

materials with very different elastic moduli the polishing becomes very difficult. The

silica core has an elastic modulus of around 72 GPa whereas the coatings on the optical

fiber have an elastic modulus from about 4MPa to 1GPa (100 to 20,000 times less stiff

"- ,
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than glass). This creates an obvious problem in preparing a good smooth surface for use

in the NANO INDENTER@ II. The first attempt to make the sample was by casting the

optical fiber in an epoxy mold. These samples were made with EpoFix epoxy and the

optical fiber. Once the epoxy had cured the sample was cut with a diamond saw into

sizes that would fit into the sample holder (less than 1.125"). Then one side of the

sample was polished to obtain a smooth surface. To obtain this the samples were placed

in a Buehler Mechanical Polish/Lapping machine. First the sample was polished with a

600-grit size (14pm nominal grain diameter) paper and then an 800-grit size (10pm

nominal grain diameter) paper and finally a 1200-grit size (5pm nominal grain diameter).

After this a polishing pad with alumina was used. The crystal sizes for the alumina were

3pm and on down to less than 1pm. The problem with this method was that the coating

around the silica core was severely damaged and not smooth. In fact the more that it was

polished the worse it became as it would start rounding. Since the coatings are so soft

compared to the glass the coating material is removed much faster than the silica. To

make things even worse, the silica as it grinds off gets embedded in the soft coating

which then completely destroys the coating and makes it entirely unacceptable for tests.

After attempting to make the sample this way it became clear that a different approach

was necessary.

3.2 Failed alternative sample preparation methods
Attempts to prepare samples using a rotary and sliding microtome with glass and

diamond cutting blades did not yield good results. Freezing the optical fiber with liquid

nitrogen while using the microtome did not help. These different approaches did not give
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a good sample surface that could be used in the tests. Finally a method was found that

created an acceptable surface for testing.

3.3 Final sample preparation method
Failure of the above approaches made it clear that the very stiff silica core needed to be

avoided as much as possible. Consequently, it was decided that the optical fiber should

be placed on its side and polished from the side as opposed to the circular cross-section.

Furthermore, the polishing would only be performed until the coatings had been exposed

and only a minimal amount of the glass was uncovered. This would require very careful

supervision of the polishing procedure since there is only about 62.5ptm of coating

thickness (Figure 9). To improve the prospects for success many fibers were embedded

onto the same aluminum plate. Figure 10 shows a diagram of the final sample layout with

the optical fibers to be tested embedded in epoxy on top of an aluminum plate.

The polishing procedure has to be carefully chosen to yield acceptable results. In

general, it was found that there is a certain point at which more polishing makes the

sample worse. Indeed, things would go from good to bad very quickly with excessive

polishing. Once the epoxy was cured the sample was loaded into a Buehler Mechanical

Polish/Lapping Machine with a 600-grit size paper. Close monitoring was necessary to

ensure that once the surface of the optical fiber was reached, polishing was stopped so

that it did not progress deep into the fiber. This could be a matter of a few minutes

depending on the thickness of the epoxy on top of the fibers. Once the fibers were

reached it would be just a matter of minutes before the optical fibers were completely

polished away. Vigilance was essential. When the optical fiber was exposed the

polishing paper was changed to an 800-grit size paper. This was done for about a minute
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and then it was changed to a 1200-grit size paper that was run for just a few more minutes

before the whole process was completed. During this process the sample was checked

under a microscope to see that it was progressing well. As mentioned above, the sample

should be smooth and flat at an 800X magnification. Excessive polishing beyond the

process described above always led to rounded samples that would not work for the tests.

OUTER COATING

INNER COATING

CORE

8

250 pm

SINGLE MODE FIBER

Figure 9: Typical Optical Fiber Geometry
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Figure 10: Final Sample for NANO INDENTER® I
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4. THE NANO INDENTER* II TESTING PROCEDURE

4.1 Preliminary Considerations
Before the tests even begin it is necessary to determine whether the machine has the

capability to measure the desired modulus and if it can which procedure will best suit this

purpose. The NANO INDENTER® II has very impressive measuring capabilities as

mentioned earlier nonetheless, these capabilities need to be used judiciously if an

accurate measurement is to be obtained. For soft materials this is especially true since the

machine and the testing procedures were originally focused on testing stiff materials.

Nevertheless, as will be shown the machine has the capability to measure materials with

low stiffness when proper attention is paid to some important details. One of the critical

details is the ability of the system to detect the contact stiffness of the surface.

The dynamic model presented in Section 2.2.2 provides a framework by which to assess

whether the machine and/or the proposed testing procedure are capable of determining

the desired stiffness. As mentioned previously, the Continuous Stiffness Method can be

used to not only find the modulus of the material but to also find the surface of the

material. In order to find a minimum discernible contact stiffness the dynamic

compliance of the system can be calculated for the frequency at which the tests will be

conducted. Figure 11 shows the dynamic compliance of the NANo INDENTER® II system

over a wide range of frequencies. The plot was created using Equation ( 12 ) along with

the representative values found in Table 3.
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Figure 11: Dynamic Compliance of the NANO INDENTER® II System

The experiments carried out here were done at a frequency of 10Hz since the desired

modulus measurements were done for a quasi-static system (the crack sensor is for static

measurements of cracks). The dynamic stiffness (the inverse of the compliance) of the

system at 10Hz is 53N/m. This value represents the combined effects of the indenter rod

mass and the leaf springs. For the contact stiffness to be accurately measured, the change

in stiffness on contacting the specimen must be significant compared to the initial

indenter stiffness contributed by the leaf springs alone. According to Lucas et a17, the

contact stiffness should be at least 10% of the indenter stiffness. Given that the contact

stiffness depends on the contact area, which increases with penetration depth, an initial

analysis can be carried out to find the required penetration depth, h, for S to be

sufficiently high. Recalling Equation ( 7 ), the stiffness of the sample is directly related

to the contact area and the stiffness of the specimen. Equation ( 22 ) shows that the

contact area is directly related to the indenter displacement h. Combining this

information makes it possible to create Figure 12. This graph shows the contact depth
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necessary to measure several different moduli. The horizontal line in Figure 12

represents 10% of this value, which is the lowest contact stiffness that can be accurately

measured. The trend is that the lower the modulus to be measured the greater the need to

have a greater contact depth. For example, since one of the tests was to measure a

coating modulus suspected to be around 1 MPa, a contact depth of at least 1,000nm (1p Pm)

should be used in the tests.

0.1 x Indenter Stiffness

100

Contact Depth (nm)

Reduced Modulus

-0- 0.1 MPa

-U-1 MPa

A 10 MPa
A 10 MPa

-1 GPa

-0- 10 GPa

- *-100 GPa

100001000

Figure 12: Theoretical plot of contact stiffness versus depth for different material moduli (The horizontal
lines show the minimum measurable stiffness which is 10% the indenter stiffness)

One may suggest employing a very high contact depth (say 10,000 nm) for any test, to

ensure sufficient contact stiffness for the sample. However, there are other

considerations that will limit the indenter penetration depth. For the optical fiber

polished from the sides, the exposed polymeric coating is on top of epoxy resin. Also,

for fiber with a dual coating, the inner coating is lying on top of the outer coating.

Depending on the location of the indent, the coating/epoxy interface or inner/outer
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coating interface may not be very far away from the sample surface. The deeper the

indenter penetration, the higher is the chance to have the contact stiffness affected by

properties of the underlying or adjacent material. Therefore, the specification of very

high contact depth may not be practical. In the coating tests, a specified contact depth of

3,000nm was found to be a good compromise that produced consistent results.

4.2 Finding the Sample Surface
The previous discussion spoke about the importance of the contact area in finding the

modulus of a material. For an accurate measurement of the contact area it is necessary to

have an accurate value for the displacement h as seen in Equation ( 22 ) in addition to

having a good calibration for the Berkovich indenter tip. The system has very good

displacement resolution (±0.04nm) and therefore the limiting factor is to know when to

start measuring the displacement. In other words finding the surface of the sample is

very important. For soft materials, initial contact is associated with a small force that is

quite difficult to determine. The default values used by the NANO INDENTER® II in the

surface search were found to be inadequate. Experience has shown that the system will

automatically pick the surface point after the indenter has already entered into the sample

a considerable amount. Therefore, the contact area is underestimated which means that

the modulus is overestimated. Hence it is necessary to understand the function of the

surface search and how to modify it to work for soft materials.

As was mentioned previously, the NANO INDENTER® II has amazing measuring

capabilities that have originally been set-up to test stiff materials, albeit the system can be

modified to better suit the needs of testing low stiffness materials. The Continuous

Stiffness Method (CSM), which is used in finding the surface after the initial rough find,
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can be modified to better accommodate searching on a polymer surface. When the

modulus of the material is very small, the stiffness or mechanical transfer function is by

definition going to be very small, that is, the force required for a given oscillation size is

going to be small. To overcome these types of problems the voltage divider in the

oscillator output line can be changed. A reduction in the voltage going into the oscillator

will give a better discretization in the excitation at the smaller contacts. An increase in

the in-line resistance of the oscillator output effectively reduces the amplitude of the

signal being sent to the indenter head. This increases the resolution of the oscillator at

small amplitudes. The default resistor (in the NANO INDENTER® II it is 15 kQ) used for

this divider circuit is located in the blue box in the BNC coaxial cable coming out of the

oscillator. This can be changed to a higher value of resistance. Then it is necessary to

re-run step 2 of the dynamic calibration (the step that creates the look-up table for the

modulation) to get the calibration for the new set-up. Different values of resistance were

tried and finally a resistance value of 200kQ was settled on. One way to know that this

change is necessary is shown in Figure 13. The jumps in the Amplitude voltage (it

should be smooth and not have jumps) occur at the steps taken in the Excitation voltage

(the voltage driving the oscillation). Decreasing the jumps in the Excitation voltage by

increasing the resistance in the divider circuit helps to reduce the unwanted jumps. If the

resistance is changed it needs to be done before any tests are run since a new calibration

file needs to be found.
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Figure 13: Illustration of the influence of the voltage excitation levels in CSM on testing soft materials

Once the system is set-up, the specimens are ready and in place, and the operator is

setting up the tests there is one more available choice to make concerning the CSM. The

system will ask if the user wishes to use "Constant Displacement or Constant Force

Oscillation (D/F)?". The "Constant Displacement" method controls the amplitude of the

oscillation to the prescribed amount by using a loop to find the correct force. The

"Constant Force" method controls the force of the oscillation and does not require a loop

since it is a force controlled system. It was found that the "Constant Force" method

worked best in testing the optical fiber coatings. The system also allows one to choose

the force to be used. A load of 3pN worked best for the tests.

The surface find of the NANO INDENTER® II involves several different steps some of

which are summarized in Figure 14.

Amplit
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Chapter 2: Stiffness Measurement 40 Noah G. Olson

E

40 Noah G. OlsonChapter 2: Stiffness Measurement



Selection of Indentation and Surface Find Points

L Location of second

Location of first indent indent for surface
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SPECIMEN II
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location of second
surface search point
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first actual test indentation

Indenter Head moved at user
defined "Approach Rate"

XYZ table held stationary

Change in Stiffness determines
surface (change factor is user
defined)

Figure 14: Surface finding procedures of NANO INDENTER® II

It is important to carefully select the points that will be used for the indentation so that

the first two preliminary indents that are done automatically to find the surface are carried

out in a good location. The default values for the initial surface searches were used,

which are L=50pm and 0=1800 (referring to Figure 14). Of course these could be

changed, however the user should select points such that the surface searches occur on a

surface at the same level as the actual indents that will be tested.
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The first surface search is a rough surface approximation (STEP I in Figure 14) and is

done by quickly raising the XYZ table to cause an indent in the sample. This quick

movement will give a rough estimate of the surface height. Next, (STEP 2 in Figure 14)

the table is moved to a new location where it is slowly raised until the surface is found.

At this point the displacement gage reads near zero displacement. This procedure

produces the best estimate of the surface location that can be made by moving the tables

only.

During this second surface finding indent, the drift rate of the indenter while in contact

with the specimen is monitored. The actual indentation test will only start when the drift

rate is sufficiently low, so thermal and/or vibration effects on the test results are

minimized. Once the drift rate becomes smaller than the user prescribed maximum the

displacement of the indenter is recorded which establishes the initial estimate of the

elevation of the sample surface. The default value for the drift is 0.05nm/s however a

drift value of 0.1 nm/s worked best in the tests conducted for the optical coatings moduli.

With an estimate for the surface, the indenter moves to the specified location for the first

indentation (STEP 3 in Figure 14). The indenter moves down into a position that is

located above the estimated surface location by a distance specified as the "Surface

Search Distance" that is usually 1000 to 2000nm. Measuring soft polymers as found on

the optical fibers required a larger "Surface Search Distance". A value of 3000-5000nm

was found to work fine. Once the indenter is in place, it is set to approach the sample

while the displacement and corresponding load are recorded. When the indenter reaches

the surface, an increase in stiffness is sensed by the change in the stiffness of the system,

which reflected initially in the stiffness of the very flexible leaf springs that support the
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indenter shaft. The system defines the surface as the point at which the stiffness reaches

a magnitude that is a certain factor times the stiffness of the springs. By default, this

factor is set to 4. It was found in the testing that using the default value of 4 is not good

for finding the surface of soft polymers. This is due to the fact that the soft material

introduces very little force on the indenter tip on initial contact, resulting in a very small

stiffness increase. For various coatings, different factors were identified by trial and

error. A value of 1.25 worked fine for the inner coating of the SMF28 Coming Fiber, a

value of 2 for its outer coating and 1.75 for the single acrylate coating on the 3M FS-SN-

4224 optical fiber.

One of the ways to tell if the system is detecting the surface correctly is to look at the

"Approach Curve". This is a graph of the Load (or Phase) versus Displacement as the

indenter approaches the sample surface during the "Surface Search Distance" mentioned

earlier. The approach curve should have a very definite jump or "knee" when it touches

the surface (see Figure 19 for an example). The system generally does a good job finding

the surface of stiff materials like fused silica. However, since the system is not really

tuned to test soft materials it is necessary to adjust it to work as desired. There are two

main factors to be adjusted so that a good approach curve can be constructed. Those two

factors are the "Surface Search Distance" and the number of points to save from the

approach curve. Their importance is illustrated in Figure 15. The search distance is

important since it determines how much above the location of the surface (what the

system thinks is the surface) the indenter should start to approach the surface. As Figure

15 illustrates, in a worse case scenario using the default settings, this could mean that the

indenter starts to approach the surface when it actually is already inside the specimen.
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Obviously, in this situation the surface will never be found. The other main factor to

consider is that the system does not automatically save all of the information from the

approach segment; it is necessary to tell the system how many points it should save. By

definition, the number of points that are saved is counted starting from where the system

thinks is the surface going backwards. Once again referring to Figure 15 the default

setting only saves the last 50 points which is most likely less than the total approach

segment (in the worse case scenario case it does not matter since the approach segment is

already inside the material). However, this is important because, even if the search

distance is increased so that the approach segment of the indenter starts outside the

specimen (as shown in the improved part of Figure 15) if only the last 50 points are saved

the important part of the approach curve, that is the actual point of contact, will be lost.

Hence, it is important to prudently adjust both factors so that the actual surface of the

specimen is found.
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Figure 15: Factors in obtaining good Approach Curves

For completeness, it should be mentioned that there are some additional factors that may

need to be considered in order to find the surface. Those factors are the approach rate,

the data logging rate and the maximum number of points that the system can save. The

system saves one data point per second and therefore if the approach rate is very fast the

number of points that are saved will be very low (the system will save the specified

number of data points if there are enough, if not it will save less). Conversely, if the

approach rate is very slow, the number of points saved may not be sufficient. The system

can only save a maximum number of points (typically it can only save less than 1,000
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points). One option is to specify that the system save data points at a slower rate, say one

data point every two seconds. Of course, another consideration in determining the

approach rate is that it be good for finding the surface and that it be a good indentation

rate. Since the system is usually lost and it is already indenting into the material before it

stops the "Approach Segment", then the approach rate that is indicated will actually be

the initial indentation rate. The default approach rate is 10nm/s which worked fine for

the tests that were run for the optical fiber coatings.

Finding the correct surface search distance, the right number of points to save, and the

correct approach rate all require experience and therefore it takes some iteration to find

the correct values. The approach curves give good insight about whether these different

parameters have been chosen correctly. Table 4 summarizes the values that were useful

in finding the surfaces for the optical fibers.

Table 4: Summary of Recommended Values for Surface Search Parameters

Parameter Material Value
Default 1,000-2,000nm

Surface Search Distance SMF28-Inner Coating 3,000-5,000nm
SMF28-Outer Coating & 3M 2,000-3,000nm
Default 50 points

Number of Points to Save SMF28-Inner Coating 500-900 points
SMF28-Outer Coating & 3M 300 points
Default 1Omn/s

Approach Rate SMF28-Inner Coating 5-10nm/s
SMF28-Outer Coating & 3M lOmn/s
Default 1 point/second

Data logging SMF28-Inner Coating 1 point/s or 1 point/2s
SMF28-Outer Coating & 3M 1 point/second

Default 4.00
Factor change in Stiffness SMF28-Inner Coating 1.25
to determine surface SMF28-Outer Coating 2.00

3M 1.75
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To manually determine the correct point of contact, one can look at the Load versus

Displacement relation for the approach curve (i.e. the part of the load vs displacement

curve before and right after contact takes place). A typical example of such a curve is

given in Figure 16. When the indenter is approaching the sample surface, small attractive

forces may result from surface charges, leading to negative force. Then, when the

indenter starts to penetrate the sample surface, the force will start to increase. For the

purposes of these experiments the initial contact was assumed to occur at the point when

the load is zero on the continuously rising part of the Load versus Displacement curve.

This may not be the exact value, as contact may have already occurred before the point of

zero load. However, this provides an objective way to find the surface, and the approach

is found to give consistent modulus results in the tests.
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Figure 16: Approach Curve for Inner Optical Coating on Corning SMF28 Fiber
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In some cases, the Load versus Displacement curve is much more "noisy" than the one in

Figure 16, and cross the point of zero load several times. It is then hard to obtain the

initial contact point.

The Continuous Stiffness Method offers a different approach for finding the surface. As

previously described CSM has the ability to measure the modulus of the material at

various depths. The CSM system can measure the harmonic force, harmonic

displacement amplitude and the phase angle between the force and displacement. The

ability to measure the phase angle is helpful in finding the sample surface. Recalling the

dynamic model before contact (Figure 4) and after contact with the sample (Figure 5), it

is evident that when the indenter contacts the sample there are additional damping and

stiffness components from the sample that are now part of the model. Comparing the

equations for the phase angle before contact (Equation ( 13 )) and after contact (Equation

( 16 )) this influence is obvious. To illustrate the point, Equation ( 16 ) can be further

simplified by assuming that the damping of the specimen is zero (like Oliver, et. al.2 have

done) then the equation becomes

tan 0= Ciw

+ 1 -(KS _MCo2 (26)

S Kf

With this simple equation it is possible to plot the phase angle before and after contact as

seen in Figure 17 and Figure 18. These graphs show the dramatic change in phase angle

that takes place once the indenter makes contact. Since the graphs do not take into

consideration the damping of the material, they are not intended to predict the phase

angle change exactly, rather just to show the trend. Figure 17 shows the influence of the
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specimen modulus in the phase angle with the excitation frequency held at w-=IOHz. The

contact depth is taken to be just h=IOnm, so it is just touching.

Contact with the specimen (o=10Hz, h=10nm)

No contact with the specimen
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Figure 17: Phase Angle comparison before and after contact, showing influence of specimen modulus
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Figure 18: Phase Angle comparison before and after contact, showing influence of the excitation frequency
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Figure 18 on the other hand shows the influence of the excitation frequency on the phase

angle. In this situation, the sample modulus is taken to be E,=50MPa, just like the 3M

optical fiber coating, and the contact depth is once again taken to be h= 1 Onm.

The oscillatory load was very helpful in identifying the sample surface of the stiffer

optical fiber coatings. A typical approach curve showing phase versus approach distance

is shown in Figure 19. A sudden change of phase can be clearly observed. The phase

change signifies initial contact between the indenter and the sample.
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Figure 19: Approach curve for optical coating on 3M FS-SN-4224 Fiber

4.3 The Actual Indentation Process
With the surface properly identified it is possible to obtain good results in measuring the

modulus of these materials. As explained previously, the modulus can be measured using

the pure indentation technique or the CSM. The actual indentation procedure followed

more routine procedures. In Figure 16, only the initial part of the load versus

displacement curve (the approach curve) is shown. A curve starting from the manually
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determined point of contact is given in Figure 20. A "Constant Loading Rate Loading

Segment (LL)" is most precise since the NANo INDENTER® II is designed as a load

controlled instrument. Therefore the "LL" segment was used in the tests carried out for

the optical fiber coatings. The "Constant Displacement Rate Loading Segment (LD)"

was sometimes used to find an appropriate load limit for the tests to reach a desired

displacement.

The depth of the indentation is important for good results and therefore should be

selected wisely. This has been discussed previously and a depth of 3,000nm was found

to work well.
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Figure 20: A Typical Loading/Unloading Curve

5. RESULTS

From the tests that were conducted, the pure indentation tests gave the most reliable and

consistent results. Given that the crack sensor and strain sensors are studied in static
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situations, the results from the pure indentation tests are more representative of the

desired material properties. Still, some results from the CSM tests will be shown for

comparison and then results from the pure indentation will be discussed.

5.1 Continuous Stiffness Method-Results
Figure 21 shows a sample of the CSM data from a test run on the inner coating of the

Coming SMF28 optical fiber. In the beginning the modulus looks rather high and then

the modulus quickly drops to a near steady state value. The reason for this behavior in

the beginning could be explained by a couple of things. First, since the sample is made

by polishing the surface it is possible that some debris particles from the sample or from

the polishing materials became embedded in the surface of the very soft material.

Certainly steps were taken to minimize this damage, however it is not possible to

completely avoid it. Another reason for this behavior is that since the Berkovich indenter

tip is not perfectly sharp, but rather it is rounded, at very shallow depths there is much

greater likelihood for error in the contact area calculation.
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Figure 21: Sample of Conintuous Stiffness Method on inner coating of Corning SMF28 Fiber
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Since the scale in Figure 21 is rather high it is difficult to see what happens once the

steady-state value is reached. Figure 22 shows a closer view of the CSM results from

three different indentations on the inner coating of the SMF28 fiber. Looking at the

results in this region shows that there is some noise even at a near steady-state region.

Table 5 shows the CSM results from three indentations made on the inner coating of the

SMF28 optical fiber run at a frequency of 10 Hz.

Table 5: CSM Results for Corning SMF28 Inner
Coating (co=IOHz)

Indent Modulus within stead-state region
Average Standard Dev.

1 11.07 1.85
2 10.12 1.07
3 12.54 0.97

Average for 11.24 1.21
all indents
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Figure 22: CSM results from three indents on inner coating Corning SMF28

5.2 Pure Indentation Method-Results
Finding the modulus from the unloading curve of an indentation proved to be the best

method. Three materials were tested, they are the inner and outer coatings of the Corning

SMF28 dual coated fiber and the single coating on the 3M FS-SN-4224 fiber. Both fiber
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coatings are made with an acrylate polymer. For each coating, a significant number of

indentation tests have been performed. In calculating E, the Poisson's ratio was taken to

be 0.5. Table 6 shows the results for the tests done on the outer coating of the Coming

SMF28 fiber. A total of 5 different tests were carried out with 3 indents in each test, thus

a total of 15 different indents were done. To explain further, each time a test is started a

number of separate indents can be selected by the user. The indents are different

locations on the specimen however they are generally close, like 50pm away. The reason

that the points are close is that the indents should be at the same surface height, in other

words the surface should stay in focus (at 800X magnification) moving from one indent

to another. Given the difficulty in producing a flat specimen as discussed previously, the

polished optical fiber only has a flat surface area that allows for a few points to be chosen

at that height. For that reason only a few indents were done for each test. Additional

tests were carried out so that more data could be collected. One will notice that the

measured modulus for each indent in the same test is very close to each other and

consequently has a low standard deviation. However, comparing indents from different

tests can sometimes lead to greater deviation. Even though the same testing procedures

were used there are different factors that could account for this variance. One reason may

be that the sample material is not perfectly homogenous. Additionally, the surface

preparation may affect one part of the sample slightly differently than another location.

The environment of the testing room, including mechanical vibrations, temperature and

humidity changes can also influence the testing results and could account for some of the

differences in the results. Certainly, efforts were made to minimize these different
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influences (except for the possibility of material inhomogeneity) albeit it is not possible

to completely eliminate all the factors.

Since the inner coating of the SMF28 fiber is very soft it is difficult to find the surface

and it is also difficult to find good locations on the sample to run the tests. Nonetheless,

many tests were carried out and the results tabulated in Table 7.

Table 6: Corning SMF28 Outer Coating Modulus results from pure
indentation (all results in GPa)

Indent Statistics Per Test
Test Average Stand. Dev.

1 1.1150 1.0644 1.1321 1.1038 0.0352
2 0.9829 0.9574 0.9373 0.9592 0.0228
3 0.9046 0.9644 0.9746 0.9478 0.0378
4 0.7710 0.7499 0.7039 0.7416 0.0343
5 0.7930 0.7675 0.7458 0.7688 0.0237

Statistics for all tests and indents 0.9042 0.1410

Table 7: Corning SMF28 Inner Coating Modulus results from pure indentation
(all results in MPa)

Indent Statistics Per Test1 2 3 4
Test Average Stand. Dev.

1 2.545 3.219 None None 2.882 0.477
2 3.744 4.340 4.272 None 4.119 0.326
3 5.507 6.607 6.893 6.935 6.486 0.668
4 3.427 4.030 4.076 4.829 4.090 0.574
5 2.703 3.489 4.729 5.380 4.075 1.205
6 2.291 3.590 3.494 3.746 3.280 0.667
7 3.160 4.278 4.454 4.590 4.121 0.653
8 3.025 3.849 3.854 4.231 3.740 0.509
9 3.141 3.979 4.050 4.472 3.911 0.557

10 3.535 3.742 4.385 4.497 4.040 0.473
11 4.716 None None None 4.716 -
12 4.780 4.691 None None 4.736 0.063
13 3.171 4.169 4.076 4.560 3.994 0.587
14 4.063 3.901 4.685 None 4.216 0.414
15 3.504 4.840 4.188 3.750 4.070 0.586
16 4.676 4.749 4.211 3.847 4.371 0.423
17 4.093 4.635 3.848 4.034 4.152 0.338

Statistics for all tests and indents 4.174 0.888
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Finally, Table 8 shows the results from the 19 different indents that were done for the 3M

fiber. Since this material is stiffer than the inner coating of the SMF28 fiber the surface

find was not as difficult and therefore not as many tests were required.

Table 8: 3M Coating Modulus results from pure indentation (all results in MPa)
Indent 1 2 3 4 Statistics Per Test

Test Average Stand. Dev.
1 65.828 68.945 71.738 None 68.837 2.956
2 43.254 43.635 43.940 None 43.610 0.344
3 32.512 33.401 34.114 None 33.342 0.803
4 47.984 44.158 41.381 43.167 44.173 2.789
5 59.013 59.074 58.706 None 58.931 0.197
6 44.243 42.861 45.647 None 44.250 1.393

Statistics for all tests and indents 48.611 11.793

When this work was started, the fiber coating moduli were not available from Corning

and 3M. Recently, Coming released values of coating stiffness for the SMF28 fiber,

which was 650-950 MPa for the outer coating and 1 to 1.7 MPa for the inner coating.

The outer coating stiffness is in good agreement with the data shown here. The inner

coating stiffness is lower than the results of the tests, but considering the difficulties in

measuring small stiffness values of only several MPa, the agreement is quite satisfactory.

The comparisons verify the applicability of the proposed experimental procedure for

coating stiffness measurement. These values are summarized in Table 9.

Table 9: Modulus of coatings measured using the NANO INDENTER® II and from manufacturer

Coating Measured Manufacturer
Manufacturer (Material) Modulus Poisson's Modulus Poisson's

(MPa) Ratio (MPa) Ratio

Corning SMF 28 Inner-Acrylate 3.29-5.06 0.5 1-1.7 0.47-0.50
(Dual Coating) Outer-Acrylate 763-1045 0.5 650-950 0.42-0.46

3M FS-SN-4224 Single-Acrylate 36.8-60.4 0.5 Not avail. Not avail.
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6. CONCLUSIONS

Optical fiber sensors are increasingly being used to measure structural quantities such as

strain and cracking condition. To properly interpret sensor results, it is essential that

there be an understanding of the mechanical properties of the coating materials. In this

investigation, special sample preparation techniques and testing procedures to measure

the in-situ fiber coating properties were developed. With the proposed procedure, very

low modulus values can be measured. Since fiber coating properties are often not

measured or reported by optical fiber manufacturers, the measurement technique is useful

for researchers and engineers interested in the development of fiber optic mechanical

sensors.
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Chapter 3
Novel Crack Sensor

1. INTRODUCTION

Safe, durable and efficient structures are in the public's best interest. Certainly designers,

engineers and building managers strive to achieve these objectives in facilities that they

design, build and maintain. However, even well designed structures need to be well

cared for and regularly inspected to ensure that they are successfully meeting the

demands that the users and environment place on them. One effective method in

determining the "health" of concrete structures is by detecting and monitoring cracks.

Crack openings beyond 0.2 to 0.4 mm (depending on environmental exposure) may lead

to durability problems associated with steel reinforcement corrosion. Large openings

beyond I to 2 mm, which may be caused by overloads during natural hazards, is a sign of

severe damage and requires immediate closing of a facility. Presently, this sort of crack

monitoring is carried out with regular visual inspections. An efficient, less costly and

reliable method will be presented here.

1.1 Previous work in fiber optic crack sensors
2Various non-destructive techniques, including the impact-echo method, ground probing

radar, 3 infrared thermography 4 and acoustic emission5 have been proposed to assess the

condition of concrete structures. All these techniques attempt to detect cracking or

discontinuities in concrete structures, but none can provide quantitative measurement of

crack opening. Also, besides acoustic emissions, all the other measuring techniques are
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insensitive to cracks perpendicular to the structure surface (e.g. flexural cracks) which are

instrumental in increasing concrete permeability (and accelerating steel corrosion).

The application and major advantages of fiber optic sensors in the monitoring of civil

structures have been discussed in Ansari6 and Culshaw.7 Various crack sensors have

been developed with optical fibers, but most of them are rather limited in their

applications. Sensing based on fiber breakage in Rossi and LeMaou, and Huston et al.9

can distinguish between the presence or absence of cracking but cannot provide

information on gradual structural degradation. The sensor developed by Ansari et al.' 0 is

a "point" sensor, which means that it can detect and monitor the opening of a crack only

if the crack passes through a small sensor loop 31.75mm in size. While the sensor is

useful in experimental fracture mechanics, where crack location can be controlled, its

application to real concrete structures is very limited. Voss and Wanser" created a crack

sensor by gluing an inclined optical fiber at two points on opposite sides of a crack. As

the crack opens, fiber bending at the glued spots induces signal loss. This sensor again

relies on the prior knowledge of crack location. Wolff and Meisseler's crack sensor, 2 is

an optical fiber sensing system attached to the exterior surface of concrete structures for

the monitoring of displacement between the points of attachment. If the attachment

points are too close, a crack may not pass through the sensing system. If the points are

too far apart, sensitivity will be low and it is not possible to distinguish between the

presence of a harmful widely opened crack or several narrow ones (which may be

harmless).

Gu et al.1 3 developed a multi-gauge crack sensor by splicing together lengths of cleaved

fiber. By monitoring the Fresnel reflection at each splice between two pieces of fiber, the
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average strain within each piece can be obtained. Based on the strain reading, the

severity of cracking within a certain region can be assessed. While this technique is very

robust, it is measuring averaged behavior. If the splices are far apart, the sensor suffers

similar limitations to that of Wolff and Meissler's . If the splices are placed very close

to one another, cost will be high and also the forward signal may drop rapidly with

distance (due to the presence of many reflection points), making the sensor inapplicable

to real structures where a long sensing length is required. Brown et al. and Oka et al.

worked on a new technique for distributed strain sensing in concrete structures. By

measuring the strain-induced frequency change of Brillouin backscattered light as a

function of time, the strain distribution along a fiber can be derived. For a fiber inside

concrete, high local strain will be induced at a concrete crack. In theory, the crack can

hence be detected. In practice, however, the fiber will either break due to the high strain

concentration, or debond to allow "averaging" of the localized high strain over the

debonded length. For cracks with relatively large openings, their presence is indicated by

high averaged strain values.' 5 However, since averaging removes the "peaks" in the

strain distribution, the number of cracks, and their respective locations and openings,

cannot be determined. For cracks with small openings, it is questionable if the resulting

small increase in averaged strain can reveal their presence. Hence, the method may not

work for the detection of cracks with 0.2-0.4mm opening, which is certainly small but

able to facilitate water/salt penetration and steel corrosion.

2. NOVEL CRACK SENSING CONCEPT

The crack sensing method presented here can determine crack location and magnitude

without prior knowledge of crack location. The principle of the sensor is illustrated in
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Figure I and is discussed below. Knowledge of the crack opening direction is sufficient

for the proper design and application of this sensor. The sensor design along with Optical

Time Domain Reflectometry (OTDR) makes it possible to monitor a large structure with

a few optical fibers.

SIGNAL IN
AND OUT

FIBER BENT TO
STAY CONTINUOUS
RESULTING IN
SIGNAL LOSS

CONCRETE MEMBER

Figure 1: Novel crack sensor concept

2.1 Principle of the Sensor
The fundamental principle of the crack sensor is a bend in the fiber. A bend, especially a

tight one, creates a loss in optical power that results in a reduction in he back-scattered

signal. If a fiber is placed at an angle to a crack like in Figure 2, when the crack opens

the optical fiber must bend in order to remain continuous.

Optical Fiber

Straight Fiber->No Bending Loss Bent Fiber->Loss of Light Intensity

Figure 2: Principle of Sensor
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The optical, mechanical and geometric properties of the optical fiber determine the loss

corresponding to each bend. In the simplest of terms, the reason that an optical fiber

loses light intensity when bent is understood from examination of the optical fiber. An

optical fiber consists of three major parts as seen in Figure 3. The core is where the

lightwave travels down the fiber. The cladding with a slightly different refractive index

helps to keep the light in the core with internal reflections. Any light that leaks into the

cladding is quickly dispersed. The jacket protects the fiber from external environmental

damage.

cladding Jacket (225ptm)

input cladding ''aky ra
light/
field/

core Cladding (125pm)

Core (8-10pim)
output light field

Typical Single Mode Fiber

Figure 3: Geometry of an optical fiber

When the optical fiber is bent sharply the lightwave hits the core-cladding interface at an

angle smaller than the critical angle and consequently perfect internal reflection is

violated. Hence part of the light is leaked into the cladding and is lost. A power meter

can monitor the loss in forward power intensity. However, if only forward power is

measured, the crack location cannot be found. The backscattered light, which is a small

fixed portion of the forward light, is also reduced at the bend. In addition to loosing

intensity, part of the lightwave is sent back down the fiber to the source. Optical Time

Domain Reflectometry (OTDR) can be used to detect this backscattered wave. By the

time of flight information one can determine the location of the bend. The intensity loss
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of the signal can also be found and can be correlated to crack size. Crack sensors

designed using the aforementioned principles need to create a fiber bend where the crack

forms. There are different ways in which this can be accomplished and some of the

different approaches will be reviewed further on.

2.2 Sample Design
A crack simulating specimen was designed to understand the mechanical and optical

behavior of the crack sensor and to later verify the theory developed to explain the

phenomena. The specimen size was chosen to be 2"x2"x 3/8". Figure 4 shows the molds

that were created to make the specimens.

Acrylic Specimen
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Optical fiber in the specimen illustrated at a 450 angle

Figure 4: Mold for Experimental Specimen

Note that there are three holes drilled into the molds, which allows for an optical fiber to

be passed through the mold at 150, 300 and 45' angles from the crack separator. The

/
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mold pieces were made of brass since it can be easily machined and is durable. The base

was made of acrylic so that the specimens could easily be removed from the mold.

However, when the specimens are cast it is necessary to use the proper releasing agent to

facilitate easy removal from the molds. Vacuum grease (silicone) or specialized

releasing agent was used for epoxy and polyester casting.

2.3 Epoxy Block Creation
Experimental verification of the crack sensor was carried out with Epoxy Blocks. Using

the aforementioned specimen mold, a 254pim diameter steel wire, coated with releasing

agent, is placed in the mold at the desired angle (see Figure 5). Next epoxy is cast into

the mold and allowed to cure.

Epoxy Matrix Steel Wire-
254tm

e e
e
o 9
0 9
0 9

K

Cast Epoxy with Metal coated Pull out metal wire leaving
with releasing agent hole for optical fiber

Figure 5: Epoxy Block Creation

Once the epoxy is fully cured it is removed from the mold.

and then the epoxy is cut in half. Now an optical fiber can be

Cut the Epoxy Mold in half
and insert an optical fiber

The steel wire is removed

placed into the hole left by

the steel wire. This can simulate the crack sensor and allow for repeated opening and

closing of the crack sensor using the same optical fiber.
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2.4 Design of Test Fixture
To properly test the sensing concept with the crack-simulating specimen some

requirements needed to be met. The simulated crack opening had to be controlled and

repeatable. In order to accomplish this, a machine was specially designed which could

test the sensor principle in a controlled manner. The machine was designed so that the

crack opening could be measured using a Linear Variable Differential Transformer

(LVDT) in a very accurate fashion. It was also important that the testing stage be very

stable and precisely level. Furthermore, the machine had to accommodate measurement

of the optical power so that it could be compared with the crack opening. The final

design of the machine is shown in Figure 6.

HARDENED HOLE FOR
ROD TO PASS BRASS

BALL STEEL RODS BEARINGS REACTION
BEARINGS NUT

FIXED - LOAD
BLOCK _CL_ __-_-CEL

LVDT AND 
PLAN VIEW-

LHOLDER SCREWS-CAP SPECIEN THREADED ROD
HODR SPECIMEN TN

FIXED RAC
BLOCK BLOCK

MAIN
ROD KEY-WAY

LOAD - -
CELL

SIE W

Figure 6: Illustration of the testing machine

NOTE: Not to scale
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Referring to Figure 6, the testing stage has a fixed part and a moving part. The moving

part rests on two hardened steel rods and has four precision ball bearings to keep it

aligned and moving with very little friction. The specimen is clamped onto the stage by

tightening the screws. The motor turns the reaction nut that moves against the reaction

block and therefore pulls the main rod that opens the testing stage. Note that the main

rod is keyed to ensure that the motion is purely linear without rotation. The machine has

been used for many tests and has performed well.

2.5 Polyester Sensor Sheet Mold Design
Crack sensor design depends on the type of structure to be monitored. A new bridge

could have the sensor placed inside it while it is built. It would be very difficult to do this

to an existing structure. Therefore, a method for applying the sensor to existing

structures as well as new buildings was developed and is called the Sensor Plate. A

graphical illustration of the Sensor Plate can be found in Figure 7. The Sensor Plate is

designed to be a distributed crack sensor. The principle is that once a crack forms in a

beam, the polymeric plate will crack along with the beam. The fiber will slide in the

polymeric plate in order to remain continuous across the crack. For the fiber to slide

unrestricted there are loops of fiber that provide the necessary free length.
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Fiber Loops - allows fiber
to slide when crack forms

Optical Fiber
Figure 7: Sensor Plate for Distributed Crack Sensing

The fiber loops are made large enough so that the bending loss is minimal and allow for

some sliding when a crack forms. With the zigzag placement of the fiber it is possible for

the plate to go on infinitely and maintain the same desired angle. Cracks could be

effectively measured anywhere along the plate length with the exception of the loop

location. Figure 8 shows a possible remedy for this issue with two overlapping fibers.

ptical Fiber
Figure 8: Sensor Plate for Distributed Crack Sensing with Double Fiber

2.6 Sensing Plate Fabrication
An off-site factory fabrication is though to be better for the Sensor Plate. The process

can be seen below in Figure 9 with detailed drawings of the mold found in Appendix 1.

It will be noticed that the mold is made of polypropylene to facilitate removal of the
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Sensor Plate after it has cured. The optical fiber is wrapped around the pegs in zigzag

fashion. There are slits in the polypropylene around the pegs so that the optical fiber is

about in the middle of the polymeric sheet. Vacuum grease (silicone) is placed around

the slits so that the mold is sealed. Once the fiber is securely in place and the mold is

sealed a polymer is poured into the mold and allowed to cure.

Material: Polypropylene

Adjustable platform-
this can be placed at the
desired plate thickness.

Fiber is wrapped around pegs

Figure 9: Mold for Sensor Plate Fabrication

One advantage to making the sensor this way is that it allows for the sensor to be made

precisely as specified off-site. This avoids having to employ specially trained people in

the field to ensure that the sensor is made properly on site. Another advantage is that

standardizing the production will reduce prices. Since many of the applications would be

similar in nature standardization should be possible. Popular standard sizes and lengths

could be made. Different segment lengths could be joined together for long sections by

fusion splicing the free fiber coming out of the plate. Although, if an application required

customized pieces that could also be accommodated by making new molds to the desired

size (which would be more expensive).
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2.6.1 Material Issues for making the Sensor Plate
The matrix of the Sensor Plate is critical to the success of the sensor. The matrix needs

to be brittle so that it cracks with the concrete. Further, it needs to bond well with the

surface of the monitored structure so that it does not delaminate when under load.

Moreover, the matrix-fiber jacket interface needs to allow the fiber to slide. Finally, the

matrix must be durable and able to withstand environmental attacks that could include

chemical attack from pollution, severe cold and ice or desert heat.

Thermosets like epoxy and polyester are good candidates for the matrix. Marine

polyester was found to work best after trying different thermosets. The polyester when

applied to concrete adheres well and cracks with the structural member. The durability of

the polymer has been tested for many years in the harsh conditions of the sea similar to

the conditions of a bridge over a waterway. For the experimental tests shown later in the

chapter polyester was used.

2.7 Experimental Set-up
Once the machine and molds were developed, it was necessary to set-up the rest of the

equipment so that the necessary measurements could be made. The experimental set-up

can be seen in Figure 10 with a listing of the equipment tabulated in Table 1. It will be

noticed that this set-up is monitoring the crack opening using forward power transmission

(as opposed to OTDR). An OTDR set-up is shown in Figure 11.
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GPIB Cable
Transducer Interface
Amplifier

Voltmeter Power
Meter

Computer
LVDT

Optical Head

Optical Fiber
Load Cell

Power Source and Switch
Box (simplified)

Figure 10: Experimental Set-up for verification tests

Ii|

/'G

lil0

OTDR SYSTEM DISPLACEMENT TRANSDUCER
RECORDING SYTEM

Figure 11: OTDR Experimental Set-up for distributed crack sensing
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Table 1: List of testing equipment
ELEMENT DESCRIPTION COMPANY

OPTICAL MEASUREMENT PATH
Laser Stabilized Light Source MG9001A (LD850nm) Anritsu
LED 850nm LED with controller made in-house -

Optical Head Optical Head 0.38 to 1.15pm (MA9412A) Anritsu
Power Meter Optical Power Meter Model ML9001A Anritsu
OTDR OFM 20 Opto-Electronics
Optical Fiber Various types as described in the text

DISPLACEMENT MEASUREMENT PATH
Transducer Amplifier ATA- 101-Analog Transducer Amplifier Lucas Schaevitz
LVDT 100-MHR Lucas Schaevitz
Voltmeter Multi-meter 45-05 (GPIB interface) Fluke

OTHER ITEMS
Bare-Fiber Adapter FC-PC (125pjim) (MA9013A) Anritsu
Fiber Cleaver FCP-22L Ultra Compact Precision Cleaver Sumitomo Electric
Computer Pentium 1, 166MHz PC Compatible
LabVIEW Version 4 and 5 for the PC National Inst.
GPIB Board PCI-1200 National Inst.

Three measurements are possible with the forward power configuration. The opening of

the testing stage can be measured with an LVDT, the power loss resulting from the crack

opening can be measured and the required load to pull the specimen apart can also be

recorded. In this investigation, the LVDT measurement and the power loss measurement

are of primary interest. The optical power loss measurement path is in dashed lines and

gray shading. The displacement measurement path is the other path with the exception of

the load cell path. All of the measurement data is gathered in digital form in the

computer. The optical measurement path is controlled through a GPIB interface using

LabVIEW. The LVDT path (and load cell path) could be controlled using an analog to

digital converter or a GPIB interface (both have been used successfully). The LabVIEW

interface controls the GPIB and A/D cards as well as collects the data from them. The

LabVIEW program has been customized so that it not only collects the data but also

performs simple operations on the data making them more representative of the desired
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measurements. Results from the tests done with the Epoxy Blocks will be shown later.

The OTDR system configuration is used in the experimental test discussed further on.

2.8 Crack Sensor Trends-Epoxy Mold Tests
Once the testing machine and the Epoxy Molds had been created tests were carried out to

understand the behavior of the crack sensor. The tests carried out provide important

information such as the optical power loss trend, minimum detectable crack size, and the

eventual asymptotic power loss. The creation of the Epoxy Molds and testing machine as

well as the experimental set-up have just been described in detail in the preceding

sections. To run the tests, Epoxy Blocks are placed into the loading machine (Figure 6)

where the blocks are pulled apart in a controlled manner while the crack opening and the

optical signal loss are recorded. The crack opening with the corresponding light signal

loss can be plotted.

Two commercially available optical fibers were studied in depth. The first is 3M single-

mode optical fiber at 850nm (FS-SN-4224) and the second is Coming SMF28 at 1550nm

wavelength with Table 2 containing the optical properties of the fibers. The fibers were

tested at the two different angles of inclination, namely 300 and 45*. An LED light source

at the appropriate wavelengths was used for the tests because it was found to have less

noise than LD light sources. The results are shown as the absolute value of optical power

loss in decibels versus the crack opening in millimeters. The reason for this display is

that it readily describes the absolute power loss that corresponds to a certain crack size,

and could easily be used to back figure a crack size from the power loss as intended.
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Table 2: Optical Properties of Optical Fibers used in Tests
Characteristic 3M (FS-SN-4224) Corning SMF 28
Wavelength 850nm 1550nm
Cut-Off Wavelength <780nm <1 260nm
Mode Field Diameter 5.5pm 10.4pm ± 0.8pm
Geometric Core Diameter 2.215pm* 8.3pm
Core refractive index 1.458 1.4505
Cladding Diameter 125pm ± 2pm 125pm ± 1pm
Cladding refractive index 1.453 1.4447
Jacket Diameter 250pm ± 15pm 245pm ± 5pm
Jacket Material Acrylate Acrylate
Attenuation Maximum 5dB/km 0.25dB/km

*This value is calculated as shown below since the manufacturer could not provide the
information (see Equation ( 12 ))

Figure 12 shows the optical power loss versus crack size for the Coming SMF28 optical

fiber for both angles and Figure 14 shows the same thing for the 3M optical fiber. The

power loss for a 300 inclination is noticeably less than the 450 inclined fiber as would be

expected. The lower angle creates less of a tight bend on the optical fiber which

correlates to less optical light loss. As the fiber approaches the 2.0mm crack opening size

the rate of optical power loss is decreasing and is starting to reach an asymptotic value.

As mentioned previously, it is desirable to measure and monitor cracks less than 1 mm

while large cracks require immediate action to repair the structure. Since the crack

sensor loss decreases after the cracks become large (> 1mm), the larger cracks will not

significantly decrease the total number of cracks that can be monitored with one fiber by

using up the limited dynamic range of the system.

Comparing the two different fibers one sees that the Coming fiber looses much more

light than does the 3M fiber. Finally, the pick-up point where the crack sensor starts to

measure a loss is also visible in the two graphs. These trends need to be reflected in the

theoretical model of the loss prediction for the crack sensor. The mechanical and optical
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properties of the fibers are those parameters in addition to the crack sensor parameters

(angle of inclination and matrix properties) which determine the sensor performance.

25.00 -

20.00--
V ~45*- Inclination

0 15.00

0
Q. 10.00-

2 302 Inclination
o 5.00 ----

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

Crack Opening (mm)

Figure 12: Simulated Crack Sensor performance using Epoxy Blocks and Corning SMF28 optical fiber
with a 1550nm LED light source

As mentioned in the introduction to this section, the light source found best suited to the

needs of the sensor was an LED light source. Tests were also carried out with the Epoxy

Blocks using an LD light source and a representative example of the results is shown in

Figure 13. These results are for a Coming SMF 28 fiber at 1550nm wavelength with a

450 angle of inclination. Comparing the graphs in Figure 12 and Figure 13, which have a

similar scale, shows that the sensor power by a LD source has a lot more fluctuations in

the light loss. One possible explanation for this phenomenon is modal noise created by

the cladding modes interfering with the lightwaves in the core when the fiber is bent. It is

something that is not desirable in the crack sensor so it is advisable to use an LED source

which not only performs better but is also cheaper.
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Figure 13: Modal Noise using 1550nm LD light source at 450 inclination using Epoxy Blocks and Corning
SMF28 optical fiber.
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Figure 14: Simulated Crack Sensor performance using Epoxy Blocks and 3M (FS-SN-4224) optical fiber
with a 850nm LED light source

3. EXPERIMENTAL TEST TO ILLUSTRATE SENSING CONCEPT

Actual experimental testing illustrates the novel distributed sensing concept to be viable.

The Sensor Plate was fabricated with polyester and a single-mode optical fiber (as

Noah G. Olson
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explained previously). Figure 15 illustrates the sensor configuration. The optical fiber is

positioned in a forty-five degree "zigzag" orientation along the sensor. A forty-five

degree fiber inclination was chosen since it produces a high optical signal loss while still

allowing the fiber to slide as required for the sensor to function properly. The loops of

fiber seen at the corners of the "zigzag" transitions serve a dual purpose since they allow

for a smooth transition that does not degrade the signal and they also allow for the fiber

to slide freely once a crack opens. To facilitate fiber sliding within the polyester a

releasing agent was applied to the fiber before casting the polyester. Polyester was

applied once the optical fiber was in place.

SIDE VIEW OF BEAM
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Figure 15: Distributed crack sensor configuration and experimental set-up

The testing specimen was a concrete beam reinforced with steel rebar as well as steel

fiber. The beam was 75cm long, 15cm wide and 15cm in height. The steel fiber was

included to ensure a more ductile response once the beam cracked. The concrete beam
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was cut with notches so that the crack locations were known which enabled the crack

openings to be monitored with displacement transducers. It should be noted that the

illustrated sensor configuration is not final but only used in this experiment. Multiple

fibers should be used in the final configuration to ensure that the crack does not elude

detection if the beam by chance cracks at a corner transition point in the "zigzag"

configuration.

Close attention was given to the attachment of the sensor to the concrete beam. Proper

sensor performance requires that the sensor sheet crack at the same time and location as

the beam crack. Delamination of the sensor from the beam is obviously something that

needs to be avoided. Attaching the sensing sheet to the concrete beam with a thin layer

of epoxy and then before the epoxy hardens, applying pressure to the sensor to remove

any air-bubbles from the epoxy layer was found to be successful in meeting the

aforementioned criteria. Care was taken to keep the fiber loops free from the adhesive so

that they could perform their function unhindered.

Figure 16 shows the OTDR screen when there are no cracks present in the beam/sensor.

The OTDR was linked to the sensor sheet with a spool of fiber between the OTDR

bulkhead and the sensor to avoid loosing the crack signals due to the strong reflection

created at the bulkhead connection (Figure 11). As a result, the beam and hence the

cracks are located over 20 meters from the bulkhead. The sharp peak at the beginning of

the chart is the strong reflection created when connecting the optical fiber to the OTDR

system. The last large peak at the end of the chart is the large reflection created by the

cleaved end of the fiber. In between the large peaks the signal is level with minimal

noise. In Figure 17 the same beginning and ending large peaks are present however there
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is also a small dip in the signal near the end of the fiber where the two cracks have

formed (as it is marked on the figure).

ENTIRE OTDR SCREEN-NO CRACKS IN THE BEAM

Figure 16: OTDR screen capture showing no cracks in the beam

ENTIRE OTDR SCREEN-TWO CRACKS IN THE BEAM

Location of two cracks

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Distance from Bulkhead (m)

Figure 17: OTDR screen capture showing cracks in the beam
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PARTIAL OTDR SCREEN-TWO CRACKS IN THE BEAM

1.25 dB (Crack size 1.8mm)

0.412 dB (Crack size 0.9mrn)

21.7 21.8 21.9 22 22.1 22.2 22.3 22.4 22.5 22.6 22.7

Distance from Bulkhead (m)

Figure 18: OTDR screen capture zooming in on two cracks

If this small area is expanded the OTDR window will look like Figure 18. In this figure

the two distinct cracks are visible. It is possible to use the OTDR system in Rayleigh

mode to measure the loss from each bend. This is done by measuring a length of fiber

before the bend and saving that as a reference. Then a length of fiber after the bend is

measured and compared to the reference which leads to a measurement of the loss in dB

as shown in Figure 18. The crack sizes shown in the figure are from the displacement

transducers. Additionally, the OTDR provides the location of the cracks along the optical

fiber as shown along the x-axis in the figure.

4. MECHANICAL MODEL

To optimize the design of the crack sensor an understanding of the mechanical and

optical behavior of the sensor is useful. Since it is desirable to detect small cracks the

sensitivity needs to be sufficiently high. However, to detect many cracks requires that the

sensitivity not be too high because that would limit the number of cracks that could be
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detected since the dynamic range of an OTDR system is not unlimited. There are many

different design parameters that influence the sensor performance such as optical fiber

size and fiber orientation to the crack, mechanical properties of the optical fiber and

matrix as well as the optical properties of the fiber. A thorough analysis can take these

design parameters into consideration and therefore aid in the optimal selection of each

parameter for the specific sensor application. The analysis of the optical power loss in

the crack sensor involves two major steps. First, a mechanical analysis of the bend in the

fiber caused by the crack opening and second, an optical analysis of the bend loss caused

by the crack.

There are a number of different modeling approaches that were tried in order to find

which ones best simulate the loss characteristics of the crack sensor. Figure 19

demonstrates the different ways to simulate the crack opening and is labeled

"Displacement Method"; additionally the 3D FEM analysis can be carried out either as

linear or nonlinear and is labeled "Analysis Method" and finally the method for

calculating the radii from the FEM analysis is labeled "Radius Calculation Method" in

the diagram. Each one of these important steps will be discussed in depth later.

Displacement A~7 or PlMethod Cr or Pull NOTE: The double
Mto line box highlights

the selected option.

Analysis Nonlinear or Linear
Method Linear

Radius Centerline SectionCalclatin .or Strain oCalculation Displacement or RotationMethod
Figure 19:Different Calculations Considerations for Mechanical Analysis
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4.1 Mechanical model
Mechanical analysis is an important first step in understanding the behavior of the crack

sensor. Modeling the crack sensor required that some assumptions be made as illustrated

in Figure 20. A single crack is shown in Part A of the illustration. It is assumed that the

influence of the matrix surrounding the optical fiber can be taken at five fiber diameters

from the fiber center. This is found to be sufficient to simulate a matrix of infinite extent.

The fiber length is taken to be about 36 times the fiber diameter which is adequate for the

fiber to reach a near steady-state straight fiber condition. The dotted lines in Part A

illustrate that section of the matrix which is used in the three-dimensional finite element

model (3D FEM). Part B demonstrates the input model for the 3D FEM analysis. While

one piece of the sensor matrix is held stationary the other piece is displaced to the

position representing the crack opening. Part C illustrates the 3D FEM output

representing the final position of the crack opening. The curvature of the bent optical

fiber can be calculated using the output information from the 3D FEM file.

SINGLE CRACK OPENING 3D FEM INPUT MODEL 3D FEM OUTPUT

7/,

CRACK OPENING CRA

PART A PART B
Figure 20: Diagram of the mechanical model for the crack sensor

CK OPENING

PART C
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4.1.1 Boundary Conditions
The boundary conditions for the 3D FEM model are shown in Figure 21. The

assumptions for making the model are shown in Figure 20. The boundary conditions

reflect the assumptions made in the model. The model has been cut in half to save

calculation time by greatly reducing the number of elements used. The plane of the split

which cuts the optical fiber in half does not allow for y-translation. To ground the model,

one side of the crack is held stationary and does not allow x, y or z translations while the

other side of the model is displaced to represent the crack opening.

Top surfaces boundary conditions
do not allow for y-translation.

..................

*** Outer surface is held
-43 stationary meaning x, y,

and z translations are
not allowed.

Outer surface is displaced to
represent the crack opening

Figure 21: Boundary conditions for the 3D FEM model of the crack sensor

Figure 22 shows a close-up view of part of the FEM model pointing out the different

material components of the model.
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Inner Coating
D E=4MPa, v=0.4995 (SMF28)

E=50MPa, v=0.4995 (3M)

Outer Coating
2 E=1GPa, v=0.4995 (SMF28)

E=50MPa, v=0.4995 (3M)

Glass Core/Cladding
E=72.4G Pa, v=0. 17

Matrix
E=4GPa, v=0.34

Figure 22: Illustration showing different components for the 3D FEM model of the crack sensor

4.1.2 Displacement models
When modeling the crack sensor different approaches to how the crack opening forms

were tried to see which would best simulate the loss of the optical sensor. The two major

methods that were looked at can be called the "arc" method and the "pull" method. Both

methods are illustrated in Figure 23.

Desired Crack Opening=L

- +

-- - - - -

Applied
Displacement=

Starting Crack Lx sin(O)
Opening=
L x cos(O)

PULL METHOD

Desired Crack Opening=L

Applied
------ Displacement=

L x (1 -cos(O))

Applied
Displacement=
L x sin(O)

Starting Crack
Opening=L

ARC METHOD

Figure 23: Diagram of the different displacement models for the crack sensor
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While the two methods yield similar results the trends are different. The pull model rises

with an almost flat like a line trend while the arc model trend raises more rounded like a

circle. These trends will be compared and discussed later by looking at the radius

profiles and then the actual optical signal loss diagrams.

4.1.3 Separation zone
In the analysis, twenty-node three-dimensional solid elements are employed to model the

fiber, the matrix as well as the polymeric coating (or jacket) around the fiber. Figure 24

shows the finite element mesh near the crack opening. Note that a thin layer of material

is removed from the tension zone of the fiber-matrix interface and is marked as

"Separation Zone" in Figure 24. This zone allows for the separation of the fiber from the

matrix as it is bent away. There is no need for a separation zone when the fiber is pressed

against the matrix and that is why the separation zone is only on one side of the fiber.

The extent of such a layer (along the fiber direction) can be obtained through iteration. It

is necessary to adjust the length of the zone for each computation of a different crack

opening. Figure 25 shows an example of the iteration process that was followed to arrive

at the correct separation zone.
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Separation Zone m
Fiber Coating .
Glass Core/Claddingm
Matrix

Figure 24: Example of three-dimensional finite element mesh at the crack opening.
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Figure 25: Iterative process for finding the appropriate separation zone length
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4.1.4 FEM Model
The 3D finite element model analysis used a total of 8,400 20-node solid elements. The

ADINA finite element program was used for the computation. As mentioned previously

a linear and nonlinear approach were used to make the analysis. In the end, the linear

method was chosen for reasons that will now be discussed.

Given the large displacements in the analysis a large displacement-small strain geometric

non-linear analysis was carried out. Solving the non-linear problem using ADINA was

not simple. The different available searching algorithms, Modified Newton iterations

with and without line searches, BFGS (Broydeb-Fletcher-Goldfarb-Shanno) method, and

the Full Newton iterations with and without line searches were all tried. The Full Newton

Method with line searching was the only one that converged given the convergence

criteria. While this analysis takes into consideration the large displacements, which more

accurately depict the actual sensor performance, there are some issues with the analysis

that ultimately made it not suitable for the purposes of the work. Given the unpredictable

nature of solving non-linear problems, even if the convergence occurred quickly, the

computation time was at least 1000 times longer than a linear analysis on the same

model. If the convergence takes many steps to occur it may take 10,000 times longer

than a linear model and finally sometimes it just simply does not converge and the

analysis fails. For comparison, on a 1.4GHz Pentium 4 with 220Mb allocated memory

running Windows 2000, the linear analysis typically took about 10 minutes whereas the

non-linear problem running on the same computer took just under 13,000 minutes if it

converged quickly. The purpose of the theoretical model is to help find an optimal sensor

configuration for a specific application. Actual calibration of the sensor would need to be

done with experiments. In order to simulate different sensor configurations efficiently,
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and quickly, the linear model was thought to be the best selection in regards to speed. In

regards to finding the correct trend of the crack sensor the linear model was much closer

than the non-linear model. This is rather surprising and one possible explanation for this

is that the convergence criterion for the non-linear model is not correct for some of the

points. Even though the FEM program may have arrived at a result that does not mean

that it is the correct result. Such is the nature of non-linear problems. In the end, it is yet

another reason why the non-linear analysis was not used.

4.2 Radius Profile: Comparison Between Different Mechanical Model Attributes
The objective of the mechanical model is to create a representative radius profile of the

bent fiber so that the optical analysis can calculate the corresponding optical power loss.

The radius profile is very directly related to the optical power loss for a crack opening

and therefore a good representation of the expected power loss. As one would expect, a

smaller bend radius will result in much greater light loss. Since the optical analysis,

which will be looked at later, does not distinguish between positive and negative radii the

radius profiles shown later in this section are the absolute values of the radii.

Furthermore, since the mechanical analysis shows that the radius profiles are symmetric

about the crack sensor centerline, which one would expect, only half of the profile is

shown. Moreover, as the radii become large the influence on signal loss becomes

negligible and therefore for illustration purposes the scale of radius profile is cut off to

show the smaller radii which greatly influence the power loss. One final note, once the

optical analysis has been discussed, graphs of the optical power loss versus crack opening

will be shown to further collaborate the comparisons.
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In order to compare the different methods charts of the radius profile will be shown for

three different crack openings. Crack openings in the range of 0.2mm to less than 1mm

are the sizes of interest in monitoring Civil Structures. The crack simulations were

carried out to 2mm crack openings in order to see the effect of larger cracks. The

analysis was done using 0.2mm increments. Crack openings of 0.2mm, 0.8mm and

2.0mm were selected to make the comparisons between different analysis parameters.

These sizes were selected because they show the trend of the crack sensor without having

to show the radius profiles for each crack opening.

4.2.1 Bend radius calculation
Calculating the behavior of the model with the ADINA FEM software package only

provides the stresses, strains and displacements of the sensor components. It is necessary

to take this information and manipulate it to be useful for the optical analysis. To analyze

the signal loss due to bending, the curvature along the fiber is required. There are three

different means by which to calculate the bend radius information. One method is using

the strain values another is using the displacement information to find the section rotation

and a final one is to use the displacement information of the centerline (Figure 26).
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Displacements at node points Strain at node oints

Dis nce from
' neutraai-SIs

dO

Displacements R R
at node points
on centerline

Figure 26: Calculating the radius of curvature from FEM data.

4.2.1.1 Bend radius calculation-Spline Fit to Centerline Displacement
The displacement values that are available in the FEM model are the most reliable when

compared to the strains. The first method used to do the calculations was to look at the

displacement values from the centerline of the optical fiber. These data points could be

used to find the radius from the well-known relationship shown in Equation ( ).

2 3/2

dx

d 2y

dx 2

The data points that are available for the analysis are not sufficient for the spacing that is

needed (usually 2pm). Reducing the FEM mesh to accommodate the required spacing is

not plausible since it would be very computationally expensive. To obtain the necessary

data points a cubic spline was used to interpolate the required values. From these values

the numerical derivatives dy/dx and d2y/dx2 could be calculated and then used in Equation

( 1 ) to find the corresponding radius. This sort of analysis is straightforward and

relatively quick however calculating the derivatives introduces noise into the calculated
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radius profile as seen in Figure 33.

consistent with experimental results.

2.0mm as in Figure 27, it is clear that

experimental results.

Furthermore the trend that it produces is not

Comparing the radius profiles for 0.8mm and

the loss is very similar which is not like the actual

80

70

-a- 0.8mm crack opening
60 2.0mm crack opening

50

40

-30-

20-

10

0 500 1000 1500 2000 2500

Coordinate along optical fiber (pm)

Figure 27: Radius Profile Comparison of 0.8mm and 2.0mm crack openings calculated using the centerline
displacements and along with a linear FEM analysis with a "pull" displacement model.

4.2.1.2 Bend radius calculation-Section Rotation
Using the displacement values it is possible to calculate the rotation of the glass cross-

section along the fiber. The process is done as shown in Figure 28. Looking at the

displacement of the face and calculating the corresponding angle can find the rotation of

a section of the glass fiber. Once the rotation angle is known the radius can be calculated

dO d9
as R =-- where the Central Difference Method is used to calculate -. The FEM

ds ds

mesh is only fine enough to obtain accurate results. Increasing the mesh beyond that is

very computationally costly even though additional points are desired for the optical

analysis. To find the additional points that are required a linear interpolation was used.
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Mesh before bending
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Figure 28: Diagram of finding the bend radius from displacement information.
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Figure 29: Radius profile trend for the crack sensor calculation using a linear FEM analysis, with a "pull"
displacement and section rotation method of radius calculation.

This method is not as noisy as the previous method using the centerline displacements

however it is not as smooth as the next method, the strain method. The trend of the loss

is more as expected as seen in the radius profile comparison found in Figure 29. A larger
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part of the fiber is bent to small radii as the crack opening increases, but the rate of

increase at least qualitatively seems to decrease as the crack size increases.

4.2.1.3 Bend radius calculation-Strain Method
Calculation of the bend radius using the strain values was also carried out. This method

looked at the strains (along the length of the fiber) on opposite sides of the bent glass

fiber divided by the distance between the two points or R = d
61 - 62

50

50 - 0.2mm Crack Opening

-X- 0.8mm Crack Opening
40 - - 2.0mm Crack Opening

-35

30

0 25
0.
20 2

W 15~

10

5

0 500 1000 1500 2000

Coordinate along optical fiber (pm)

Figure 30: Radius profile trend for the crack sensor calculation using a linear FEM analysis, with a "pull"
displacement and strain method of radius calculation.

The calculation using the strain values has the least amount of numerical noise since it is

not necessary to carry out many calculations such as finding derivatives. The trend also

looks to be good as in Figure 30, the increasing crack size corresponds to a larger number

of small radii which will result in more power loss as would be expected.

The calculation of the radii using this method makes the assumption that the neutral axis

is in the middle of the bent fiber which is not always the case. This could lead to errors
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in the calculations. Additionally, since the fiber is displaced quite a significant amount

the value of the strain in the direction of the global coordinates is probably not the correct

value to use. Strain values in the new coordinate system after the fiber section rotates

cannot be obtained directly from the program. To find the values would require

additional calculations along with making some assumptions such that the values would

become less accurate. Therefore, using the displacement values was the most direct way

to find the bend radius.

4.2.1.4 Bend radius calculation-Comparison of different methods
Looking at Figure 31, one can compare the three different methods and come to some

preliminary conclusions about which method best suits the needs of the analytical model.

At a 0.2mm crack opening the section rotation and strain methods are very similar while

the centerline displacement method shows a significant increase in the number of small

radii. Moving to 0.8mm the trend is again similar with the centerline displacement

method having a larger number of small radii than the similar strain and section rotation

methods. At a 2.0mm crack opening the trend changes with the strain method showing

many more small radii followed by the centerline displacement method and then the

section rotation method with slightly less. Since there is such a strong correlation

between bend radii and optical power loss it can be seen that the power loss from the

strain and section rotation methods would start up slowly and then lose light similarly

until about 0.8mm at which point the strain method loses light faster than the section

rotation method. Whereas, the centerline displacement method loses light quickly at first

and rises rather quickly in loss to 0.8mm crack opening at which point it kind of levels

out with similar levels until 2.0mm crack opening.
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Figure 31: Radius profiles created using the linear FEM model using the "Pull" model for the displacement.
Comparison shows the differences between different ways for finding the radius profile with a "Centerline

Displacement" or using the "Strain" or "Section Rotation".
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After the optical analysis it will be possible to make final comments on the selected

method for the mechanical analysis. However, it would appear that the strain and section

rotation methods better resemble the experimental results.

4.2.2 Displacement Models
The two methods yield similar results however the trends are different. The pull model

rises with an almost flat like a line trend while the arc model trend raises more rounded

like a circle. These trends can be seen in the comparison of the two different models later

in Figure 36. However, Figure 32 compares the different radius profiles for the two

different models at 0.2mm, 0.8mm and 2.0mm crack openings. For this comparison, the

"displacement method" is varied while the "analysis method" used was a linear 3D FEM

and the "radius calculation method" used was the strain. If other calculation approaches

are used such as nonlinear analysis or section rotation to calculate the radii, comparable

trends are seen. In general it was found that the "pull" model predicted smaller radii

compared to the "arc" model. A higher loss is hence expected in the optical analysis.

Looking at the different charts in Figure 32 this can be seen. For a 0.2mm crack opening

the radii profile are very close, with a 0.8mm crack opening the "pull" model has a more

pronounced influence of smaller radii and this becomes even more evident for the 2.0mm

crack opening. This supports another observation when comparing the two methods,

which is that the "arc" model shows a reduction in optical power loss as the crack opens

which is not as evident in the "pull" model. Sometimes this dip becomes very

pronounced and the experimental data does not show such a quick reduction in power

loss. Since the "pull" model best represents the experimental trends it was chosen as the

method for carrying out the theoretical analysis.
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Figure 32: Radius profiles created using the strain information provided by a linear 3D FEM analysis.
Comparison shows the difference between "Arc" and "Pull" model performance.
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4.2.3 FEM Model
The radius profiles comparing the linear and nonlinear analysis approaches in Figure 33

use a pull "displacement method" along with section rotation as the "calculation method

to find the radius".

The radius profile for all three illustrated crack openings has less tight bends than the

linear model and therefore would have a lower optical power loss. The other trend that

can be seen from Figure 33 as well as Figure 34 is the power loss trend corresponding to

the crack opening. For the linear analysis the amount of small radii present in the profiles

which corresponds to a higher optical power loss increases with each crack size.

However, for the nonlinear analysis the influence of small radii is very similar for both

0.8mm and 2.0mm crack openings as shown in Figure 34 where the 2.0mm radius profile

has been shifted left to make the comparison more clear. This would translate to a

similar optical power loss which is not the trend observed in the tests.
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Figure 33: Radius profiles created using the section rotation information using the "Pull" model for the
displacement. Comparison shows the difference between "Linear" and "Nonlinear" model performance.
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Figure 34: Comparison of radius profiles for 0.8mm and 2.0mm crack openings for a nonlinear 3D FEM
"pull" displacement analysis using section rotation for radius calculation.

5. SINGLE-MODE OPTICAL ANALYSIS

Calculation of the bending loss can now be carried out with the radius of curvature

profile obtained from the mechanical analysis. It is important to remember that the

purpose of this theoretical model is to aid in the design of the fiber optic sensor for

specific applications. The actual calibration of the sensor is carried out through

experiments. The optical calculations that are carried out for the bend sensor need to be

good but relatively quick. Simple bend loss equations have been put forth by many

authors which could be used to solve for the power loss. However, these calculations are

generally just related to the pure bend loss and do not account for the transition loss. The

Beam Propagation Method (BPM) does take into consideration the transition and pure

bend loss mechanisms but it is more computationally intensive and fiber bending violates

the paraxial condition. In this section, a close examination of the different available

calculation methods for optical power loss will be taken.
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5.1 Simple Pure Bend Loss Equation
Several authors, such as Marcuse 2'1 and Snyder et. al.19 to name a few, have derived a

simple formula that describes the power loss of a bent optical fiber due to pure bend loss.

After many years of tests, the pure bend loss formula has been widely accepted as

correct. Since it is derived in many places the results will be shown here as presented by

Marcuse. The simple curvature loss formula can be expressed as:

VWKc2 exp [_i1(Y3/1g2)R]
2a = (2)

evy 3/2v2 hKvi_ ( ya)Kv+1 (ya)

where e,-2 since v=O because for this analysis the LP01 mode is used. The R is the bend

radius of the fiber. It should also be noted that the 2 in front of the a is necessary since a

is defined as the amplitude-loss coefficient of the guided wave. The other parameters in

the equation will be discussed below. "An Introduction to Fiber Optics" by Ajoy Ghatak

and K. Thyagarajani is very useful in understanding the propagation characteristics of a

step index optical fiber. First, a few important optical fiber parameters are defined in

Table 3.

Table 3: Optical Analysis Definitions

a core radius
A wavelength of light
n, core refractive index
n2  cladding refractive index

k 27

V kan-n 2

Bessel function of the
JV first kind

Kv Modified Bessel function
of the second kind
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With the above information it is now possible to find the normalized propagation

constant b by solving the following transcendental equation for the LPOI mode:

V(1- b)12 x ' V(1-b)lI =-vb' 2 x K1_VbI/2
J, V(i -b)" 2 K Vb121

(3)

Once b has been determined, the other propagation characteristics can be determined as

listed below in Equations ( 4 ), ( 5 ) and ( 6 ).

/3=kx n 2+ b(n 2- n 2

S= n2 _ p 2

y )2 -ngk22K

y=2

(4)

(5)

(6)

To apply this formula to the calculation for the bend sensor, it is necessary to numerically

integrate the formula for each of the bend radii along the fiber. For convenience, the

bend radii are found in the previous step at equal spacing, dz. From experience, a spacing

of dz=2pm has been found to work well. Since the a is a loss coefficient in units of

loss/distance, the cumulative loss is therefore added up for each step by applying the

following formula:

(7)

With the final loss for the entire fiber expressed in dB as:

Pfinal =10 log 0 P (final) (8)
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Calculating the optical power loss in this manner over-estimates the loss when compared

to the experimental results. Many researchers use this formula for bend loss calculation

since the bend radii in their studies are quite large compared to the crack sensor radii.

Generally the other studies do not look at radii smaller than 10mm but for the crack

sensor the bend radii in some parts can be as small as 1mm. Marcuse developed another

formula, which takes into consideration the field deformation due to the bend in the

fiber , and it is more accurate for smaller bends. He notes that the difference between

the conventional loss formula and his new formula are not very great for large bend radii

however for small bend radii the conventional loss formula overestimates the loss

significantly. Hence, in the analysis for the crack sensor the new loss model was used.

The loss formula is:

2a= 2K2 exp[- 2ya]
2a= (9)

evJy2RmlV2 H j2($ K,_i(ya)Kva fya)

The optical quantities defined for the previous Marcuse analysis, Equation ( 2 ) still

apply. The only addition is that H refers to the Hankel function with,

S=n2 x k x (R(i)+ a) (10)

,u = x R(i) (11)

The R(i) refers to the specific radius in the radius profile at index i.

The cumulative loss can also be found in the same manner as shown previously

(Equations ( 7 ) and ( 8 )). The optical loss from this formula better matches the loss of

the crack sensor.
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5.2 Calculation of the geometric core radius
Some manufacturers of single-mode optical fibers only provide the mode field diameter

(MFD) in the specifications for their fiber. Furthermore, the manufacturer may not even

measure the actual core diameter and therefore cannot provide the information. The bend

loss calculation is sensitive to the core radius and therefore it is important to know the

value. Marcuse22 found an empirical formula that relates the MFD to the actual core

diameter for step index single-mode fibers.

w 1.619 2.879
-~0.65+ + ; 0.8:V 2.5 (12)
a Vm1  V6

where a and V were defined previously (Table 3)and w is the MFD divided by two. This

empirical formula is within 1% of actual values if the V is within the listed range. From

this formula it is possible to calculate the geometric core radius.

5.3 BPM Analysis
The Beam Propagation Method (BPM)1 6,17 can be used to calculate the bending loss

along an optical fiber with arbitrary curvature. The BPM method not only considers the

pure bending loss like the bending formula in Equation ( 9 ), but the transition loss as

well. The details of the analysis follow.

In order to satisfy the paraxial condition of BPM, the curved waveguide can be mapped

into an equivalent straight waveguide with a modified refractive index profile if the

bending radius R is much larger than the core radius (as it is in this analysis):

new = nold *(I+ 2r cos#/ R)"2 (13 )
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Based on this refractive index transformation, BPM can be applied directly to a bent

fiber.

If E(w, x, y, z) is the transverse component of the electric field and o is the circular

frequency of the light, by ignoring the time dependence exp(ict), E can be expressed in

the form:

( 14)

where

k =(noo /c) ( 15)

The propagating beam solution can be generated

expression in symmetrical split operator form:

by repeated application of the

- iAz V_ 2

I(x, Y, z + Az)= exp { (V ( 2k/ 2 ±kl

x exp-riAz V1 2
2 (V2 + k 2 +k-

(16)

x O(x, y, z)+ O(Az)

where X = k[(n / n,)- 1] and VI =V2 + V . The above equation can be calculated step-

by-step using a Fourier transformation algorithm. 7

One concern when using BPM is the field that propagates to the edge of the

computational window in the transverse plane. This field should be absorbed to avoid

reflection to the opposite edge of the window. The absorber function used in this analysis

to attenuate the field is:

E(x, y, Z) = (D(x, y, z) -exp(- ikz)

exp(- iAzx)
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0.5[1+cosff{x + x' )/(x -x} x < x < -x'

Absorb(x)= 1 X, < X< ( 17)

10.5[1+±COS Z{(Xx -x )I(Xb -X ] Xa < X < Xb

In the function, xa and x'a denote the inner edge of the absorber while Xb and x' are the

outer edge. The parameter y is chosen from empirical experience to be 3. The same

absorber function with respect to y is also used to attenuate the field.

For example, the BPM analysis that was carried out for the 3M optical fiber and is shown

in Figure 39 was done with a 256 x 256 computational grid. The sampling points were

Ax= Ay= a/6= 0.45833 (a=2.75pm) which means that the parameters for the absorber

function were Xa= X'a= 29.33, Xb= X'b= 58.67, Ya= Y'a= 29.33, Yb= Y'b= 58.67. The

longitudinal spacing was Az=2pm.

It should be noted that in the paper of Yamauchi et. al.', the authors are able to obtain

results that match well with the simple pure bend loss equation however; the bending

radii that they are using are in the range of 17.5mm to 30mm. When implementing the

BPM for the crack sensor analysis, which has radii in the 1mm range, it was found to

overestimate the loss (see Figure 39). Since the BPM model is also computationally

expensive compared to the simple bend equation, it was not used for the analysis of the

crack sensor.

5.4 Correction Factor
Nagano et. al,2 have shown that the refractive index of an optical fiber changes due to

the influence of external forces. These authors conducted experiments bending optical

fibers under controlled conditions and made some important observations. They

Chapter 3: Novel Crack Sensor 106 Noah G. Olson
Chapter 3: Novel Crack Sensor 106 Noah G. Olson



observed that the optical fiber could be mechanically treated as a homogeneous circular

rod. Additionally, there is no stress concentration at the core-cladding interface. Also,

the amount of change in the refractive index is proportional to the tensile force and to the

curvature of the fiber. Finally, they suggested that the change in the refractive index due

to pure bending stress could be seen as an equivalent reduction in the geometrical

bending curvature. Hence, a correction factor making the geometric radius of the bend

larger could compensate for the changes in refractive index. Valiente25 suggested that

this correction factor be found as the best match between theory and experiment. That is

also the procedure that R. C. Gauthier and C. Ross followed in their analysis. 23 They

used two different fibers in their experiments and used a different correction factor for

each fiber. Their correction factors were 1.22 and 1.29. One important difference is that

they were dealing with a constant curvature whereas the crack sensor presented here has

many different segments of constant curvature. To keep the analysis straightforward and

simple for the crack sensor, a constant correction factor for each fiber was used. This

however, could explain part of the discrepancy between the experimental results and the

theoretical analysis.

6. THEORETICAL SIMULATIONS AND EXPERIMENTAL VALUES

Now that the mechanical and optical models have been examined in full it is possible to

combine them and find out which methods best match the experimental data (see Figure

35).
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Figure 35: Comparisons of Experimental and Theoretical Results.

6.1 Mechanical Considerations
The radius profiles have been looked at previously and were used to discuss the manner

in which they would influence the optical analysis (see Figure 31, Figure 32, Figure 33).

Now that the optical analysis has been reviewed it is possible to look at the manner in

which the different options influenced the optical analysis. The optical analysis used for

all of the comparison is the modified bend formula proposed by Marcuse (Equation ( 9 )).

No correction factors were used in these comparisons. Finally all of the comparisons in

this section are for a 3M optical fiber at a 45' angle of inclination.
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When looking at the two different "Displacement Method" approaches, namely the "arc"

and "pull" models, the radius profiles indicated (Figure 32) that there would be some

differences. Figure 36 demonstrates that these indications were correct.

40
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n 25

0.
S15

0
0Oa 10

0 -~~1~~

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Crack Opening (mm)

Figure 36: Comparison of the "pull" and "arc" method using the same radii profiles made using the strain
information provided by a linear 3D FEM analysis.

The "arc" and "pull" models both start out very similar however the "pull" model

continues to increase while the "arc" model starts to level out. In some other simulations

there is a much more pronounced drop with the "arc" method even decreasing. The

Epoxy Blocks experimental tests showed a trend more like the "pull" method.

The nonlinear and linear analyses each have pros and cons. They both predict a different

power loss trend as shown in Figure 37. This radius profiles (Figure 33) used to calculate

the curves were found by analyzing the section rotation from a "pull" model

displacement. The modified bend formula was used for the optical analysis.
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Figure 37: Comparison of the "linear" and "nonlinear" method of analysis. The radius profiles were made
using the section rotation information provided by the 3D FEM analysis.

The trends of the nonlinear and linear models are quite different. The nonlinear method

starts out with a very low loss and then quickly climbs to an almost steady loss for the

rest of the crack openings. The linear model on the other hand gradually climbs in

optical power loss much more like the trend seen in the actual experimental data. Since

the trends match better and given the much better computational performance of the

linear model it was chosen as the one to use. Figure 37 only shows 6 data points for the

nonlinear model instead of 10 data points for the linear model. The reason for this is that

the nonlinear model could not converge on a solution for the 4 other points which is just

another reason why the nonlinear model was not chosen.

The final mechanical consideration is the radius calculation method. Three different

approaches were discussed previously, two methods used the displacement information

provided by the FEM analysis and the other used the strain information. The data points

Chapter 3: Novel Crack Sensor 110 Noah G. Olson
Chapter 3: Novel Crack Sensor 110 Noah G. Olson



in Figure 38 which compares the three different methods, were created using a linear 3D

FEM analysis with a "pull" model displacement describing the crack opening.
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5 -* 
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Figure 38: Comparison of the "Section Rotation", "Strain" and "Centerline Displacement" methods for
calculating the radius profile. A linear 3D FEM analysis using the "pull" model for displacement was used

for the calculation.

The trends that are visible in Figure 38 are similar to those seen in the radius profiles

looked at previously. The "Centerline Displacement" method is very noisy and the

optical analysis shows a jumpy behavior especially as the crack size becomes large.

Additionally, this method predicts a high loss in the beginning and then levels out fairly

quickly. This is not in good agreement with the experimental results. The "Strain"

method and the "Section Rotation" method both start out rather closely however the

"Strain" method continues to predict a high optical power loss while the "Section

Rotation" method starts to level off. The experimental data more closely resemble the

"Section Rotation" trend and therefore it was the one chosen.
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6.2 Optical Considerations
There are three different optical analysis approaches that have been discussed at length

previously. When these different approaches are used to analyze the radius profile

information given by the mechanical analysis the results can be compared to the

experiments directly.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Crack Opening (mm)

Figure 39: Comparison of the different optical analysis techniques.

In Figure 39 the three different optical analyses are compared using the same radius

profiles (Figure 33). In this case the radius profiles are a simulation for a crack sensor

with a 3M optical fiber at a 450 angle. The radii were calculated from the section rotation

found from the displacement information from the linear 3D FEM model which was

using the "pull" model to replicate the crack opening. The modified bend formula

predicts the least amount of optical power loss while the standard bend formula predicts

the most loss. The BPM model predicts a loss in between the two bend formulas. The

reasons for the different amount of loss has been discussed previously and therefore to
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choose the method that will best predict the optical power loss it is necessary to compare

the results to the experimental results.

6.3 Comparisons to Experimental Values
Combining the mechanical radius profile with the optical analysis leads to the simulated

results. In doing the comparisons it is necessary to take into consideration the "correction

factor" as mentioned before. Figure 40 has combined all of these things together to make

a comparison. This comparison uses results from the Epoxy Blocks with 3M optical fiber

at a 450 angle. The radius profile was created using the section rotation method. The

figure compares the experimental results with the simulations that are done with

nonlinear and linear FEM analyses using both the "pull" and "arc" methods for

displacement to simulate the crack opening. Many of the characteristics of the different

analysis techniques mentioned previously are evident here. The nonlinear analysis

generally predicts a lower optical loss as seen in the lower "correction factor" used

however the very quick jump in optical loss that then levels out is also apparent.

Furthermore, the nonlinear analysis does not have as many data points since a solution

could not be found for all crack openings. The linear case while it predicts a higher

optical loss always finds a solution; there are no convergence issues. The "arc" method

has a clear drop in optical loss at 2.0mm opening while the "pull" does not. Since the

"pull" model using a linear analysis matches the experimental values best, it was chosen

as the technique to use.
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Figure 40: Compares non-linear and linear mechanical analysis 3M single-mode fiber at 450 inclination

6.4 Discussion of theoretical prediction and experimental results
The comparison of the theoretical prediction and the experimental results in Figure 41

and Figure 42 is relatively close considering the objective of the analysis. The purpose of

the theoretical model is to help optimize the design of the sensor for each individual

application. It is not intended to take the place of actual calibration of the sensor. Once

the final design for an application has been decided, empirical tests to calibrate the sensor

would need to be carried out. Hence, it is not necessary that the theoretical prediction be

extremely precise in forecasting the power loss in order for it to be useful.
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Figure 41: Corning SMF28-1550nm at 30" comparing theoretical and experimental results
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Figure 42: 3M-850nm at 45" comparing theoretical and experimental results

However, Figure 43 and Figure 44 show that the theoretical model is not a perfect

prediction tool as mentioned previously. It can catch the trends and help in designing the

sensors as will be shown in the next section.
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Figure 43: Corning SMF28-1550nm at 450 comparing theoretical and experimental results
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Figure 44: 3M-850nm at 300 comparing theoretical and experimental results
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7. DESIGNING WITH THE THEORETICAL MODEL

The objective of the theoretical model is to help in the optical design of the crack sensor

for specific applications. The model can take into consideration the geometric layout of

the sensor, the mechanical properties of the sensor matrix, the mechanical properties of

the optical fiber and the optical properties of the fiber. Each one of these properties can

influence the performance of the sensor. The previous sections have discussed the

selection of the analysis methodology, therefore using this methodology the following

comparisons can be made. In review, the mechanical analysis is done with the "pull"

displacement method using a linear 3D FEM analysis. Displacement values are then

extracted from the FEM model and used to determine the radius profile from the section

rotation. The modified bend formula proposed by Marcuse is then used to carry out the

optical analysis. As shown above, to obtain the actual loss for the bent fiber, a correction

factor should be applied and this factor is fiber dependent and could change from fiber to

fiber. Practically speaking, in order to determine the correction factor, at least one set of

test results for a given fiber needs to be obtained. In this section, the major purpose is to

illustrate how the theoretical model can provide guidelines for sensor design. In order

not to complicate the issue, the correction factor is not considered in the analysis. The

theoretical results will then be higher than actual values, but the trend can still provide

insight to the designer of sensors.

The notation in the legends of the graphs follows the same conventions used in the

previous analysis with a couple of additional definitions that have been summarized in

Table 4. Since the investigation here looks at varying optical properties it is important to

keep them within reasonable bounds and to make sure that they describe a singlemode
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optical fiber. It is well known that an optical fiber with a waveguide parameter V less

than 2.41 is singlemode.

Table 4: Definitions for Comparisons

a Core radius
A Wavelength of light
n, Core refractive index
n 2  Cladding refractive index

k 
--

22
V kadn - n2

NA jn, -n2

0 Fiber angle inclination in crack
sensor

3M The radius profile from the 3M fiber
was used and 2 is 850nm

SMF The radius profile from the Coming
fiber was used and A is 1550nm

The first comparison in Figure 45 looks at the influence of the core radius on optical

power loss using the 3M optical fiber coatings with A=850nm. The trend is that as the

core radius increases the optical power loss decreases. Thinking about this with simple

ray tracing methods it makes sense. If the only loss mechanism is assumed to be at the

core/cladding interface, then the more often that a light ray comes in contact with the

interface the more chance for loss. Comparing two fibers, one with a radius larger than

the other but with the same numerical aperture, the large radius core will have less

contact with the core/cladding interface than the small radius core in order to travel the

same distance. Therefore, there would be less loss of optical light.
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Figure 45: Effect of optical core radius on sensor performance with 0=45', NA=0.110, 3M

The next comparison in Figure 46 shows the effect of the numerical aperture on the loss

of optical signal. As the numerical aperture increases so does the loss of optical light.

Once again looking at simple ray tracing methods to understand the loss the trend seems

reasonable. Using Snell's Law it is possible to define which rays will be bound rays,

those that have no signal loss, and which will be refracting or tunneling rays, those which

loose some light. The definitions are shown in Table 5 along with the formula for

calculating the complement of the critical angle, 6. The definitions for refracting and

tunneling rays will be discussed later. It will be noticed that as the numerical aperture

increases so does O which means that a greater number of the rays are bound rays.

Hence, more of the rays have total internal reflection and do not loose any light than do

optical fibers with a lower NA.
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Table 5: Classification of Rays

Bound Rays 0 6 z < 0,
Ray angle being
examined _

Complement of O =Cos n
the critical angle I n2

50-

45-- -- NA=0.100, V=1.6632
--- NA=O.110, V=1.8295

40 -- A- NA=0.120, V=1.9958
340 -*- NA=0.130, V=2.1622
35 -a--NA=0.140, V=2.3285

0 30-

25--
0

20 
-

2. 15-
0

10 ---

5 -- -----
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Figure 46: Effect of changing NA on sensor performance with 0=45', a=2.25, 3M

The angle of inclination has a definite influence on the signal loss as shown in Figure 47.

The higher the angle the higher is the loss. The reason for this behavior is that when the

sensor angle of inclination is higher as the crack opens the fiber bridging the crack

opening needs to bend more to be continuous across the crack. The sharper bends that

are necessary lead to a higher optical power loss.
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Figure 47: Effect of sensor angle on sensor performance

As the previous charts show, changing the core radius, numerical aperture and the

inclination of the optical fiber change the behavior of the crack sensor. When designing

the crack sensor, these different parameters could be used to manipulate the sensor

performance. For example, in some cases it may be desirous to measure small cracks that

are less than 1mm in opening while any increase beyond 1mm may not be as important to

measure. The reason for this may be that if the crack forms any larger than 1mm it needs

to be repaired regardless of how large it becomes and therefore measuring the crack size

accurately over 1mm may be a waste of limited optical signal. In this situation, it would

be important to have the sensor detect small crack sizes quickly and then reach an

asymptotic value soon after 1mm. Figure 48 illustrates such a scenario. The top curve

that is at a 450 angle continues to lose light even after 1mm crack opening, however there

are two different curves shown that present an attractive alternative. The second highest

curve which is at a 300 incline with a=2.25pm has almost the same optical loss at 0.2mm

crack opening but at 2.0mm crack opening the loss is much less than the 45' curve. The

0
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final curve with 0=30' and a=2.00pm has a slightly less optical loss at 0.2mm crack

opening while the loss at 2.0mm is much less with a 2dB savings when compared to the

450 curve. A savings of more than 2dB signal loss adds up quickly when many curves

are being measured.
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Figure 48: Combination of sensor angle and different optical properties to achieve better performance.

The previous example accomplished the desired output by manipulating the optical

parameters and the fiber angle. Another available approach is to change the optical fiber

which then changes the optical parameters as well as the coating parameters. Figure 49

shows how a similar thing can be accomplished without changing the angle of incline and

just changing the optical fiber parameters or the optical fiber. In this case the three

curves that are shown all have very similar loss characteristics at 0.2mm opening

however at 2.0mm crack opening the loss difference between the top one (a=2.00pm,

3M) and the two lower ones (a=2.50pm, 3M and a=3.50ptm, SMF28) is about 2dB.

Chapter 3: Novel Crack Sensor 122 Noah G. Olson
Noah G. OlsonChapter 3: Novel Crack Sensor 122



12

10

0

6-

4-

0--E3- 0=452, a=2.00, NA=0.140, V=2.0698, 3M

X 0=45*, a=2.50, NA=0.130, V=2.4024, 3M

2 +-=452, a=3.50, NA=0.160, V=2.2701, SMF28

0W
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Crack Opening (mm)

Figure 49: Different optical fibers with same angle of inclination give different performance. Both fibers
start out with almost the same loss in the beginning however the amount of loss at large crack openings is

different.

8. MULTIMODE OPTICAL ANALYSIS

Up until this point the discussion has been about single-mode fibers. However,

multimode fibers can also be used in the crack sensor. Since multimode optical fibers

can carry much more light than single-mode fibers, the number of distributed cracks

along a fiber that could be measured can be increased. A description of the theoretical

analysis used in analyzing the crack sensor using multi-mode fibers follows. The

approach described previously for the singlemode optical fiber analysis is followed here.

In other words, the mechanical model is needed to create the radius profile which is then

analyzed with an optical analysis. The exact same mechanical model as described earlier

is used here since the optical fibers that are used have very similar geometric and

mechanical properties. Any change in mechanical or geometric properties could be

properly addressed with the proposed mechanical model. However, the optical analysis
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for the multimode fiber has to be different than the singlemode analysis and therefore it

will be addressed here.

The objective for the multimode analysis is the same as for the singlemode analysis

which is to provide a good design tool for crack sensors. To fulfill this mission it should

be relatively fast and fairly accurate. The model that has been chosen for the multimode

analysis is a geometric optics model put forth by Snyder and Love.19 There are more

complicated models that could be used however they would be very computationally

expensive and the improved accuracy would not be worth the extra resources. It is

expected that the final design would need to be calibrated with experiments. This

analysis is to be an aid to the designer.

8.1 Analysis background
Classical geometric optics can describe light propagation in an optical fiber fairly well if

the refractive index does not vary much over a distance comparable to the wavelength of

light. The analysis in this section approximates the loss by assuming that the fiber is a

step-index slab. In this model there are three classes of light rays, bound rays, refracting

rays and tunneling rays. Bound rays do not loose light and are totally reflected at each

reflection. On the other hand, refracting and tunneling rays loose light at each reflection.

By using Snell's Law it is possible to find the critical angles which classify the different

types of rays. When a waveguide is bent there are no bound rays which means that each

light ray loses some energy at each reflection point either through refraction or tunneling.

The power loss through a bend can be calculated by using geometric optics to determine

the path of the leaky ray and then apply the appropriate power transmission coefficient.
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To understand the reason for refracting and tunneling rays one can look at a step-profile

planar waveguide. In this configuration there are just bound and refracting rays as shown

in Figure 50.

Bound Ray Refracting Ray

ez ec

ot
Gz

Figure 50: Examples of Bound Rays and Refraction Rays in a planar waveguide.

Q z=ZQPV Oe=ZWPR

W

N a=ZVPN
a=ZSPN

T

ni

Figure 51: Explanation for angles in describing refracting and tunneling rays in a step-index slab.19

A step-index slab is modeling a circular fiber in three dimensions in which an additional

ray path is possible when compared to a planar waveguide that is only modeled in two

dimensions. In a circular fiber there are rays which cross the fiber axis between

reflections that are called meridional rays, and there are rays which do not cross the fiber

axis between reflections that are called skew rays. In order to know the direction of the

skew ray it is necessary to introduce another angle, cx defined in Figure 51. It is then
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possible to classify which rays are bound rays and which are refracting and tunneling rays

as shown in Table 6.

Table 6: Classification of Rays for Step-index Slab

Bound Rays 0 0< O
Refracting Rays 0 a< ac
Tunneling Rays O, Oz ! 7r/2 and ac a r/2
Ray angle being
examined

0 c =Cos-(n
Complement of n2
the critical angle n

I ~ n2J

With this background information it is now possible to look at the multimode analysis for

a bent step-index slab.

8.2 Bending loss with constant curvature radius
The analysis makes the following assumptions making reference to Figure 52. The fiber

is modeled as a step-profile slab and has a large V (V>50). Furthermore, before the fiber

bend of fixed radius R there is a long straight section of length d. Diffuse source S

(Figure 52) illuminates the slab waveguide at z=0 and excites all bound and refracting

rays. The length of straight section d is assumed to be sufficiently long so that the light

power is stable and all higher order leaky rays have been lost. Once the fiber bend is

reached, it is only necessary to consider bound rays from the straight slab waveguide.

Once in the bend all the rays are leaky rays (refracting and tunneling) and there are no

bound rays.19. 26 Thus, every ray path in a bent guide necessarily loses some power when

it is reflected either from the core-cladding interface or from the outer caustic. Such loss
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can be expressed in terms of a power transmission coefficient T, also known as a loss

coefficient, defined as:

T = 1 -(power in the reflected ray)/ (power in the incident ray) ( 18)

In other words, a fraction T of ray power is transmitted across the interface or outer

caustic.

x

(ii)

ni

(i)

C

n2

0z-

r

Z

Figure 52: Ray paths on a bent step-profile planar slab waveguide.

To describe the attenuation from the bend, the power attenuation coefficient of a ray is

defined as:

N

Z T. T
7($) = = -

NP

1=1

(19)

with Ti being the fraction of ray incident power lost by reflection, A0. is the angular

separation between successive reflections, N is the total number of reflections, and T is
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the average ray power attenuation coefficient over the angular separation , (see Figure

52). Therefore, 7O) is the rate of power loss per unit angle which for a circular bend is

constant. The power remaining after one reflection in the length of fiber under

consideration can be expressed in terms of the initial power of the light ray P(0) as

P(#) = P(0)(1- y#r) (20)

Now for N reflections in a section of fiber, the remaining power could be described in the

following manner

P(#) = P(0)I - - P(O)exp(-q5) (21)
N)

Since (1-- y#I/N)N quickly converges to (exp(-y)) it is expressed in the latter form.

The total ray power P,(#) at angle # around the bend is found by adding together the

power loss for all of the light rays over the entire core cross-section. Integrating Equation

(21 ) does this.

P, (#) = P(0) exp(-r(r, Oz , R)#)dOzdr (22)

where 0, is the complement of the critical angle and Oz is the angle between the path and

the axial direction at radius r at the beginning cross-section of the bend. In the straight

fiber, the range of values of O for bound rays is O O! O0. Since the ray power attenuation

coefficient y varies with r, Oz and R it is expressed as a function of these parameters. In

the bent slab waveguide with fixed radius R, every ray with different r and Oz has
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different complement of incident angle 04 at the outer interface and 00' at the inner

interface, which results in a different loss coefficient T and different power attenuation

coefficient y. The geometric relationship between r, , and 00 94'is:

r cos O =(R + p)cos0 =(R - p)cosO0' (23)

If ->00 (or 64')> O, the ray refracts at the interface, and the equation for the loss
2

calculation coefficient T is:

T = 4sin 00(sin 2 0 0 -sin 2 0 )2
T 1 2 (24)

sin O o +(sin 2 
00 -sin2 Oc) 2

If 0<00<0c, the light ray tunnels, and the corresponding T is given as:26,27

4sinO sin 2 2 2n k(R+p)
T = 1-I exp R" (sin20 -sin200) 2  (25)

sin Oc sin O 3 COS2 00

However, T is always simplified as:

4sin9 F 2sinO, 2 2 2 (
Ti= -exp -- ncok(R+p)( -2  2 (26)

sin Oc sinO [ 3

On a bent step-profile slab, the ray path follows straight lines between reflections from

inner and outer interfaces, as shown in Figure 52. Path (i) reflects alternately from the

inner and outer interfaces, and path (ii) reflects only from the outer interface and is
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known as a whispering-gallery ray. From Equation ( 23 ), if rays satisfy

cosO, > (R - p)I(R + p), O' does not exist and the ray cannot reach the inner interface,

it is a whispering-gallery ray.

For calculating the ray power attenuation coefficient y, we use Equation ( 19 ). The

angular separation #, for the paths (i) and (ii) in Figure 52 is given according to

geometry:

For path (i): #, = 2(00 -O0') (27)

For path (ii): OP = 200 (28)

Up to now, the total ray power P, (#) through the bend can be calculated by Equation (

22 ) as long as the angular displacement # is known.

8.3 Bending losses with arbitrarily curved multimode optical fiber
The analysis thus far has been concerned only with a constant curvature bend. The crack

sensor does not have a constant curvature hence it is necessary to adjust the model to

work for the sensor analysis. The S bend shape of the fiber resulting from the crack is

shown diagrammatically in Figure 53. The bend radius of curvature is not constant, but

the radius profile for the entire crack opening can be obtained from the mechanical

analysis described in detail in preceding sections. Figure 53 shows the bent fiber divided

into M sections. At any section m, the angle displacement #,. and the curvature radius

R, are calculated by the mechanical analysis. If the initial angle Ozm of the ray and the

initial radius r, where the ray accesses section m can be determined, then the ray power

attenuation coefficient y, (r,,, z,,,, R,) can be found according to the prior discussion.
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d 0 \ Rm

\ Om
Figure 53: Bent slab waveguide with arbitrary curvature radius

The total loss of the rays going through this bent slab waveguide is given as:

P jj exp(-z y(r,, ,zrn IR, )#, )dOdr
Pout _=I (29)
Pn fdr f dO,

where Put is the output light power from the bent slab waveguide and P, is the input

power.

To numerically calculate Equation ( 29 ), the integration operation is replaced by a

summation operation. At the beginning of the bent slab waveguide, if we divide the

diameter of the fiber 2p into I sections and 20, into J sections, the input light is divided

2p
into IxJ rays. The radius location r, for each rays is R-p, R-p+ 2,

I
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2p 2p 20CR - p + x2,..., R + p . The initial angle OZI for each rays is - 0Q, -0, +
I I J

20
-0C + x2,.,

J

pX
-....... 2

P3 -...- r2

R2

r01

20
- cas is shown in Figure 54.

J

Figure 54: Input light is divided into IxJ rays

Then the power loss for one section of the bent slab is:

S 11exp(--(r ,0, , Rj)#,)D zDr

Pin
D0zDr

I I

The equation for the total loss of the bent slab (Equation ( 29 )) becomes:

Pout -M

ZjLD0zDr
I I
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where, D =z ,0. and Dr = , providing that r and Oz at each section of the bend
J I

are known.

Now the only remaining problem to be solved is how to determine the initial angle of the

ray with the axis 0, and the initial radius r at each section.

Referring to Figure 53, in section m, we can get r,, and Oz,.,n+ in terms of r, O,, and

#, by the equation:

dr
d= (32)

r tan(O)

where do is the change of angle coordinate and dr is the change of radius. So 0- and r

at every section can be acquired since the initial condition r and Oz have already been

determined.

8.4 Experimentation
The experimentation for this section is carried out using the specially designed loading

stage with Epoxy Blocks that can provide well-controlled bending to the fiber.

It is important to discuss the influence of the light source on the experimental results.

The above analysis assumes that the light source equally excites all modes in an optical

fiber. If this condition is not satisfied, the experimental results will not match the

theoretical analysis.

The light source used in this experiment is an LED. There are two kinds of LEDs in

common use. One is a surface launching LED where light comes from the surface of the

Chapter 3: Novel Crack Sensor 133 Noah G. Olson



PN junction as shown in Figure 55(a), another is the edge launching LED where light

comes from the edge of the PN junction shown is Figure 55(b). The surface launching

LED has a much broader launch angle a and p than the edge lunching LED. For

example, a is always larger than one hundred degrees (e.g. 1200) for a surface launching

LED, and only several tens of degrees (e.g. 50*) for an edge launching LED. The P is

always several tens of degrees for a surface launching LED and is smaller (e.g. 150) for

an edge launching LED.

p3 sbtrate

substrate

(a) (b)

Figure 55: LED with different launching plane.

When the LED is used to excite modes in a multimode fiber, the source size, the launch

angle and the distance between source and fiber will influence the power distribution of

the modes.
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Figure 56: Fiber excited condition.

Referring to Figure 56, if the launch angle of the LED is smaller than the critical angle of

the fiber, or the distance f between the source and the end-face of the fiber is large in

comparison with the source size rd and the fiber core, less higher modes will be excited

and the lower modes will be abundant. In the present experimentation, it is desirable that

all bound modes be excited equally. Therefore it is necessary to choose an LED with a

launch angle 0, larger than the critical angle 0er and to put the optical fiber close to the

source.

The multimode fiber that was used first, was a 3M multimode fiber (FG-050-GLA) with

NA=0.3513, n1=1.49, and n2=1.448. The critical angle Ocr is 20.57*. The light source is

an LED at 850nm purchased from mainland China (referred to here as Number 44

Institute or simply LED850). This LED has been fixed with a fiber connector adapter

(FC/PC), so the light can be coupled to the testing fiber easily. As a fiber source, to insure

high coupling efficiency, this LED must be an edge launching LED and consequently has

a relatively small launch angle 0. The size of the launch angle is not known. However, if

it is smaller than O0r, the higher modes in the fiber cannot be excited and the testing

results of the bend loss must be lower than the theoretical analysis (see Figure 57 for the

experimental data, and Figure 58 for the simulated resutls).
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Figure 57: Testing results for bend loss of 3M fiber with different sources.
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Figure 58: Theoretical result for bend loss of 3M MM step index (50pm core) fiber.

A surface launching cheap LED (named 'Infrared LED' in Figure 57) was used in place

of the previous source from Number 44 Institute (LED850). The result is that the bend

loss becomes higher in Figure 57. Because it is difficult to put the fiber very close to the

cheap surface launching LED ('Infrared LED'), it is difficult to say if all the high bound
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modes in the fiber are excited. Hence, there is still a large difference between testing and

theoretical results.

Another type of multimode fiber with a lower NA (0.22) was also used for the tests

(purchased from Beijing Glass Research Institute). The critical angle Oc, of this fiber is

12.7'. When this fiber was tested with both of the light sources, there was little difference

between the results (Figure 59). That means that both light sources can excite all of the

modes in this fiber. The bend loss is a little higher with the surface launching cheap LED

('Infrared LED') as the source because some higher modes that exceed the bound rays

remain in the fiber and go through the bent section and are lost.

16.00 - - - - -

14.00 - - -

12.00 - - - - --

10.00--

8.00-

6.00 '-

4.00-

2.00 .

0.00
0.00 0.20 0.40 0.60

m jIII

0.80 1.00 1.20

Crack Opening (mm)

1.40 1.60 1.80 2.00

Figure 59: Testing results for bend loss using 0.22NA multimode fiber with different sources.

The manufacturer of the 0.22NA fiber did not provide information about the plastic

coating materials on the optical fiber. However, since Acrylate is a common coating

material, it would be a reasonable assumption that it is similar to the 3M optical fiber
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mechanical properties. If this assumption is made and the optical analysis is run the

theoretical prediction is very close to the testing results (Figure 60)

16.00 - _- ---__

14.00 ---- --

12.00

S10.00 - - -

0 8.00-- Infrared LED 0.22NA-1 -

0- Infrared LED 0.22NA-2
6.00 - LED850 0.22NA- 1

-J 4.0LED850 0.22NA-2
-- LED850 0.22NA-3

2.00 - -Theoretical Prediction

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

Crack Opening (mm)

Figure 60: Theoretical result for bend loss of 0.22NA multimode fiber compared to Experimental Results.

The multimode analysis presented in this section is straightforward and computationally

fast to run. The results that it predicts also seem reasonable, although more tests would

be good. It therefore meets the objective that it serve as a guide tool to the crack sensor

designer.

9. CONCLUSIONS

The novel distributed optical fiber crack sensor has the potential to be an important tool

in monitoring the health of concrete structures thus aiding in improving their safety and

durability. The sensor is able to detect cracks with no a-priori knowledge of crack

locations (although crack direction needs to be known) using a small number of fibers to

detect and monitor a large number of cracks. The sensor capability for detecting multiple

cracks has been demonstrated in a concrete beam using an OTDR system.
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The theoretical analysis presented for both the singlemode and multimode fibers provides

a way for the engineer to design the crack sensor. Even though the prediction may not be

perfect, it is sufficiently good in forecasting the signal loss. Albeit, actual calibration of

the sensor would still need to be carried out before the sensor could be implemented.
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Chapter 4
Optical Fiber Strain Sensors

1. INTRODUCTION

Civil engineers are constantly looking for ways to improve the durability and safety of

structures. Regular inspection of a facility can help evaluate its performance in the real

environment under the actual loads. Sensors can perform this inspection in a consistent

manner providing valuable information about the "health" of the structure. Strain,

defined as the change in length divided by the original length (AL/L), can provide

valuable information about the condition of a structure when it is measured in critical

areas. Strain measurements can be modified to find the load, torque, pressure, vibration

or other physical quantities of a structural element. However, one of the most useful

quantities that strain can help measure is the stress. The measured strain (E) combined

with the modulus of elasticity (E) for the material being measured can be used to find the

stress (o) of the structural element by c-=EE. Engineers can use the stress information to

determine if a building is behaving in a safe manner.

The measurement of strain with the exception of photo-elastic measurement is by

deformation of a sensor material over a short gage length or measurement base. The

strain sensor measurement represents the average strain of the structure over the gage

length (Figure 1). If the gage length is very short compared to the structure it can be seen

as a point measurement of the strain. Whether the average strain of the sensor is

representative of the total average strain of the structure depends on the loading
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conditions and the geometry of the structural member and therefore requires engineering

judgment when assessing the meaning of the reading.

Loriginal

p horiginal

Strain sensor ori gina

P hstrain E P

strain

Lstrain

-total average - Lstrain -Lriginal total - average Esensor average strain original

original original

Etransverse = hstrait -horiginal v = transverse
horiginal Elongitudin al

Figure 1: Different definitions for strain

While traditional electrical sensors like resistive strain gages have proven to be effective

in measuring some structural parameters, optical fiber sensors offer additional benefits

that have been discussed in general in the introduction. More specifically, optical fiber

strain sensors, such as interferometric strain sensors and Fiber Bragg Gratings, can have

high resolution (less than one micro-strain) and are also easily adapted to distributed

sensor configurations. These two common optical fiber strain-sensing techniques will be

discussed briefly.

Interferometric strain sensors can be very sensitive at measuring strains. The operating

principle of the sensor is shown in Figure 2. The strain in the sensing arm of an
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interferometer induces a change in the phase of a lightwave propagating along a single-

mode optical fiber.

Lightwave 50/50
Coupler Reference Arm

Laser

Strain Sensor Mirrored
stretching Ends

dhoto- 
optical fiber

Sensing Arm
Single-mode optical fiber for all of the arms

Figure 2: Schematic Illustration of a fiber optic strain sensor using a Michelson Interferometer

A 50/50 coupler divides the light from the highly coherent laser so that light travels down

both the sensor arm and the reference arm of the interferometer as shown in Figure 2.

The mirrors at the ends of the two arms reflect the light back towards the coupler where it

is again divided and part is sent to the photo-detector. Once the light is split at the coupler

it is in phase while traveling down the two arms of the interferometer. If there were no

perturbation of either reference or sensing arm, the light would return and be in phase

with each other. However, if the sensing arm were to be stretched (strained), the

reflected light signal would return with a phase difference in relation to the reflected light

of the reference arm. The phase difference, A#, is directly proportional to the differences

in optical paths shown by

A# = 2kn(Lse,,sor - Lre,renc) (1 )

where k is the free-space propagation constant, no is the refractive index of the core of the

optical fiber, Lsensor and Lreerence are the lengths of the interferometer arms. In this sensor

configuration the gage length would be the entire length of the bonded fiber.
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Another common strain sensing fiber optic sensor is the Fiber Bragg Grating (FBG). The

FBG is a periodic variation in the index of refraction written into the core of an optical

fiber. The first grating was made in 19781 by launching a very intense laser into an

optical fiber. Today Fiber Bragg Gratings can be created using a two beam

interferometer set-up or with an intense laser and a phase mask. Different gratings can be

created which allows for different central wavelengths. The different grating

wavelengths are useful when creating distributed sensing configurations.

Incident Spectrum Fiber Bragg Grating Transmitted Spectrum

1(k) 1(k)

1(?XBI()*are-" iber

Coated Fiber Coated Fiber

kB Reflected Spectrum

Figure 3: Schematic Drawing of Fiber Bragg Grating

When a broadband light source is sent into the FBG, the gratings scatter some of the light

creating a narrowband reflection. The Bragg wavelength, AB, is the center wavelength of

the reflected signal and is related to the grating period, A, and the mean core index of

refraction no by

AB=2nOA (2)

If the FBG is strained there is a linear shift in the Bragg wavelength. The shift in the

Bragg wavelength can be correlated to the corresponding strain with very high accuracy

if a good demodulation scheme is utilized. There are different ways of evaluating the

wavelength shift as well as different ways that FBGs can be set-up in distributed strain
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2 3
measuring systems. R. M. Measures and K.O. Hill et. al. provide good background on

the subject. Additionally, there are commercially available systems that can be purchased

to calculate the strain directly from one or more FBGs. The gage length for the FBG is

the bonded length of the grating not the entire bonded length of the optical fiber.

Some optical sensors are embedded directly into concrete while others are attached to the

structural body with adhesives. How well these sensors perform depends on different

factors. Leung and Darmawangsa 4 have studied the effect of environmental conditions

such as wet curing, wetting/drying and freezing/thawing on jacketed optical fibers in a

cementitious environment. A more specific effect on sensor performance has been

examined in Leung, Wang and Olson5. These studies were for optical fibers with a

protective jacket. When optical fibers with no jacket are embedded into materials they

can be easily damaged since bare-fiber is very fragile. Generally the optical fiber is

coated with a protective plastic jacket to make it much less fragile. It is much more

practical to use these jacketed fibers in sensors since they are less prone to damage.

Regardless of how the sensor is attached to or embedded in a structure, in order for the

sensor to work a stress transfer needs to occur. The optical fiber undergoes a change

which can then be correlated to a strain measurement 6. Figure 4 graphically illustrates

that there is a shear lag in transferring the strain from the measured body into the optical

fiber sensor. This means that the strain in the fiber may not be the same as in the

monitored structure. Since only a portion of the strain is transferred it is convenient to

express this as a calibration factor that is defined as
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Calibration Factor = Average Fiber Strain
Applied Strain

Ansari and Yuan7 have looked at the issue of strain transfer in fiber sensors and have

made some important observations about the mechanics involved. This chapter further

investigates this matter by (i) using a three-dimensional finite element model (3D FEM)

to study the transfer, (ii) investigating the limitations of a simple analytical model to

describe the shear transfer, and (iii) looking more closely at the influence of the

mechanical strain on the optical fiber by using the photo-elastic strain-optic coefficients.

Experimental results will also be shown to validate the mechanical model.

EPOXY OPTICAL FIBER

STRUCTURE TO BE MONITORED

STRAIN ESSENTIALLY CONSTANT
DEVELOPMENT AND EQUAL TO AXIAL STRAIN
LENGTH I I

AXIAL STRAIN
z DISTRIBUTION

DISTANCE ALONG FIBER

Figure 4: General Principal of the Strain Sensor with Shear Lag

2. MECHANICAL ANALYSIS

2.1 Three-dimensional finite element analysis
The 3D FEM investigation was a first step to understanding the strain transfer in the

sensor. Figure 5-Figure 8 show the way in which the sensor was modeled. The geometry

of the model was taken from the sensors themselves. A sensor was taken and cut with a

diamond saw along the cross-section perpendicular to the axis of the optical fiber and
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then observed under an optical microscope. The shape of the epoxy adhesive was found

to be elliptical and therefore the 3D FEM model uses the same shape.

Itt 1

Figure 5: Example of three-dimensional finite element mesh of strain transfer

FI
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TION

HALF GAGE
LENGTH

APPLIED

TOP
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& CLADDING

BOTTOM
THICKNESS

DISPLACEME

OUTER
COATING

MATRIX

INNER
COATING

HALF WIDTH (SIDE WIDTH)

NT

Figure 6: Diagram explaining important characteristics of the 3D FEM model of the strain transfer

Due to the geometric and loading symmetry of the analysis, it was only necessary to use

one quarter of the sensor for the model. If a non-uniform loading condition were to be

analyzed or if the geometry of the sensor were asymmetrical these simplifying

assumptions could not be made. The boundary conditions also reflect these assumptions

as illustrated in Figure 7. The center-line along the axis of the optical fiber is not allowed

sensor used
in model

- - - BOUND
CONDI
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to move in the x-direction (please note the coordinate system in Figure 7), however the

other degrees of freedom are not restricted. The bottom surface of the adhesive is not

allowed to move in the y-direction while the x and z-directions are allowed. Finally, the

centerline of the sensor going perpendicular to the axis of the optical fiber is not allowed

to move in the z-direction.

Y
1-X

Figure 7: Illustration of boundary conditions for 3D FEM strain model

The FEM model places displacement values directly onto the nodal points on the bottom

of the model (the bottom of the adhesive, Figure 6). This can be done since the sensor is

assumed to have an inappreciable effect on the structure being measured and the

displacement in the structure can be easily obtained through integration of the strain field.

The former assumption is valid since the size of the sensor is very small and much less

stiff when compared to the civil structures that it would be measuring (for example a

large steel beam). By placing displacements directly onto the nodal points, the number of

elements used in the model was greatly reduced. Additionally, a graded mesh was used
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so that more elements could be placed where the high rate of strain transfer would be

expected. Figure 5 shows a sample of the mesh that was employed in the analysis. The

displacements that were placed onto the nodal points depend on the strain field as well as

the specific finite element mesh. Calculating the correct displacements for a uniform

strain field was done with a MATLAB program that calculated the length of each element

by using the same geometric progression as the ADINA meshing program. Specifically,

the size of elements is graded from one side of the mesh, where the strain transfer rate is

high, to the other side of the mesh following a geometric progression. Details are given

below. The appropriate displacement can be found for each node from the following

relationship,

dn = Sn * R * edesired (4)

with Edesired as the strain acting on the sensor from the structure being monitored. The

explanation for the rest of the terms makes frequent reference to Figure 8. The term R is

the ratio of the total length of the FEM mesh ('mesh) divided by the summation of the

geometric series for the entire length of the FEM mesh (Smesh), which is

R 'mesh (5)
Smesh

The S, term is the summation of the geometric series up to the point, n, which is the nodal

point of the mesh for which the displacement is being calculated. It is calculated by the

well-known relationship

Sn = (1- r")/(1- r) (6)
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In order to use Equation ( 6 ) it is necessary to figure out the correct value for the ratio r.

This ratio is related to the geometric ratio used in the FEM program (rmesh) to find the

lengths of the individual elements. The relationship is expressed as

r = r(,'n-mesh-1)) (7)

The nmesh refers to the total number of elements in the mesh (in Figure 8 nmesh =10).

The rnesh is a constant ratio of the lengths of adjacent elements as expressed by

rmesh -2 _ i"

1 n-1
(8)

Finally, once all of the main nodal point displacements have been found the intermediate

nodal points can be found as the average of the two surrounding displacements

dave - dn +dn+1
2

Exa
Inter
nod

Example

Y

Imesh 12

mples of
mediate

al points

s of Main nodal points

Figure 8: Illustration of 3D mesh and explanation for finding nodal displacements
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The analysis used three-dimensional twenty-node solid elements. The number of

elements used depended on the length of the sensor being studied however the number

was generally around 3,000 elements. The ADINA Finite Element System, which is

commercially available software, was used for all of the analysis.

The analysis and experimental work done in the rest of this chapter refer to

interferometric sensing. Therefore, the average strain (as defined in Figure 1) is what

would be measured and therefore is the focus of the analysis.

In order to carry out a valid mechanical analysis it is essential to have reliable values for

the modulus of the coating materials on the optical fiber. The manufacturers of optical

fibers generally will disclose what material has been used to coat the optical fiber

however they do not reveal the modulus of the material. Different materials such as

acrylate, silicone and even some metals can be used to coat optical fibers. Acrylate is a

very common coating material, however, the mechanical properties of acrylate can vary

quite a bit as seen in chapter 2. Table 1 shows the mechanical properties that were used

in the strain analysis found in this chapter.

Table 1: Modulus of coatings used in 3D FEM analysis found from testing
Manufacturer Coating Modulus (MPa)

Corning SMF 28 Dual Acrylate Coating-inner layer 4
Dual Acrylate Coating-outer layer 1000

3M FS-SN-4224 Single Acrylate Coating 50

2.2 Analytical solution
The time required to input, run and post-process a full 3D FEM analysis is quite

significant. However, if an analytical solution for the problem could be found it would

greatly reduce the amount of time required for the computation. Here, a simple analytical
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model is proposed. The model assumes that (i) there is no axial stress acting on the

polymeric fiber coating and that only shear stress is carried, (ii) the matrix material

outside the fiber coating is considered to be rigid and having a strain equal to the strain in

the underlying structure and (iii) the fiber does not debond at all. Following is a

derivation of the model.

Given the assumptions that only shear stress is carried in the polymer coating and that the

matrix is considered to be rigid, the shear stress -(xr) at any point in the fiber coating is

related to the shear stress rj(x) at the glass/polymer interface by

r(x,r)= r (x)rf /r (10)

where rjis the radius of the glass fiber; x represents the coordinate along the fiber axis;

and r is the radial distance from the fiber center. The displacement of the glass fiber

relative to the rigid matrix defined as uf can be obtained through integration of the shear

strain within the polymer coatings. The result is given by

Uj - Um = C rj lnL In rc2j= + I Ian ( 11 )
(GC rf Gc2 rc

where Ge and Gc2 are the shear moduli of the two different coatings, un is the axial

displacement in the matrix and the rest of the values are defined in Figure 9. Please note

that for simplicity, ry(x) is denoted as -r, and both uf and Tf are understood to be functions

of x.
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rc2 Ec 2 , vc2for outer polymer coating

Ec, ve for inner polymer coating

Ef, vf for glass core/cladding

Figure 9: Illustration of the different parameters for the analytical solution

If Equation ( 11 ) is differentiated and combined with c-f = Ef duf / dx and using the

identity of cm = du. / dx , the governing equation is obtained as

(12)* 'f 22

dX2 a f = -a Ef m

2 2a =
Efrfao

Development
length

Strain almost constant &
equal to applied strain

(13)

xial Strain Distribution

-N. x

Optical Fiber Coating

n t; I IFib r

A

-J
Core/Cladding

I Epoxy Adhesive-
assumed to be rigid

| Unbonded

-r=O (Shear Strain at middle)

Figure 10: Boundary Conditions for Analytical Strain Transfer Model
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The boundary conditions that are used to solve this equation are (see Figure 10):

1. c= 0 at x = 0 because there is no stress transfer in the unbonded part of the fiber
2. -r= 0 at x = 12 due to the symmetry at the middle of the bonded region.

With these boundary conditions the solution for Uf is found as

0- = Ef Ej + tanhaj sinh(ax)- cosh(C)J (14)

I r r 2EC
with a defined in Equation ( 13 ) and ao = rj In + -In 2 and G- =

(GC r,. Gc2 rc 2(1 + vc)

(G, 2 is found using Ec2 and vc2). For a single coated optical fiber ao = r,. In---.
(GC rf

Finally, it will be noted that the soft coating that surrounds the glass cladding/core makes

the transfer of the radial stress very ineffective. The 3D FEM model shows the radial

stress to be essentially zero which verifies this assumption. Therefore by neglecting the

influence of the radial stress it is possible to calculate the strain along the fiber by

dividing the axial stress by the Young's modulus.

For a bare-fiber there is no coating and the above analysis would not work. Albeit, to

obtain approximate results for a bare fiber, it was assumed that shear transfer occurs over

the epoxy surrounding the bare fiber up to a radial distance similar to the typical fiber

coating thickness of 62.5 microns.

2.3 Importance of sensor geometry examined using 3D FEM
As Figure 6 illustrates, there are four different geometric aspects that can be examined to

evaluate the impact that it has on the sensor performance or calibration factor, they are:
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i.) Bottom thickness, that is the thickness of the adhesive between the structure and the

optical fiber; ii.) Top thickness, the thickness of the adhesive on top of the optical fiber;

iii.) Side width, the width of the adhesive on the side of the optical fiber and finally iv.)

Gage length which is the length of the fiber bonded in the adhesive connecting it to the

structure. The effect that these different geometric parameters have is looked at in order

to guide one in the proper design of the sensor.

2.3.1 Side Width
Experience has shown that the amount of adhesive on the side of the optical fiber is

usually very large compared to the diameter of the optical fiber. Therefore, one might

wonder if it is safe to assume that it is almost infinitely large and of little consequence to

the transfer. Figure 11 graphically shows the effect on the strain transfer for the dual

coated Coming SMF28 optical fiber by maintaining the bottom thickness fixed at 100pm

and the top thickness constant at 150pm. Table 2 which also maintains the bottom

thickness at 100pm and top thickness constant at 150pm, shows the effect on the transfer

for SMF28 and 3M optical fibers as well as for bare-fiber. As expected, the width of the

adhesive on the side of the optical fiber does not have much of an influence on the

performance of the optical fiber sensor. It will be noted that the more wide the adhesive

the less (albeit not much less) the strain transfer. It would seem that the wider adhesive is

more compliant and the transfer is not as efficient, especially when compared to the

completely rigid analytical solution. The column entitled "% Change from previous

width" which compares the current value with the value from the previous row, shows

that the effect of the increasing width on the side of the optical fiber diminishes which fits

well with expectations.
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Table 2: Effect of Matrix side width (bottom=100pm and top= 150pm)

Corning SMF28 3M (FS-SN-4224) Bare-fiber
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Figure 11: Effect of the adhesive side width on the strain transfer (SMF28)

2.3.2 Top Thickness
The thickness of the adhesive on top of the optical fiber does not influence the sensor

performance dramatically as seen in Figure 12, with the side width fixed at 500pm and

the bottom thickness constant at 100pm. The chart lines almost stack on top of each

other since the transfer rates are very similar.
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Figure 12: Effect of top thickness on the strain transfer of the sensor for SMF28 optical fiber

Table 3: Effect of top thickness on strain transfer for Interferometric sensor
(bottom thickness=l0p m and side width=0.5mm)

Corning SMF28 3M (FS-SN-4224) Bare-fiber
Zb~.. 1 " M -- ,c

1.*-cu - - *3c4 - -4. -)-(D-- (D. 4- 0- -~c
C < o 5< Cz 32 C t 0-e

150 14.929 4.881 - 50.861 4.115 - 85.881 9.097 -

2014.83 5.505 0.5 150.540 4.721 0.633 85 .20I 96 90 -0.655

500 1460 6.95 1.54 4979 6.12 1.8 8532 9.900.0
sn6~~i T<s -n -T5 <57 li D ejs i i -

1000 14.239 9.277 2.531 48.619 8.342 2.388 85.320 9.690 0.000

Table 3, with bottom thickness= 100pm and side width=5O0pm, gives a more quantitative

indication of this transfer similarity. The column entitled "% Change compared to

previous thickness" compares the transfer rate to the rate in the previous row. The

changes are low. However, one will notice that the thickness on top jumping from

500pm to 1000pm does have the greatest change in decreasing the strain transfer
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efficiency (it is also the largest incremental jump in thickness). This is the case for both

of the coated fibers however for the bare-fiber there is no effect. Therefore, for coated

optical fibers it is important to not let the top thickness become excessive as this may

affect the strain transfer adversely.

2.3.3 Gage Length
The gage length of the strain sensor influences the strain transfer very directly. The

longer the gage length the closer the transfer goes to near complete transfer. Figure 13,

were the side width is 2000pm, the bottom thickness is 100pm and the top thickness is

150pm, graphically shows that as the gage length increases so does the transfer

efficiency.
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Figure 13: Normalized Strain for 3M Fiber with Different Bond Lengths

The stiffness of the coating on the fiber also influences the transfer effectiveness as seen

in Table 4 (with the side width maintained at 2000pm, the bottom thickness held at

100pm and the top thickness is 150pm). The transfer in the bare-fiber is most efficient
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and therefore the increase in the length (as shown in Table 4) does not create as dramatic

of a strain transfer increase as in the coated fibers. This effect is illustrated in Figure 14

where it is clear that the bare-fiber is closer to reaching an asymptotic value of 100%

whereas the other fibers are not as close.

Table 4: Influence of gage length on strain transfer for different fibers
(side width=2000pm, bottom thickness=100pm and top thickness=150pm)

Corning SMF28 3M (FS-SN-4224) Bare-fiber

E EE E E b- ~E
oo E 0- E -, E 0

-', "0 0 0

2 39 7 - 4.2 7 7 - 2

4 6.9 0 7.. 7.7 3 7.8 0 .0 98.

L_ ~ C: ~ =3 1-C

6 77.613 15.305 78.115 0.643 91.530 4.746 91.916 0.420 97.685 1.220 98.787 1.116
10 856.564 10.9 86.866 0.348 94.917 3.633 95.081 0.173 98.606 0.938 98.959 0.356
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Figure 14: Comparison of the effect of gage length on strain transfer for different fibers

Chapter 4: Optical Fiber Strain Sensors 160 Noah G. Olson



2.3.4 Bottom Thickness
The final geometric quantity to assess is the thickness of the glue beneath the sensor,

referred to as the bottom thickness. Table 5 (side width=2mm, top width=150pm and

gage length=10mm) shows the influence of the adhesive thickness with different fibers.

The Corning SMF28 fiber which has the softest coating is the least affected by the

bottom thickness while the bare-fiber which is very stiff is the most affected. As the

coating stiffness become higher the adhesive matrix starts to influence the results more.

If the coating is very soft then the strain transfer operates almost all in the fiber coating

and therefore becomes less sensitive to the adhesive dimensions. In the case of the bare-

fiber, since it is much more stiff than the adhesive, the dimensions of the matrix heavily

influence the transfer.

Table 5: Analytical prediction compared to 3D FEM results for different coatings and bare-fiber
(side width=2mm, top wi dth=150pm and gage length=10mm)

SMF28 3M Bare-fiber
-~~E E E

A 15.68 0 - .0 0 97.5130

1E 192 4.1 06 4.12 ' 8581 19

C-; C: a

0 14L4 7. L4.68 71 0.9 69

o C >a)lzC iC W -F U) cia z

Analy. 15.684 - 53.040 - 97.513 -

10 15.096 3.75 51.639 2.65 89.478 8.24
20 15.082 3.84 51.563 2.79 89.0151 8.71
50 15.031 4.16 51.317 3.26 87.749 10.01

100 14.929 4.81 50.861 4.12 85.881 11.93
250 14.542 7.28 49.268 7.12 80.995 16.94

500 1.18, 12.54 46123 1305 73.578 24.55
10 116571 25.68 L38.740 26.97 [:59.437 39.05

Table 6 shows the influence of the bottom thickness combined with the gage length using

the 3M optical fiber. This comparison is made while maintaining the side width at

2000pm and the top thickness at 150pm.
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Table 6: Bottom thickness and gage length influence on the strain transfer in a 3M optical fiber sensor
(side width=2000pm and top thickness=I50pm)

Gage Length (mm)
10 20 30 40 60 100

E a0 E 00 E 0, E 0o E Q) E (0 E10 2 0.43 0 1.67 0 . 0

Q) C: aC**..= I :~~

U)~a

2a 53.04 27 75.76 1 83.3 . 87.8 . 91.92 0 95.1 -0
20 515 2.7 749 07 8.0 0.6 8.4 0.4 916 0.2 949 <01

50 51.31 3.26 74.82 1.25 83.21 0.75 87.41 0.53 91.61 0.33 94.97 0.19
100 50.86 4.12 74.57 1.57 83.04 0.94 87.29 0.67 91.53 0.42 94.92 0.24

250 49.27 7.12 73.72 2.70 82.47 1.62 86.86 1.15 91.25 0.73 94.75 0.42
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Figure 15: Influence of the adhesive thickness on the strain transfer of an optical strain sensor (3M single-
layer acrylate fiber)

Table 5 and Table 6 compare the strain transfer calculated from the FEM model with the

analytical model in the column "% Different from Analytical". Since the analytical

model assumes the matrix adhesive to be rigid the strain transfer is very efficient however

the adhesive does influence the strain transfer especially as it becomes greater in size. As

V
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the thickness starts at 10pm it is only 2.65% different (for 10mm gage length) from the

analytical solution however at 1mm thickness it is already 27% different. It changes

from the 10pm thickness by 25%. Even though this trend is true for all gage lengths, as

the length becomes longer the effect of the glue thickness greatly reduces. With a gage

length of 100mm the strain transfer is in the mid-ninety percentile and the difference

from the analytical is less than 2% even with a 1mm thickness. The change from the

10pm thickness is only 1.5%. This shows that with a long enough bond length the

influence of the bottom thickness is greatly reduced.

2.3.5 Conclusions about sensor design from 3M FEM study
It is clear from the analysis that it is not a good idea to just assume that the strain transfer

into an optical fiber sensor is 100% even for bare-fiber. Certainly, for coated optical

fibers the strain transfer needs to be looked at in order to know what is being measured.

The top thickness of the glue does not need to be controlled with great precision, however

it should not be allowed to become excessive or the strain transfer effectiveness may be

affected. The influence of the side thickness is not very great and does not need to be

monitored closely. Albeit, the bottom thickness does exert a great influence on the

transfer as does the gage length. The proper design of the sensor requires that these items

be taken into consideration. Finally, the coating stiffness of the strain sensor also is very

important in knowing the performance of the strain transfer.

Given the performance of the bare-fiber when compared to the coated fibers, it is the

most efficient in strain transfer and would be a good choice except for the fact that bare-

fiber is easily damaged by its environment and is not easily handled. Comparing the two

fibers with coatings, Corning SMF28 and 3M (FS-SN-4224), the 3M fiber emerges as the
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best choice in transfer efficiency. The 3M fiber exhibits almost the same geometric

matrix insensitivity as the Coming fiber and it is much quicker to reach higher strain

transfer rates. It should be noted that this comparison is only looking at the different

coating systems not the actual fiber costs and related system costs. The Coming SMF28

fiber is at least 10 times cheaper than the 3M fiber (with current prices). Additionally,

the Coming fiber operates at a 1310/1550nm wavelength and the equipment to run at this

wavelength is generally cheaper than the 850nm wavelength equipment that the 3M fiber

runs at. However, these considerations are beyond the present investigation.

2.4 Comparison of 3D FEM and analytical results
A comparison of the results for different coated fibers and bare-fiber to 3D FEM results

illustrates the limitation of the analytical model in accurately predicting the strain in the

bonded fiber. Figure 16 shows a comparison between a Coming SMF28 fiber with an

acrylate dual-coating, a 3M fiber with an acrylate single-coating and a bare-fiber. The

thickness of the adhesive between the fiber and the structural body was taken to be

250pm.

The analytical model cannot address the influence of the side, bottom and top thicknesses

since the matrix is assumed to be rigid. However, the analytical solution is effective in

predicting the strain transfer if the coating is much softer than the adhesive matrix and the

bottom and top thicknesses are kept within the bounds mentioned in the previous

sections. Additionally, the analytical model can show the effect of the gage length in the

strain transfer.
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Figure 16: Comparison of analytical and 3D FEM analysis for different fiber coatings and bare-fiber

The comparison reveals that for the very soft acrylate coatings the analytical solution

yields good results. However, with the bare-fiber the results are poor. The analytical

solution does not accurately predict the strain transfer from the structure into the optical

fiber. The assumptions of the analytical solution are no longer valid.

Table 2 compares the analytical solution to the FEM solution looking at the effect of the

side width. For the soft coatings, comparison to the analytical solution is a fairly

consistent 4-5% difference. However, for the bare-fiber it is a consistent 9% difference.

This just reinforces that the assumptions of the analytical solution are not valid for the

bare-fiber.

The top thickness comparison can be viewed in Table 3. Once again the softer coatings

are more similar to the analytical prediction with a different around 5% and the bare-fiber

is more different at about 9.5%. However, the difference does start to increase as the top

Chapter 4: Optical Fiber Strain Sensors 165 Noah G. Olson
Chapter 4: Optical Fiber Strain Sensors 165 Noah G. Olson

- -

-



thickness increases for the coated fibers. For the bare-fiber, the increase in top thickness

does not have an effect.

Table 4 shows that the increasing gage length for all of the fibers improves the

correlation between the analytical and FEM models. The difference between the two

different theoretical models decreases fastest with the bare-fiber as it was the largest

difference at first and it comes down to almost the same as the coated fibers once it

reaches 100mm gage length.

When looking at the bottom thickness (Table 5), the trend continues with the soft-coated

fibers being much closer to the analytical solution than the bare-fiber. The Coming fiber

strain transfer rate decreases with increasing bottom thickness at a rate of 3.45x 10-3%/pm

while the 3M fiber decreases at a rate of 1.30x 10-2%/pm and the bare-fiber decreases at a

rate of 3.02x 10-2%/pm. This further illustrates that the stiffer the coating material the

more significant the bottom thickness becomes. Therefore, it is no surprise that as the

coating material becomes stiffer the disagreement with the analytical solution becomes

greater.

3. OPTICAL ANALYSIS

The mechanical information from the previous analysis gives an understanding of the

strain field that is present in the fiber as it is transmitted from the body through the epoxy

adhesive and the fiber coating(s) into the glass core. The optical analysis needs to

correlate the strain in the body to the phase shift in the interferometer. When the fiber

just undergoes axial stress, the relative phase change of a Mach-Zehnder Interferometer,

A0, is related to fiber strain in the direction of the fiber axis e, by6
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A = (1-c)f e.ds

c = n02[P 2 -v) (P + P2)]/2

(15)

( 16)

where A represent the light wavelength in free space, no is the refractive index of the fiber

in the unstrained state, L is the length of fiber mounted on the beam, P 1 and P12 are strain

optic constants, and v is the Poisson's ratio of the fiber. The parameters, A, no, Vf , and L

are known however P,1 and P12 are not known. Some materials experience a change in

their refractive index when strained. The photo-elastic strain optic constants relate the

change in refractive index to the mechanical strain for a material. For an isotropic

material it is only necessary to know the two constants, P 1 and P 12 , to complete the 6x6

Pockel matrix. Figure 17 shows the significance of the Pockel's coefficients.
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Figure 17: Pockel's Coefficients for Sensor in Isotropic Material and Effect on Refractive Index"
(n, is the refractive index in the sensor with no strain and nave is the refractive index under strain)
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The 3M company could not provide the coefficients for the optical fiber used in the tests.

6
These constants can be measured for the fiber by using Brillouin scattering in a preform.

This method can provide accurate results however it also requires expensive equipment.

6
The coefficients for pure fused silica have been reported as P 1 = 0.121 and P12 = 0.270.

Using this information along with vj= 0.17 (commonly reported for fused silica) and no =

1.458 (provided by the manufacturer of the fiber) then c is equal to 0.2163. Nevertheless,

this value is for pure fused silica and not for a doped optical fiber and therefore would

most likely be incorrect. A direct method for measuring the value of c has been proposed

by Sirkis et al.6 This involves calibrating the optical fiber readings with that of a resistive

strain gage reading both measuring the same strain in a body. In order to carry out the

measurement a bare-fiber optical fiber was embedded into epoxy and set-up as seen in

Figure 19. Three different bond lengths were used for the measurement. A 3D FEM

analysis was done for each of the three bond lengths to see the level of integrated strain

that should be reached. A linear least square fit was used to find the best-fit slope of the

interferometer strain (which already has taken into consideration the Pockel's effect)

versus the strain gage readings as shown in the following equation:

Eint erferometer = (-strain -gage / PFEM ) (17)

with 8FEM representing the percent transfer predicted by the 3D FEM model. Table 8,

Table 9 and Table 10 show the results for this analysis for the three different bond lengths

(Appendix II contains the data that was used to create these tables). Table 7 shows a

summary of these results and the final result that was used for the calculations.
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Table 7: Tabulation of Results for c

Gage Length (pm) Calculated c

29,237 3.731 0.19207
39,652 3.991 0.18742
49,371 4.234 0.19825

Average 0.19258
Standard Deviation 0.00543

Figure 18 graphically shows the three different results for the 3D FEM analysis that was

carried out to find the amount of strain that should be transferred. Since bare-fiber was

used in the tests it is not surprising that the predicted transfer is in the ninety percentile.

100.0% 6
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E 80.0% --
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Figure 18: The FEM results for the three different gage lengths of bare-fiber used for the calibration tests
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Table 8: Calculation of c for optical fiber, Gage Length=29,237pm

Apparent Strain FEM
Load Strain in Gage prediction Results of

(N) Test Optical Result Transfer= Linear
Fiber pstrain) 0.936408) Regression

(pstrain)

1 48.222 67.808 63.496
2000 2 50.208 68.589 64.227

3 49.950 67.8081 63.496

1 75.468 102.707 96.175
3000 2 78.124 103.488 96.907

3 76.873 102.186 95.688

1 102.190 135.655 127.029
4000 2 103.637 135.004 126.419

3 97.1881 135.004 126.419 0.80175

1 203.085 269.115 252.001
8000 2 202.147 268.985 251.879 0.99990

3 204.301 269.505 252.367

1 301.655 403.866 378.184 C1-Xsope.____}0.19825
12000 2 302.144 404.778 379.037

3 302.199 405.168 379.402

1 401.233 537.913 503.706
16000 2 403.143 537.523 503.340

3 403.499 537.001 502.852

1 505.888 671.655 628.943
20000 2 502.470 671.655 628.943

3 503.580 672.307 629.553
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Table 9: Calculation of c for optical fiber, Gage Length=39,652pm
Apparent Strain FEM

Load Strain in Gage prediction Results of

(N) Test Optical Result (Transfer- grisearFiber -ptan .522 Regression
(pstrain)

1 51.559 68.068 64.885
2000 2 51.004 67.807 64.637

3 51.582 67.937 64.761

1 78.400 101.795 97.035
3000 2 77.913 101.664 96.911

31 78.3641 101.9251 97.159

1 103.297 135.394 129.063
4000 2 103.789 135.394 129.063

3 104.054 135.654 129.311 Xslope=

1 206.706 269.375 256.780 0.80793

8000 2 206.597 269.506 256.904 0.99998
3 207.756 268.985 256.408 C=1 -Xslope=
1 312.230 403.738 384.860 0.19207

12000 2 309.758 402.827 383.991

3 309.761 403.348 384.488

1 412.001 537.657 512.517
16000 2 414.267 537.136 512.021

_ 3 413.634 537.267 512.145

1 516.074 671.273 639.886
20000 2 516.544 670.491 639.140

3 515.082 670.752 639.389
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Table 10: Calculation of c for optical fiber, Gage Length=49,371Pm
Apparent Strain FEM

Load Strain in Gage prediction Results of

(N) Test Optical Result (Transfer= Linear
Fiber pst (.ra2447) Regression

(pstrain) (pstrain) 0.962447)
1 52.482 68.979 66.388

2000 2 52.244 68.979 66.388
3 51.884 69.890 67.265

1 80.516 102.445 98.598
3000 2 78.346 102.185 98.347

3 78.835 102.185 98.347

1 105.059 136.174 131.060
4000 2 105.950 136.565 131.436

3 103.686 136.565 131.436 Xslope=

1 208.994 269.243 259.132 r2_ 0.81258

8000 2 209.399 269.504 259.383 0.99997
3 209.366 269.634 259.508 C1- Xsiope=

1 315.162 404.647 389.451 0.18742
12000 2 315.617 405.557 390.327

3 315.696 403.604 388.448

1 420.615 539.607 519.342
16000 2 420.183 537.131 516.960

3 419.522 538.694 518.464

1 523.125 672.178 646.935
20000 2 523.171 671.787 646.559

3 523.807 671.265 646.057
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4. EXPERIMENTATION

4.1 Experimental set-up
For this study, a linear strain field was applied to a straight optical fiber. This was done

by adhering a straight single-mode optical fiber to an aluminum beam as shown in Figure

19.

Computer Aluminum Epoxy Sensing Fiber
I I Beam

Mach-Zehnder Laser
Interferometric
Sensor System

Detector]

Coupler

Resistance
Strain Gages

Coper Reference Fiber

Time

Figure 19: Schematic diagram showing the experimental set-up

The strain along the bottom of the beam between the inner supports is constant and the

analytical solution is available. However, in these tests two strain gages were attached to

the beam to measure the strain directly. The readings from the two strain gages were

essentially the same. This is expected since the beam was carefully aligned in the testing

machine and the sample was uniform. The beam was ramp loaded up to a set value and

then a cyclic one hertz load was applied to the beam as shown in Figure 20 and Figure

21. Since the beam was preloaded the optical fiber was always in tension. The cyclic

loading made it possible to find the displacements of the fiber for a certain load from the

peaks of the oscillation. Since the oscillation occurred for a number of times a number of
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peak-to-peak values could be found increasing the accuracy of the displacement values

found.
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Figure 20: MTS Loading Regime for Interferometer Tests showing initial ramp-up and oscillations (in this
example, ramp-up is to -10,OOON, then a sinusoidal oscillation with from -4,OOON to -16,OOON with a

mean of -10,OOON, the loads are negative since the load cell was in compression)
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Figure 21: MTS Loading Regime for Interferometer Tests showing close-up of oscillations
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4.1.1 Interferometric Sensor System
The interferometric system used to make the optical measurements was purchased from

Precision-Dynamics, Inc. in Ontario, Canada and is called PD-1000 (please see Appendix

III for additional details). The system works at a 780nm wavelength. The laser diode

temperature is maintained within 0.1*C and has a drift of less than one part in 105 with

the control current accurate to 1 microamp because the accuracy depends on the laser

wavelength. The wavelength is confirmed by a monochromator which is itself calibrated

from a multi-line low pressure mercury discharge lamp. With the interpolation of the

space between fringes, nanometer resolution calibration is possible. An accuracy of Inm

over several millimeters range of displacement is attainable. The system used in the lab

could be operated in two modes. It could be operated as a probe working on the Fizeau

cavity principle or as a Mach-Zhender Interferometer. The experimental tests that were

carried out used the Mach-Zhender Interferometer. However, the probe can be used to

check that the system is operating properly. To carry out the check, the probe was placed

inside an LVDT calibration system with a minimum indication of lpm. By moving the

calibration system to a certain displacement, the probe should also measure the same

displacement. The PD-1000 system was found to be in good agreement with the LVDT

calibrator. Since the interferometer should be able to accurately measure displacements

smaller than one micrometer, this was only a rough check to ensure that the system was

working.

4.1.2 MTS 810 Universal Testing Machine
The MTS testing machine is a well-known material testing system. The system that was

used for the tests had a 100KN load cell that could be selected to operate in smaller load

ranges such as 20KN. A smaller load range allows for better resolution of the loads
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being measured. The machine had been calibrated and tuned so that it would function

properly in generating a 1Hz loading. The MTS testing control program, TestWorks®,

allows for the creation of a template that is used to run the system following a predefined

loading, data recording and unloading plan. For these experimental tests, the system

would first ramp up to a defined load and then oscillate with a 1Hz sinusoidal wave

pattern (Figure 20 and Figure 21). To keep the sensor in tension during the entire

experiment, the lower bound of the oscillation load does not go greater than zero (the

load is negative because the load cell is in compression). Additionally, the program also

records the time, crosshead movement, load, and the strain gage readings. This data

could later be correlated with the PD-1000 by knowing the time at which the data was

collected.

4.1.3 Sensor Configuration
The configuration of the beam used to run the tests is shown in Figure 22.

100mm BEAM MATERIAL:

Centerline Aluminum

SIDE
50mm VIEW

300rnm Electrical Strain GaL

50mmI

Epoxy Optical
Optical Sensor Fiber
Gage Length

Figure 22: Experimental Set-up for Optical Sensor

uges

BOTTOM
VIEW
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A more detailed close-up of the sensor can be seen in Figure 23. The creation of a

quality sensor required attention to detail. First the optical fiber was placed in the center

of the beam and was attached with tape to the thin copper metal strips that had been

previously attached to the beam. The optical fiber had a light tension applied to it before

it was taped to ensure that it was straight. The purpose of the copper strips was to makes

sure that the optical fiber was not resting on the aluminum beam but rather that it was a

little suspended so that adhesive would be underneath the optical fiber.

Tape to temporarily hold
optical fiber in place

Gage Length
(in experiments 5mm-55m n) Strain gages

(-. Ce

PLA
VI EV

Optical Fiber 3M
(FS-SN-4224)

(

Devcon 5-mi4ute epoxy

terline

Thin copper metal strips
/ (approx. 0.2mm thick)

SIDE
VIEW

Centerline
Figure 23: Close-up view of the sensor configuration

Once the fiber is in place epoxy (Devcon 5-minute epoxy) is carefully placed onto and

around the optical fiber. The epoxy sets up in 5 minutes however it is not fully cured for

at least one hour. Generally, 3 or more hours were allowed for the sample to fully cure.

After the tests were run the sensors were

cut into sections using a diamond saw.

powerful measuring optical microscope,

carefully removed from the aluminum beam and

Next the sections were examined underneath a

Topcon model TMM-130Z. The system had a
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minimum indication of 1pm with an accuracy of (3 + 2.5 L/l100) pm where L is the travel

of the microscope stage in millimeters. The amount of adhesive between the optical fiber

and the beam was measured and found to be consistently 250pm. This same system was

used to measure the gage length of the sensor before it was tested.

4.1.4 Analytical Calculation
To verify that the strain gage readings made sense the analytical solution for the set-up

was checked. Figure 24 shows the formulas for calculating the maximum strain at the

center of the beam. These formulas and their derivation are available in many mechanics

of materials and structural analysis books. For a four-point bending regime, the strain is

constant between the two loading points. The strain gage readings were very close to the

theoretical strain calculation.

P/2 P/2 wh 3

a a
W J12

Pa (3L2 -4a 2
h "mx 24EI

Pah
center 2EI

x L

Figure 24: Four-point bending formulas for calculating maximum deflection and maximum strain which
both occur at the center of the beam.

4.2 Results
A comparison of the theoretically predicted values and the measured values can be seen

in Table 11. In general as the gage length increases the difference between the theory

and experimental values decreases as expected. Also, the longer the gage length the more

complete is the strain transfer.
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Table 11: Comparison of measured and predicted strain values

FEM Analytical .% % Difference
Gage Length Transfer Transfer Experimental Difference from

(pm) Prediction Prediction Transfer from FEM Analytical
Prediction Prediction

5,016±3.125 0.20102 0.25006 0.63140 ± 0.06215 214.10182% 152.49901%
12,486+3.312 0.58415 0.61604 0.74077 ± 0.02447 26.81177% 20.24633%
23,089±3.577 0.77226 0.78997 0.85703 ± 0.00673 10.97768% 8.48932%
33,185±3.830 0.84156 0.85385 0.89291 ± 0.00391 6.10138% 4.57478%
43,639 4.091 0.87962 0.88886 0.90445 ± 0.00241 2.82218% 1.75388%
53,855 ±4.346 0.90241 0.90994 0.93920 ± 0.00692 4.07661% 3.21545%

Table 11 shows that there is some difference between the theoretical predictions and the

experimental values especially as the gage length becomes smaller. Some of the error

present can be explained by looking at some of the measured quantities. In actuality,

there is a judgment call when determining the beginning and ending places of bonding for

the fiber. The epoxy does not have a clean beginning and ending location, as shown

diagrammatically in Figure 25.

Gage Length
Epoxy

Ep y Optical Fiber

Figure 25: Measuring the Gage Length of the Optical Fiber Strain Sensor
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Table 12: Effect of Gage Length Uncertainty on Difference between Experiment and Theory

Analytical Experimental Difference % Change due
Gage Length (pm) Transfer Transfer from Analytical to gage length

Prediction Prediction uncertainty
5,016 5012.875 0.24984 152.720%

t 5016.000 0.25006 0.6314 152.499% 0.442%
3.125 5019.125 0.25028 152.278%

12,486 12482.688 0.61594 20.266%
+ 12486.000 0.61604 0.74077 20.247% 0.037%

3.312 12489.312 0.61614 20.228%

23,089 23085.423 0.78994 8.494%
23089.000 0.78997 0.85703 8.489% 0.009%

3.577 23092.577 0.79000 8.485%

33,185 33181.170 0.85383 4.577%
+ 33185.000 0.85385 0.89291 4.575% 0.004%

3.830 33188.830 0.85386 4.573%
43,639 43634.909 0.88885 1.755%

+ 43639.000 0.88886 0.90445 1.754% 0.002%
4.091 43643.091 0.88887 1.753%

53,855 53850.654 0.90993 3.216%
+ 53855.000 0.90994 0.9392 3.215% 0.002%

4.346 53859.346 0.90995 3.215%,

Table 12 shows that when the gage length is shorter the error in the measurement is

greatest. Additionally, as seen in Figure 26, the strain transfer efficiency increases at a

much greater rate when the gage length is shorter as compared to when it becomes larger.

Therefore, when the gage length is shorter, any error in the gage length would have a

greater influence on the amount of transfer when compared to longer gage lengths when

it becomes less important. Table 12 shows that even when looking only at the

measurement error present in the measuring microscope (not including judgment error)

the influence on the "% Change due to gage length uncertainty" is greater for short bond

lengths and decreases significantly for longer bond lengths. It is interesting to note that

when the bond length gets beyond 20,000pm, where it graphically can be seen to be

reaching more of an asymptote in Figure 26, the difference between theory and

experiment becomes much less.
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Figure 26: Analytical Prediction of Strain Transfer versus Gage Length

The results from the PD-1000 and the strain gages can be found in Appendix II. This

data was used to create Table 13, Table 14, Table 15, Table 16, Table 17, and Table 18,

which compare the experimental and theoretical transfer rates for different bond lengths.
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Table 13: Comparison between experimental and theoretical analysis (sensor gage length is 5,016pm)

1 ApaetStrain Average &Ap paent Strain reading Percent Average & Standard
u Optical Gage corrected different Standard Deviation
- Fiber Result with FEM from Deviation for all

- pstrain) (pstrain) (Transfer= theory per load loads
0.201018)

1 141.032 269.765 54.228 160.07%
o 2 159.824 270.025 54.280 194.44% 217.99%
c 3 219.706 269.114 54.097 306.14% ± 62.51%

4 168.892 269.895 54.254 211.30%

C) 1 260.941 403.475 81.106 221.73% 21.%
C 2 250.094 404.126 81.237 207.86% 211.90%N _ +___ ____ 8.56%

3 248.516 403.866 81.184 206.11% 214.10%

o 1 352.580 537.913 108.130 226.07% 216.79% 30.92%

2 339.435 538.173 108.183 213.76% 8.20%
3 335.781 537.913 108.130 210.53% -8.20%
1 434.677 671.786 135.041 221.89%

0 2 412.386 672.046 135.093 205.26% 209.85%

N 3 420.339 671.135 134.910 211.57% 9.18%
4 405.980 671.655 135.015 200.69%

Table 14: Comparison between experimental and theoretical analysis (sensor gage length is 12,486pm)

Apparent Strain Strain reading Percent Average & Average &
z Strain in corrected with Standard

CnGage FMdifferent Standard
- a Optical FEM Deviationi.H Result f romn Deviation
SFiber pstrain) (Transfer= theory per loadall

- I (pstrain) ________ 0.584146) theory perload_ loads

1 188.645 268.318 156.737 20.36% 24.71%
2 201.953 268.651 156.931 28.69% 4.18%
3 196.593 269.027 157.151 25.10%

0 1 290.746 402.563 235.155 23.64% 24.47%
0 2 294.980 403.866 235.916 25.04% 0.74%

T_ 3 293.340 402.563 235.155 24.74% 26.81%+

o 1 423.690 535.958 313.078 35.33% 27.98% 4.19%

2 384.120 536.348 313.306 22.60% 6.59%
3 394.415 535.827 313.001 26.01%

o 1 496.557 652.759 381.307 30.22% 30.08%
C 2 502.116 653.672 381.840 31.50% 1.50%
C~ 3 490.604 653.540 381.763 28.51%
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Table 15: Comparison between experimental and theoretical analysis (sensor gage length is 23,089pm)

Apparent Strain Strain reading Percent Average & Average &
U.Strain in Gain corrected with different Standard Standarda) Optical Gae FEMC Opa Result from Deviation Deviation for0Fiber (Transfer=

0 ptFin) (pstrain) 7256 theory per load all loads

o 1 226.636 268.333 207.222 9.37% 10.22%±
8 2 228.575 268.463 207.322 10.25% 0.83%

3 230.205 268.463 207.322 11.04%

o 1 347.765 402.695 310.983 11.83% 11.43%
2 344.138 402.695 310.984 10.66% 0.67%
3 347.682 402.695 310.983 11.80% 10.98%

0 1 459.098 535.962 413.899 10.92% 10.59% 0.87%

o 2 457.458 536.091 413.999 10.50% 0.30%
3 457.052 536.351 414.200 10.35%

0 1 583.179 669.964 517.384 12.72% 11.67%
0 2 573.947 669.313 516.881 11.04% 0.91%0
N 3 575.668 669.963 517.383 11.27%

Table 16: Comparison between experimental and theoretical analysis (sensor gage length is 33,185pm)
Strain Average &

Apparent reading Percent Average & andard
Strain in Strain Gage corrected different Standard Deviation

i- Optical Fiber train) with FEM from Deviation for all
- (pstrain) (Transfer= theory per load loads

0.841561) 1 _ 1
1 240.835 268.994 226.375 6.39% 5.67%
2 236.563 268.068 225.596 4.86% 0.77%
3 238.674 268.184 225.693 5.75%

0 1 359.502 403.730 339.763 5.81% .01 6 m 1601%±
0 2 360.479 403.079 339.215 6.27% 0.23%

3 359.990 403.730 339.763 5.95% 6.10%

1 480.397 536.354 451.375 6.43% . 0.46%
t 6.35%±

2 480.682 536.744 451.703 6.42% 0.12%
3 480.134 537.135 452.032 6.22%

1 599.404 670.629 564.367 6.21%
6.37%±2 601.076 670.489 564.258 6.53% 0.16%

13 600.658 670.879 564.586 6.39%
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Table 17: Comparison between experimental and theoretical analysis (sensor gage length is 43,639pm)

ApparentStrainAp aent Strain reading Percent Average & Average &

Optical Gage corrected different Standard Standard

o Fiber Result with FEM from theory Deviation Deviation for

pstrain) (pstrain) (Transfer= per load all loads
0.879623)

1 244.169 268.551 236.223 3.36%
O 2 _______ ______ ______ 265% 2.76% ±

2 242.608 268.681 236.338 2.65% 0.55%
3 242.227 269.260 236.847 2.27%

o 1 364.420 402.826 354.335 2.85%
0 2 364.865 403.737 355.136 2.74% 2.0%C~i 0.05%

3 364.761 403.346 354.793 2.81% 2.82%

1 484.791 537.003 472.360 2.63% 0.27%
_ __ __ _ __ _ __ _ ___ 2.74%±

2 485.887 537.003 472.360 2.86% 0.12%
3 485.983 537.784 473.047 2.73%

o 1 607.220 669.313 588.744 3.14%
2 606.550 670.876 590.118 2.78% 2.18%0.18%

C~ 3 607.525 670.355 589.660 3.03% _

Table 18: Comparison between experimental and theoretical analysis (sensor gage length is 53,855pm)

Strain
Apparent Strain reading Percent Average & Average &
Straini Gage corrected different Standard Standard

0 Optical Result with FEM from Deviation Deviation
Fiber (pstrain) (Transfer= theory per load for all loads(pstrain) 1 1 0.902412) _ 1 1_ _

1 249.580 268.855 242.618 2.87% 3.29%
2 248.807 269.245 242.970 2.40% 1.16%
3 252.923 267.943 241.7951 4.60%_

0 1 380.456 402.826 363.515 4.66%
o . 4.40%±
0 2 378.112 403.086 363.750 3.95%

3 379.448 402.044 362.809 4.59% 4.08%

o 1 503.432 536.874 484.481 3.91% 0.77%1 4.40%+±
2 508.124 535.832 483.541 5.08% 0.61%
3 504.184 536.092 483.776 4.22%

0 1 631.574 669.315 603.998 4.57%0 1114.21% ±
0 2 629.100 669.706 604.351 4.10% 0.31%
c 3 628.008 669.315 603.998 3.98%
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5. CONCLUSION

A further investigation into the shear transfer behavior of strain optical fiber sensors

shows that it is indeed an important consideration when designing the strain sensors. The

3D FEM model presented gives insight into the importance of the adhesive thickness

between the structural body and the fiber in order to have good shear transfer.

Additionally, an analytical model shows good agreement with the 3D FEM model when

the coating stiffness is low. However, for bare-fiber the analytical model does not match

the 3D FEM results. Determining the photo-elastic coefficients with some calibration

tests proved essential to getting good results. The experimental results show close

agreement with the theoretical prediction for larger bond length. The analysis presented

can aid the sensor designer in knowing what parameters are most important for a good

effective design.
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Chapter 5
Conclusion

1. SUMMARY

Monitoring structural integrity and performance is important for safer structures that

efficiently meet the needs of the users. The strain and crack sensors that have been

developed and investigated in this thesis are good tools that can be used to measure and

observe structural behavior. In strain and crack sensing, the change in optical output is

related to the mechanical deformation of the fiber and the effect of fiber deformation on

the characteristics of the light signal. To design optical sensors and to properly interpret

the results, it is important to understand both the mechanical and optical behavior of the

optical fiber.

1.1 Measuring Optical Fiber Coating Stiffness
To understand the performance of a sensor it is important to know the characteristics of

the constituent materials. Quite often engineering material handbooks can offer the

information that is needed to characterize the materials being used, however that is not

always the case. With the coatings on an optical fiber, the available information is very

scarce. The NANO INDENTER II procedure outlined in Chapter 2 provides a method that

can be applied to measure the mechanical properties of the coating directly on the optical

fiber. Just like the coating properties are not available in standard manuals, the standard

indenter testing procedures are not proficient in finding the material properties. The

sample preparation and material testing required new non-standard techniques. While

these new techniques are not revolutionary, they are a careful extension of existing
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methods that succeed in the required purpose. Traditionally, samples are often of one

material, frequently metal. However, the optical fiber contains multiple materials with

very dissimilar mechanical properties. Hence, the preparation process required a method

that could deal well with polishing both soft and very stiff materials simultaneously.

Such a technique was developed and outlined in detail in Chapter 2. With an acceptable

sample surface created, some adjustments were needed to test the soft materials. Finding

the surface of the sample turned out to be the biggest obstacle. Carefully adjusting some

of the surface finding capabilities of the machine made it possible to judiciously select

the correct contact point manually. Finally, the actual indentation could take place

yielding acceptable results.

1.2 Crack Sensing
The novel distributed optical fiber crack sensor that has been further developed in

Chapter 3, can detect cracks without prior knowledge of crack location. This has been

demonstrated experimentally for the first time. A concrete beam with a crack sensor

attached to it was broken in two locations. The crack sensor correctly identified the

existence of the cracks as well as their locations. Additionally, a theoretical model has

been developed to give insight into the performance of the crack fiber sensor. The model

combines the mechanical analysis of fiber deformation with the optical analysis of light

loss in a curved waveguide. Several approaches were investigated to find the best

mechanical model for the fiber deformation. Likewise, different ways for calculating the

optical loss due to the bent waveguide were also studied. The optical analysis

investigation was not only done for single-mode fibers but for multimode fibers as well.

The crack sensor loss theory allows the optimization of sensitivity and loss which

governs the number of cracks that can be monitored by a single fiber. The inclusion of
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multimode fibers increases the potential applications for the crack sensor by giving the

designer additional choices in fiber selection while reducing the cost. The verification of

the theoretical models has also been carried out with the use of the crack simulating

Epoxy Blocks. The crack simulators along with the specially designed testing machine

provided the experimental data for such a confirmation. Reasonable agreement between

predicted and measured sensor performance has been obtained. Validation of the single-

mode model has been more substantial than with the multimode model. While more

verification will be useful in fine-tuning the models, especially the multimode, the basic

analytical structure is present.

1.3 Strain Sensing
Strain measurement using optical fibers offers many possibilities beyond traditional

electrical strain gages. However, to simply utilize these sensors like traditional strain

gages would be a mistake. For an electrical strain gage it is generally safe to assume that

the transfer of the strain from the monitored member into the gage is very close to 100%.

The work done in this thesis clearly shows that it is not safe to make this assumption in

regards to optical fiber strain sensors. The geometry of the sensor, the manner in which it

is attached to the structure, and whether coated or uncoated optical fiber is used all

influence the efficiency of the strain transfer. Chapter 4 has looked at the different ways

in which the different factors influence the strain transfer in a linear strain field. The

thickness of the adhesive between the structure being monitored and the optical fiber was

found to be very important in the stress transfer, as was the gage length of the embedded

optical fiber. The coating stiffness was also influential in the strain transfer efficiency.

Bare-fiber which is not easy to handle because it breaks easily, was found to have the

best strain transfer efficiency. However the bare-fiber was also found to be the most
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sensitive to the thickness of the adhesive underneath the optical fiber. While some

previous studies have looked at the influence of fiber coatings, they have not carried out

as complete a verification of the shear lag theory. This study performs the experiments

with coated fiber to show that the model is in agreement with the strain measurements.

This is done while using independently measured coating properties and Pockel's

constants. Measuring the coating properties has been covered exclusively in Chapter 2

while the procedure for determining the Pockel's effect has been included in Chapter 3.

This information will aid the engineer in properly utilizing this promising strain

measuring technique in a judicious manner.

As the continuing efforts by engineers to design and build safer, more efficient and user-

friendly structures increases, structural monitoring will also grow in importance.

Nonetheless, for the sensors to be utilized well they must be built upon a sure foundation

by having a thorough understanding of the manner in which they will perform.

2. ORIGINAL CONTRIBUTIONS

This thesis presents many contributions to the field of crack and strain sensing using

optical fibers. The major contributions are:

1. A practical and reliable method for the measurement of the coating stiffness

In the past, some investigators simply took values for the coating stiffness

from material handbooks which is not good since the polymers used in the

coatings are greatly effected by the coating process and therefore the value is

different than that reported in a manual. Other methods for measuring the

coating stiffness were indirect or highly susceptible to noise. The nano-
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indentation method provides a reliable method that can directly measure the

coating stiffness. Since the coating is an important phase, governing strain

and deformation transfer between the structure and an attached optical fiber,

knowledge of the coating stiffness allows proper performance characterization

of fiber optic sensors.

2. Further development of a mechanical model for the optical fiber crack sensor

Various approaches to model the crack sensor were tried until the one that

best matched the experimental results was found. This analysis included the

development of a 3D FEM model for the sensor.

3. Optical analysis for single mode fiber crack sensor

Different optical analyses were investigated, including the Beam Propagation

Method and the different analytical solutions for a fixed radius as proposed by

various authors such as Marcuse and Snyder. Since the crack sensor does not

create a single fixed radius it is necessary to find which method can best be

applied to the analysis. Furthermore, many of the analysis solutions do not

account for small radii like are found in the crack sensor and an appropriate

correction factor has to be applied.

4. Optical analysis for the multimode fiber crack sensor

The multimode analysis as suggested by Snyder and Love was used since it is

straightforward and quick which is important so that it can serve as a good

design guide. However, the theory is for a fixed radius whereas the crack

sensor produces many different radii. Careful application of the theory was
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necessary to account for the different radii from the crack sensor. Comparison

with the experimental values is good when attention is given to the launching

condition of the light into the fiber.

With contributions 2, 3 and 4, a framework is now available for predicting the

signal loss versus crack opening relation for both single mode and multimode

fibers. With this theoretical framework, the effect of various design

parameters on the signal loss can be predicted. For specific design

requirements (e.g., sensitivity at small crack openings, maximum loss at large

opening, etc), the optimal combination of design parameters can hence be

selected.

5. Mechanical modeling of the strain transfer for optical fiber strain sensors

A full 3D FEM model was developed to investigate the shear lag effect in

optical fiber sensors. This investigation centered on coated optical fibers.

Coated fibers are more easily handled than bare fibers but have a more

pronounced influence from the shear lag effect. With the analysis, the effect

of coating properties on strain transfer efficiency and consistency of the

calibration factor for the strain sensor can be studied.

6. An analytical model for strain sensing

This solution provides a much quicker way for determining the strain transfer

efficiency for a specific setup. The limitations of the analysis have also been

studied in Chapter 4.
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With contributions 5 and 6, a theoretical framework is developed for the

selection of fiber coating stiffness to provide a good compromise between

high strain transfer efficiency, and low sensitivity of the calibration factor to

the gluing process of the fiber sensor (which affects the thickness of adhesive

between the sensor and the member to which it is attached).

3. RECOMMENDED FUTURE WORK

To understand the behavior of optical fiber sensors, knowledge of the mechanical

properties of the fiber coating is very important. The testing procedure presented in the

thesis gives a way by which this information can be obtained. With technology

advancing at high rates it is likely that more sensitive and improved indentation

equipment will become available. However, the concepts involved in preparing the

sample and in finding the sample surface as presented here will still be pertinent. Hence,

additional fiber coatings can be tested which will further enhance the available

knowledge of the mechanical performance characteristics of optical fibers.

Implementation of the theoretical models in designing crack sensors for actual structures

would be beneficial for the progression of the crack sensor in making the transition from

the laboratory to the real world. A significant amount of work has been done to develop

the crack sensor to the level presented and it would now be beneficial to implement the

sensor to actually monitor a structure. This would provide information that cannot be

gathered in the lab and would enhance the commercial potential of the sensor.

Oftentimes when things are used in their intended environment issues that may have been

overlooked in the development become obvious. Therefore, actually modeling a sensor
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to be used in a structure and then implementing that design might bring to light some

deficiencies that could then be fixed.

In addition, the crack sensor concept can be expanded to measure more information about

the crack opening. Using multiple fibers at different orientations within the crack sensor

has the potential to measure not only the crack opening but also any shearing that has

occurred between the crack faces. It may also be possible to gather the same information

without the addition of more fibers by using different wavelengths within the same

single-mode optical fiber. Should these new ideas work they would increase the potential

applications for the crack sensor.

The strain sensing analysis has thus far been limited to linear strain fields. The next step

is to see how the strain sensors function in non-linear strain fields. An assessment about

whether the numerical and analytical models still are valid should be made. Additionally,

those factors that are important to the strain transfer, such as bond length, can also be

found. Furthermore, the shear lag analysis presented here has been focused on

interferometric strain sensors. The effect of the strain would be different with a Fiber

Bragg Grating. For an FBG the gage length is the length of the Bragg Grating (assuming

that the bond length is greater than the grating length) not the entire length of the bonded

fiber. However, if the bond length of the FBG were very close to the Bragg Grating

length there obviously would be an issue with the strain transfer. Furthermore, besides

the measurement of average strain, FBGs can also be designed for the measurement of

the actual strain distribution used in distributed sensing configurations in which case

accurate knowledge of the strain transfer would be necessary. This becomes even more

obvious when considering non-linear strain fields. To properly measure the desired
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information the design engineer would need to know the strain transfer trend to make

judicious decisions on sensor location and geometry.
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Appendix I
Mechanical Drawings-Sensor Sheet
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Appendix II
Experimental Data-Strain Sensor

1. INTRODUCTION

The data contained in this Appendix refers to the information presented in chapter 4. The

data here shows how the strain readings were obtained from the original data. Figure 1

illustrates the meaning of the different table headings. The tables show the results from

the PD-1000 interferometer tests and from the Strain gages.

2.00-
Average and Standard Deivation

1.00 - - - - - - - - - - -

0.00 -
0. 0 1. 0 2. 0 3. 0 4. 0 5. 0 6. 0 7. 0 8. 0 9. 0 10.00

-1.00-

S-2.00-
Difference between peaksEa)

-3.00 -
(U

-4.00 -

-5.00-

-6.00 -_

-7.00 Average and Standard Deivation

Time (s) Average
------ Standard Deivation

Figure 1: Example of the data plot from the PD-1000 and illustration of explaining meaning of information
in the tables. It also applies to tables with MTS results except that the y-axis is "Strain".

The tables with the PD-1000 data show a "Corrected Difference..." column. The reason

for the correction term is that the interferometer software provided by the manufacturer

incorrectly calculates the displacement as if it were a Fizeau cavity rather than a Mach-

Zhender interferometer. Appendix III further addresses this issue.
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Table 1: Data from the PD-1000, Gage Length=29,237pm

Average Average Difference Corrected Apparent

Min. Standard Max.Peak Standard between Difference Strain in
Vu Deviation Deviation OpticaliV alu. ea MP ) a. ( peaks (2/flcore Fiber

a(pm) (pm) (pm) =2/1.458) pstrain)1J (pm)tri

0 1 -0.69912 0.34534 0.32867 0.36281 1.02779 1.410 48.22196

0 2 -0.94033 0.19029 0.12979 0.19577 1.07012 1.468 50.20803
3 0.088391 0.132991 1.15302 0.11427 1.06463 1.460 49.95011

0 1 -1.58690 0.51782 0.02160 0.52976 1.60851 2.206 75.46795
0 2 0.41401 0.46919 2.07913 0.43979 1.66513 2.284 78.12444

3 -1.02895 0.38767 0.60951 0.38878 1.63845 2.248 76.87289

0 1 0.14328 0.42546 2.32132 0.46908 2.17805 2.988 102.18973
8 2 -0.39812 0.56640 1.81078 0.56822 2.20890 3.030 103.63712

3 -1.67934 0.38806 0.39210 0.36833 2.07144 2.841 97.18787

1 -4.88400 0.60665 -0.55548 0.66660 4.32852 5.938 203.08547
2 -3.88167 0.13591 0.42685 0.11992 4.30852 5.910 202.14707
3 -3.36414 0.53854 0.99029 0.51687 4.35442 5.973 204.30098

0 1 -6.31686 0.21193 0.11253 0.18781 6.42940 8.819 301.65455
2 -2.77937 0.19921 3.66046 0.18919 6.43983 8.834 302.14393
3 -3.671321 0.17313 2.76968 0.17688 6.44099 8.835 302.19868

o 1 -2.78448 0.20406 5.76730 0.22005 8.55178 11.731 401.23267

2 -0.27266 0.16854 8.31983 0.16351 8.59249 11.787 403.14259
3 -1.29830 0.17489 7.30179 0.19202 8.60009 11.797 403.49900

1 1 -7.36454 0.21271 3.41784 0.18690 10.78238 14.791 505.88794
2 -9.94622 0.36655 0.76331 0.39645 10.70953 14.691 502.47005

, 3 -10.69914 0.07783 0.03404 0.08932 10.73318 14.723 503.57961

Appendix II: Experimental Data-Strain Sensor 199 Noah G. Olson
Appendix II: Experimental Data-Strain Sensor Noah G. Olson199



Table 2: Data from the Strain Gages, Optical Fiber Gage Length=29,237pm

Average Min. Standard Average Standard Strain
Load Test Peak Value Deviation Max.Peak Deviation Gage
(N) (pstrain) (pstrain) stain (pstrain) Result

_________~~ ~ ___ ________ _______ _______ _______ (pstrain)

1 137.439 1.257 205.247 1.072 67.808
2000 2 136.918 1.196 205.507 0.739 68.589

3 137.179 0.672 204.987 0.920 67.808

1 204.596 0.823 307.303 0.961 102.707
3000 2 203.945 0.629 307.433 1.196 103.488

3 203.685 0.686 305.871 0.868 102.186

1 239.090 1.072 374.745 0.961 135.655
4000 2 239.350 0.739 374.354 0.910 135.004

3 238.699 1.399 373.703 0.739 135.004

1 203.292 1.027 472.407 0.686 269.115
8000 2 203.292 0.823 472.277 0.672 268.985

3 202.772 0.910 472.277 0.672 269.505

1 134.313 0.823 538.179 0.868 403.866
12000 2 133.793 1.257 538.570 0.629 404.778

3 133.272 1.063 538.440 1.197 405.168

1 133.662 0.878 671.575 0.911 537.913
16000 2 134.053 0.910 671.575 0.673 537.523

3 133.923 1.265 670.924 0.961 537.001

1 167.109 0.868 838.765 1.381 671.655
20000 2 166.979 0.412 838.634 0.673 671.655

3 166.979 0.960 839.286 0.740 672.307
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Table 3: Data from the PD-1000, Gage Length=39,652pm

Averge verae DffernceApparent
SStandard Standard fference Corrected Strain in

nMin. Peak Standardk between
- Vu Deviation V Deviation Difference Optical

0 Va(pm) (p()p (2/ncore Fiber
.3) (pmM) V (pm) (pm) =2/1.458) (pstrain)

1 -1.39741 0.04219 0.09296 0.03261 1.49037 2.044 51.55877
_ 2 -1.68356 0.10495 -0.20922 0.09452 1.47434 2.022 51.00402
3 -0.11753 0.09397 1.37351 0.08345 1.49105 2.045 51.58214

0 1 0.05474 0.14379 2.32100 0.08593 2.26626 3.109 78.40003
_2 0.07084 0.10075 2.32303 0.08707 2.25219 3.089 77.91337

3 0.27051 0.22761 2.53573 0.20563 2.26522 3.107 78.36420I1 -0.15602 0.19132 2.82991 0.19187 2.98592 4.096 103.29664
0 2 -0.09560 0.28569 2.90455 0.29920 3.00015 4.115 103.78870

3 -0.90517 0.13621 2.10264 0.12453 3.00781 4.126 104.05381

0 1 -0.81291 0.34879 5.16219 0.34395 5.97510 8.196 206.70567
0 2 -5.32672 0.20290 0.64522 0.14146 5.97195 8.192 206.59662

3 -5.62157 0.14985 0.38388 0.18251 6.00545 8.238 207.75573

_ 1 -8.00239 0.37196 1.02303 0.37679 9.02542 12.381 312.23008
_ 2 -1.46037 0.20142 7.49358 0.19918 8.95395 12.283 309.75777

T__ 3 -3.40467 0.52873 5.54939 0.56265 8.95406 12.283 309.76128

o 1 -3.33952 0.33314 8.56990 0.34866 11.90942 16.337 412.00057
0I
o 2 -3.09289 0.19219 8.88203 0.13108 11.97492 16.427 414.26669

3 -4.19753 0.16662 7.75909 0.19129 11.95662 16.401 413.63375

o 1 -9.03218 0.27305 5.88562 0.26759 14.91780 20.463 516.07406
2 -4.42282 0.20671 10.50856 0.20853 14.93138 20.482 516.54404

C~ 3 -3.73237 0.38231 11.15675 0.40868 14.88913 20.424 515.08230
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Table 4: Data from the Strain Gages, Optical Fiber Gage Length=39,652pm

Average Min. Standard Average Standard Strain
Load Test Peak Value Deviation Max. Peak Deviation Gage

(N) (pstrain) (pstrain) Vaue (pstrain) Rsut

1 131.673 0.549 199.741 0.920 68.068
2000 2 131.543 0.739 199.350 0.823 67.807

3 131.283 0.960 199.220 0.412 67.937

1 200.782 0.629 302.577 0.921 101.795
3000 2 200.262 1.140 301.926 0.000 101.664

3 200.522 0.739 302.447 0.672 101.925

1 236.056 1.098 371.450 1.098 135.394
4000 2 236.187 0.920 371.580 0.686 135.394

3 235.926 0.879 371.580 0.921 135.654

1 203.385 0.878 472.761 0.824 269.375
8000 2 203.385 0.629 472.891 0.879 269.506

3 203.516 0.672 472.500 1.063 268.985

1 136.879 1.027 540.617 0.879 403.738
12000 2 137.269 1.265 540.096 0.961 402.827

3 137.399 1.097 540.747 0.911 403.348

1 137.920 0.868 675.577 0.961 537.657
16000 2 138.050 0.739 675.186 0.911 537.136

3 ,0138.050 0.739 675.317 0.879 537.267

1 173.580 0.672 844.853 1.346 671.273
20000 2 173.580 1.257 844.071 0.824 670.491

3 173.710 1.106 844.462 0.687 670.752
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Table 5: Data from the PD-1000, Gage Length=49,371 m

Average Average Difference Corrected Apparent
z veak Standard Max. Standard Strain in

(n Min. Peak between Difference Opia
) Value Deviation Peak Deviation peaks (2/tcore pical

0 (pm) (pm) Value (pm) pm) =2/1.458) Fiber
I_ I I (pm) II____ I, (pstrain)

1 -0.61157 0.10183 1.27733 0.10605 1.88890 2.59108 52.48177
8 2 -0.84801 0.10677 1.03233 0.11036 1.88034 2.57934 52.24406

3 -0.96468 0.07008 0.90272 0.07731 1.86740 2.56159 51.88445

0 1 -0.02833 0.30943 2.86956 0.13802 2.89789 3.97516 80.51606

0 2 -2.38992 0.16987 0.42988 0.19323 2.81979 3.86803 78.34613

3 -2.23901 0.11321 0.59837 0.09952 2.83739 3.89216 78.83498
_1 -3.48802 0.24019 0.29320 0.25403 3.78121 5.18685 105.05864

_ 2 -3.47656 0.25327 0.33675 0.27738 3.81331 5.23088 105.95038
3 -3.22700 0.17641 0.50482 0.17397 3.73182 5.11909 103.68621

0 1 -6.45044 0.21938 1.07157 0.25350 7.52201 10.31826 208.99426
8 2 -7.38718 0.18439 0.14942 0.20585 7.53659 10.33826 209.39948

3 -2.62328 0.19923 4.91211 0.18819 7.53539 10.33661 209.36596

_ 1 -5.14029 0.19860 6.20284 0.17501 11.34312 15.55984 315.16157
_ 2 -2.31333 0.32656 9.04617 0.31692 11.35951 15.58231 315.61674

3 -3.58570 0.33215 7.77666 0.33210 11.36236 15.58622 315.69588

0 1 -11.95319 0.19481 3.18536 0.18131 15.13855 20.76619 420.61514
2 -15.18693 0.16118 -0.06391 0.18460 15.12302 20.74488 420.18346

_3 -3.21182 0.23832 11.88739 0.28704 15.09921 20.71222 419.52207

0 1 -7.56437 0.66309 11.26366 0.64185 18.82803 25.82720 523.12496
g 2 -13.47219 0.38970 5.35750 0.38306 18.82969 25.82948 523.17109

3 -18.61702 0.10919_ 0.23557 0.09673 18.85259 25.86089 523.80737

Appendix II: Experimental Data-Strain Sensor 203 Noah G. Olson
Appendix II: Experimental Data-Strain Sensor 203 Noah G. Olson



Table 6: Data from the Strain Gages, Optical Fiber Gage Length=49,37 1pm

Load Average Min. Standard Average Max. Standard Strain Gage
Test Peak Value Deviation Peak Value Deviation Result

(N) (pstrain) (pstrain) (pstrain) (pstrain) (pstrain)

1 131.580 1.945 2 0 0 .559 0.879 68.979
2000 2 131.840 0.739 200.819 0.739 68.979

3 131.190 1.959 201.080 0.960 69.890

1 199.387 1.344 301.833 2.397 102.445
3000 2 198.997 0.920 301.182 1.227 102.185

3 198.476 0.412 300.661 0.672 102.185
1 232.839 1.762 369.013 1.433 136.174

4000 21 232.709 2.229 369.274 0.879 136.565
3j 232.188 0.614 368.753 0.961 136.565

1 199.127 0.910 468.370 0.672 269.243
8000 2 200.299 1.106 469.803 0.921 269.504

3 199.518 0.739 469.151 1.063 269.634

1 132.882 0.878 537.528 1.107 404.647
12000 2 131.450 2.469 537.007 0.739 405.557

3 132.621 1.406 536.226 1.266 403.604

1 133.402 1.139 673.009 2.764 539.607
16000 2 133.272 1.227 670.403 0.921 537.131

3 133.142 1.432 671.836 1.099 538.694

1 168.021 1.072 840.198 3.465 672.178
20000 2 168.021 0.878 839.807 0.922 671.787

3 167.890 0.910 839.156 0.869 671.265
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Table 7: Data from PD-100 for Optical Sensor Gage Length=5,016pm

Average Average Strain Apparent
Z.- Min. Standard Max. Standard Difference Corrected including Strain in

a Peak Deviation Peak Deviation between Difference P11 and Optical
p Value (pk) Value (pm)s (2/ncore) P12 Fiber

(PM) ((pm) ( (pstrain) (pstrain)

1 0.3347 0.7751 0.7511 0.7543 0.4164 0.5712 0.7074 141.0319

0 2 -0.7528 0.2407 -0.2809 0.2449 0.4719 0.6473 0.8017 159.8236
0
cc 3 0.8936 1.5599 1.5423 1.5574 0.6487 0.8898 1.1020 219.7061

4 -0.3195 0.2058 0.1792 0.2075 0.4986 0.6840 0.8472 168.8918

o 1 -0.2448 0.2020 0.5256 0.1947 0.7704 1.0568 1.3089 260.9407
2 -0.2020 0.1260 0.5364 0.1304 0.7384 1.0129 1.2545 250.0935
3 0.3102 0.3035 1.0440 0.3052 0.7337 1.0065 1.2466 248.5157

o 1 0.3085 0.6702 1.3495 0.6641 1.0410 1.4280 1.7685 352.5800
o 2 -0.2978 0.2458 0.7044 0.2282 1.0022 1.3747 1.7026 339.4347

3 -0.7746 0.0782 0.2168 0.0705 0.9914 1.3599 1.6843 335.7805

1 -1.1865 0.4371 0.0969 0.5136 1.2834 1.7604 2.1803 434.6769

* 2 0.4592 0.3172 1.6767 0.3427 1.2176 1.6702 2.0685 412.3863

2 3 -0.4134 0.5529 0.8276 0.5622 1.2410 1.7024 2.1084 420.3391
4 -0.4001 0.3888 0.7985, 0.4183 1.1986 1.6442 2.0364 405.9802

Table 8: Data from Electrical Strain Gages for Optical Sensor Gage Length=5,016pm

Average Min. Standard Average Max. Standard Strain Gage
Load Test Peak Value Deviation Peak Value Deviation Result

(N) (pstrain) (pstrain) (pstrain) (pstrain) (pstrain)

1 200.971 0.960 470.736 0.961 269.765

8000 2 200.971 0.960 470.996 1.236 270.025
3 201.622 0.910 470.736 0.739 269.114

1_ 4 201.362 0.549 471.257 0.686 269.895

1 133.684 0.823 537.159 1.433 403.475
12000 2 133.684 0.549 537.810 0.911 404.126

3 133.424 1.063 537.289 1.027 403.866

1 133.554 0.412 671.467 0.824 537.913
16000 2 133.033 1.071 671.206 0.869 538.173

3 133.424 0.868 671.337 0.740 537.913

1 167.391 0.739 839.177 1.141 671.786

20000 2 167.131 1.140 839.177 0.412 672.046
3 168.042 0.672 839.177 0.962 671.135

1_ 4 167.001 0.549 838.656 0.687 671.655
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Table 9: Data from PD-1000 for Optical Sensor Gage Length=12,486pm

Average Average Strain Apparent
Z.. Min. Standard Max. Standard Difference Corrected including Strain in

a) Peak Deviation Peak Deviation between Difference P11 and OpticalH Value (pm) Value (pm) peaks (2/nor) P1 Fiber

-(p M) (pm) I (pm)(pstrain) (pstrain)

1 0.8651 0.5981 2.2515 0.6171 1.3864 1.9018 2.3554 188.6445
o 2 -0.8005 0.1492 0.6837 0.1686 1.4842 2.0360 2.5216 201.9533

3 -0.8648 0.1845 0.5800 0.1797 1.4448 1.9819 2.4547 196.5933

o 1 -0.8492 0.2570 1.2876 0.2890 2.1368 2.9311 3.6303 290.7460
2 -1.0428 0.2481 1.1251 0.2459 2.1679 2.9738 3.6831 294.9797
3 -1.8381 0.2244 0.3178 0.2199 2.1559 2.9573 3.6626 293.3405

oi1 0.5233 1.0064 3.6371 0.7141 3.1138 4.2714 5.2902 423.6897
2 -0.5500 0.3710 2.2730 0.3780 2.8230 3.8725 4.7961 384.1200

3 -2.3528 0.4983 0.5459 0.4801 2.8987 3.9763 4.9247 394.4150

o 1 -3.1078 0.1685 0.5416 0.1522 3.6494 5.0060 6.2000 496.5569
2 -3.6284 0.1660 0.0618 0.2644 3.6902 5.0620 6.2694 502.1159
3 -3.2435 0.1495 0.3621 0.1226 3.6056 4.9460 6.1257 490.6041

Table 10: Data from Electrical Strain Gages for Optical Sensor Gage Length=12,486pm

Average Min. Standard Average Standard Strain Gage
Load Test Peak Value Deviation Max. Peak Deviation Result
(N) Tpstrain) (pstrain) Value (pstrain) (pstrain)(pstran) (psrain) (pstrain)____________

1 201.438 1.196 469.756 0.783 268.318
8000 2 201.829 1.784 470.480 1.855 268.651

3 201.308 1.629 470.335 0.921 269.027

1 132.980 0.823 535.542 1.098 402.563
12000 2 133.370 0.686 537.236 2.535 403.866

3 132.850 1.294 535.412 1.236 402.563

1 132.980 1.344 668.938 1.028 535.958
16000 2 132.589 1.886 668.938 0.824 536.348

3 132.720 0.613 668.547 0.687 535.827

1 166.817 1.027 819.577 53.317 652.759
20000 2 167.078 1.098 820.750 53.781 653.672

3 165.516 1.921 819.055 53.117 653.540
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Table 11: Data from PD-1000 for Optical Sensor Gage Length=23,089pm

Average Average Difference Strain Apparent
z Min. Standard Max. Standard Corrected including Strain in

a) Peak Deviation Peak Deviation Difference P11 and Optical
Value (pm) Value (pm) peaks (2/ncore) P12  Fiber
(pM) (pm) I I I _ (pstrain) (pstrain)

1 -1.9389 0.6564 1.1412 0.6625 3.0801 4.2251 5.2328 226.6361
2 -1.1140 0.2024 1.9924 0.2116 3.1064 4.2612 5.2776 228.5752
3 -3.0908 0.4569 0.0377 0.4515 3.1286 4.2916 5.3152 230.2048

_ 1 -3.1554 0.5390 1.5708 0.5722 4.7262 6.4832 8.0295 347.7646
2 -0.3568 0.2013 4.3202 0.2222 4.6770 6.4156 7.9458 344.1381
3 -3.3357 0.3739 1.3895 0.3792 4.7251 6.4817 8.0276 347.6822

0 1 -0.4864 0.3352 5.7529 0.3614 6.2393 8.5587 10.6001 459.0981
2 -0.8022 0.1847 5.4149 0.1961 6.2170 8.5282 10.5623 457.4582
3 -1.7029 0.4339 4.5086 0.4150 6.2115 8.5206 10.5529 457.0518

0 1 -3.3988 0.6611 4.5268 0.6749 7.9256 10.8719 13.4650 583.1791
2 -4.5219 0.3675 3.2783 0.3590 7.8001 10.6998 13.2519 573.9465
3 -0.2922 0.4163 7.5314 0.4284 7.8235 10.7319 13.2916 575.6676

Table 12: Data from Electrical Strain Gages for Optical Sensor Gage Length=23,089pm

Load Average Min. Standard Average Max. Standard Strain Gage
(N) Test Peak Value Deviation Peak Value Deviation Result (pstrain)

(pstrain) (pstrain) (pstrain) (pstrain)

1 202.832 0.739 471.165 0.549 268.333
8000 2 202.311 0.629 470.774 0.412 268.463

3 202.181 0.910 470.644 0.824 268.463

1 135.154 0.739 537.849 0.911 402.695
12000 2 135.284 1.196 537.979 0.687 402.695

3 134.894 0.960 537.588 1.027 402.695

1 136.195 1.294 672.157 1.266 535.962
16000 2 135.414 1.071 671.505 0.614 536.091

3 135.154 0.739 671.505 0.869 536.351

1 169.382 0.910 839.346 0.549 669.964
20000 2 169.772 0.878 839.085 0.673 669.313

3 168.861 0.868 838.825 0.673 669.963
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Table 13: Data from PD-1000 for Optical Sensor Gage Length=33,185pm

Average Average Difference Strain Apparent
z_ Standard Max. Standard Corrected including Strain in

_~Min. Peak between
Min. Palk Deviation Peak Deviation Difference P1, and Optical

Val(pm (pm) Value (p() pe s (2/ncore) P12  Fiber
1 _(pM) I I I , (pstrain) (pstrain)

0 1 -5.1106 0.1850 -0.4063 0.2378 4.7042 6.4530 7.9921 240.8350
00 2 -2.0328 0.3038 2.5880 0.3104 4.6208 6.3385 7.8503 236.5626

3 -0.00351 0.1214 4.65851 0.1120 4.6620 6.3951 7.9204 238.6744

o1 -6.1441 0.0535 0.8780 0.0480 7.0221 9.6326 11.9301 359.5017
2 -5.6201 0.1444 1.4211 0.1405 7.0412 9.6588 11.9625 360.4794

3 -2.6562 0.1861 4.3754 0.1812 7.0317 9.6456 11.9463 359.9900

01 -7.8165 0.1503 1.5671 0.1679 9.3836 12.8718 15.9420 480.3967
2 -3.0177 0.2235 6.3715 0.2284 9.3891 12.8795 15.9514 480.6818

1 3 -7.3123 0.2781 2.0661 0.2695 9.3784 12.8648 15.9332 480.1337

11 -10.7404 0.3872 0.9678 0.4149 11.7081 16.0605 19.8912 599.4044

02 -3.4127 0.2518 8.3281 0.2545 11.7408 16.1053 19.9467 601.0762
[ 3 -11.0775 0.1603 0.6552 0.1788 11.7326 16.0941 19.9328 600.6579

Table 14: Data from Electrical Strain Gages for Optical Sensor Gage Length=33,185pm

Load Average Min. Standard Average Max. Standard Strain Gage
(N) Test Peak Value Deviation Peak Value Deviation Result (pstrain)

(pstrain) (pstrain) (pstrain) (pstrain)

1 194.050 1.106 463.044 1.208 268.994
8000 2 194.831 0.739 462.899 0.651 268.068

3 194.570 0.739 462.754 0.783 268.184

1 127.024 1.063 530.754 1.295 403.730
12000 2 127.024 0.868 530.103 1.400 403.079

3 126.764 0.823 530.494 0.412 403.730

1 137.242 0.910 673.595 1.107 536.354
16000 2 137.111 1.406 673.856 1.236 536.744

3 136.721 0.549 673.856 0.879 537.135

1 171.730 0.412 842.349 0.869 670.619
20000 2 171.990 0.629 842.479 0.962 670.489

3 171.470 0.960 842.349 0.869 670.879

Appendix II: Experimental Data-Strain Sensor 208 Noah G. Olson
Noah G. OlsonAppendix II: Experimental Data-Strain Sensor 208



Table 15: Data from PD-1000 for Optical Sensor Gage Length=43,639pm

Average Average Difference Strain Apparent
Min. Standard Max. Standard Corrected including Strain in

0 o Peak Deviation Peak Deviation Difference P11 and OpticalValue (pm) Value (pm) peaks (2/ncore) P12  Fiber

V (pm) Vae(pm) (pm) (pstrain) (pstrain)

1 -3.8675 0.1332 2.4043 0.1180 6.2718 8.6033 10.6553 244.1693
2 -1.8344 0.1071 4.3973 0.0900 6.2317 8.5483 10.5872 242.6076
3 -0.0354 0.1139 6.1865 0.1174 6.2219 8.5349 10.5706 242.2272

o 1 -8.9345 0.2477 0.4261 0.2529 9.3606 12.8403 15.9029 364.4199
2 -6.5398 0.0635 2.8323 0.0583 9.3720 12.8560 15.9224 364.8652

T_ 3 -2.5951 0.1774 6.7742 0.1834 9.3693 12.8523 15.9178 364.7605

o 1 -11.7580 0.1498 0.6945 0.1564 12.4525 17.0816 21.1558 484.7914
2 -6.5908 0.1325 5.8899 0.1346 12.4806 17.1202 21.2036 485.8869
3 -9.5694 0.1434 2.9137 0.1558 12.4831 17.1236 21.2078 485.9830

o 1 -4.1124 0.1823 11.4849 0.1241 15.5972 21.3954 26.4985 607.2202
0 0.0855 0.8516 0.1255 15.5800 21.3717 26.4692 606.5500
0

3 -4.1926 0.3440 11.4125 0.3524 15.6051 21.4061 26.5118 607.5254

Table 16: Data from Electrical Strain Gages for Optical Sensor Gage Length=43,639pm

Load Average Min. Standard Average Max. Standard Strain Gage
Load Test Peak Value Deviation Peak Value Deviation Result
(N) (pstrain) (pstrain) (pstrain) (pstrain) (pstrain)

60 203.611 0.910 472.161 0.651 268.551
8000 90 203.481 0.629 472.161 0.651 268.681

120 203.481 1.072 472.740 1.018 269.260

60 135.803 1.379 538.628 1.236 402.826
12000 90 135.282 0.960 539.019 1.373 403.737

120 135.412 0.868 538.759 0.824 403.346

90 135.022 0.878 672.025 0.412 537.003
16000 120 134.892 0.910 671.894 0.869 537.003

150 134.501 0.629 672.285 0.629 537.784

90 170.031 1.098 839.344 0.922 669.313
20000 120 169.250 0.868 840.126 1.296 670.876

150 169.250 0.000 839.605 1.236 670.355
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Table 17: Data from PD-1000 for Optical Sensor Ga ge Length=53,855pm

~- Average Aver age Sad Difference Strain Apparent

Min. Peak Standard MAveak Standard betwen Corrected including Strain in
0 a) Value Deviation Value Deviation peaks Difference P11 and Optical

(p) (pm) (pm) ( (2/ncore) P12  Fiber

_ ____) __ _ _ _ I_ _ _(pstrain) (pstrain)
1 -6.0651 1.0492. 1.8465 1.0027 7.9116 10.8526 13.4411 249.5803

0 2 -5.2965 0.2629 2.5906 0.4492 7.8870 10.8190 13.3995 248.8066
3 -5.2204 0.5363 2.7972 0.5816 8.0175 10.9980 13.6212 252.9234

o1 -4.0763 0.4867 7.9840 0.4208 12.0603 16.5436 20.4895 380.4564
2 -5.8260 0.5961 6.1599 0.5913 11.9860 16.4416 20.3632 378.1119
3 -6.2645 0.3649 5.7638 0.3474 12.0283 16.4997 20.4352 379.4480

o 1 -8.7731 0.3332 7.1854 0.3581 15.9585 21.8910 27.1123 503.4318
0C2 -8.9341 1.0620 7.1732 1.0159 16.1073 22.0950 27.3650 508.1237

3 -15.3412 0.2517 0.6412 0.2381 15.9824 21.9237 27.1528 504.1843

o 1 -11.9169 0.8345 8.1037 0.7821 20.0206 27.4631 34.0134 631.5744
2 -1.3571 0.9230 18.5850 0.9202 19.9421 27.3555 33.8802 629.0998

i3 -2.7389 0.5331 17.1686 0.5223 19.9075 27.3080 33.8214 628.0079

Table 18: Data from Electrical Strain Gages for Optical Sensor Gage Length=53,855pm

Load Average Min. Standard Average Max. Standard Strain Gage
(N) Test Peak Value Deviation Peak Value Deviation Result (pstrain)

(pstrain) (pstrain) (pstrain) (pstrain)

1 203.678 1.235 472.533 1.345 268.855
8000 2 202.897 1.072 472.142 1.407 269.245

3 203.808 1.757 471.751 1.027 267.943

1 136.260 1.106 539.086 0.412 402.826
12000 2 135.740 0.960 538.826 0.879 403.086

3 136.000 0.878 538.044 1.433 402.044

1 136.260 1.866 673.134 1.197 536.874
16000 2 136.651 1.820 672.483 1.236 535.832

3 136.391 1.646 672.483 0.879 536.092

1 171.009 1.344 840.324 0.962 669.315
20000 2 171.139 0.629 840.845 2.150 669.706

3 171.009 0.823 840.324 1.296 669.315
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Appendix III
PD-1000 Fundamental Principles

1. INTRODUCTION

The basic operating principle of the PD-1000, manufactured by Canadian Instrumentation

and Research Limited, will be discussed in this appendix. The manufacturer specially

modified the PD-1000 to include an additional detector port so that it could be used with

a Mach-Zhender interferometer in addition to the standard Extrinsic Fizeau

Interferometer probe. It should be noted that the manufacturer did not provide any

information concerning the operating principles of the system and would not provide

such information upon request. Therefore, the information given in this section has been

gathered from the patent'.

1.1 Basic Principles
Coupler Fizeau interferometer

Laser diode f- ----

Laser driver M 1 M2

Processor A/D Vyetco

Integrator

Counter Reset IDifferential
AV amplifier

Figure 1: Schematic diagram for detecting the interference signal

The interference signal detection system is based on a closed loop fringe tracking servo

system (Figure 1). The intensity of the light at the photo detector is given by the

interference of the two beams going through two different optic paths. One beam comes
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from the reflector Ml (please see Figure 1) while the other beam comes from the

reflector M2. Reflector M2 is moveable with the external displacement. The intensity is:

IL = I0 (l+acos#) ( I )

with I0 and a dependent on the light intensity of the laser diode and the splitting ratio of

the coupler and 0 is the phase difference of the two optic paths. It is related with the

distance of the two mirrors L as:

0= 2fr * 2L (2)

where A is the wavelength of the laser light. If there is a very small displacement AL,

the intensity at the photo detector is:

IL+AL =Io l+acos2; * 2(L + AL) (3)

The photo detector converts this optical signal to voltage VLA . After being amplified by

a differential amplifier, the servo error voltage AV = VL - L+AL is cumulated on the

integrator as the output signal as well as the servo control signal AV.. As the servo

control signal, this voltage is applied to the voltage controlled current driver. This causes

the laser diode to adjust wavelength A to A+ AA , let L / A = (L + AL)I(+ AA) , then,

IL+AL returns back to IL, AV = 0. If IL is set to be on the steepest part of the coherent

fringe slope at the half peak height, AV, is in proportion to AL in a certain range. So
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AV, is representative of AL as the output signal from the integrator. AV, is input to the

A/D conversion circuit , then is sent to the processor.

If AL becomes larger and gets to k-, the reset circuit lets the output of the integrator be
2

zero and generates a pulse to up/down the counter while at the same time, A + AA returns

to A. The processor performs a summation and applies a scaling factor, to display the

AL in appropriate units.

In the realized detection system of the PD-1000, the fringe-tracking servo is based on a

synchronous detection system1 . The laser diode is also modulated by current at a

frequency of 100KHz about a bias current corresponding to a mean or base wavelength.

The amplitude of the modulation frequency is chosen to cause IL to be on the steepest

part of the fringe slope at the half peak height.

1.2 The features of the optic system in PD-1000

70
Detector64 68

Noise \36
Interferometer i

72 71

M
Detector 60

34
Signal Interferometer

Figure 2: Schematic diagram of the optical system in PD-1000.
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A disadvantage of the laser diodes that the PD-1000 uses is that they are sensitive to

external cavity feed back, which is manifest as mode hopping and wavelength jitter. In

the past, optical isolators have been used to prevent feedback, but optical isolators tend to

be expensive.

In the PD-1000, a noise measuring interferometer (number 36 in Figure 2) is used to

measure noise in the laser. This interferometer has an optical path length controlled by

motion of a mirror driven by a piezoelectric positioning device (number 70 in Figure 2).

A second fringe-tracking servo is used with additional feedback from the first signal

fringe-tracking servo described in the first portion, as a means of removing signal

information from the noise measuring interferometer. Thus, the interference signal from

this noise measuring interferometer is then only the noise associated with the wavelength

jitter of the laser diode. In the difference between the outputs of the signal interferometer

and the noise measuring interferometer, the noise component is eliminated from the

signal. The detailed steps for the signal processing are in the patent'.

Because the optical path difference 2L in the Fizeau interferometer, which is around

40mm, exceeds the coherent length of the laser light, which is within 10mm, there may

be a compensating Fizeau interferometer (number 71, Figure 2). This may be used to

read out the interference signal from the signal interferometer and the same device may

be used to read the noise from the noise measuring interferometer (which is not shown in

Figure 2). The compensating Fizeau interferometer (number 71, Figure 2) and

piezoelectric positioning device (number 72, Figure 2) are not shown in the PD-1000

patent. So the optical path difference that contributes to the interference signal is not 2L
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but 2(L-L'), where L' is the distance between the two mirrors in the compensating Fizeau

interferometer (number 71, Figure 2).

1.3 Working process of the PD-1000

1.3.1 Calibration
Before calibration, the signal interferometer must be stable. Then, calibration over the

sub wavelength distance is performed to confirm the actual optical path distance 2(L-L').

Next adjust the light wavelength of the laser from A, to A2, if the reduced number of

fringes is k, then:

2(L - L) 2 (L - L)k (4)
2 2lA2 11

So, 2(L - L') = k2A1 2 /(11 -12) (5)

If L' is known according to the control signal of the piezoelectric positioning device 72 in

Figure 2, L can be given.

Next, it drives the piezoelectric positioning device 70 in Figure 2 to set the distance

between the two mirrors 64 and 68 (Figure 2) of the noise measuring interferometer L.

It drives the piezoelectric positioning device 72 (Figure 2), adjusts the optical path

difference L' from about L'-10mm to about L'+10mm, counts the fringes to confirm the

external displacement tolerance of signal interferometer 34 (Figure 2). Then it returns the

optical path difference back to L'. Then it sets the initial value for every circuit.
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1.3.2 Testing
The signal detecting is based on the synchronous detection system. The oscillator

supplies a 100KHz triangle waveform to the control sample and hold circuit. The laser

diode is also modulated by a 100KHz frequency current. The bias current corresponding

to the mean wavelength and the amplitude of the modulation frequency are chosen so that

when there isn't displacement, the servo error signal AV is zero.

If there is a displacement AL applied on the signal interferometer 34 (see Figure 2), the

interference optical fringe arises and is detected and converted to voltage by photo

detector 60 (Figure 2). The output of the differential amplifier is the servo error signal

AV (see Figure 1), which now is not zero. The servo error signal AV, is integrated by the

integrator to give a servo control signal AV,. The servo control signal is applied to the

programmable gain amplifier, the output of which is applied to the voltage controlled

current driver along with a bias voltage. This causes the laser diode to adjust the

wavelength from the initial A to A + AA, and lets AV reduce to zero. AV, is in

proportion to AL, so it is representative of AL. AV, does not just represent the

displacement AL but also includes the noise N of the laser source.

At the same time, the laser noise N is applied to the noise measuring interferometer 36

(Figure 2), that gives the corresponding interference signal. By another set of closed loop

fringe tracking servos similar to that mentioned above, the voltage signal AV,' that

represents the laser noise N is obtained. Then, the noise N is eliminated by subtracting

AV,'from AV,.
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If AL is large enough to let AV, exceeding the reset voltage of the reset circuit, the reset

circuit generates a counting pulse to the up/down counter, at the same time, resets AV, to

be zero. The count is input to a processor.

Input AV, - AV,' to an A/D converter, which generates a digital representation of the

fractional part of the displacement between resets. This digital signal is also input to the

processor. The processor performs a summation and applies a scaling factor, to display

the displacement in appropriate units.

1.4 Some further comments
(a). The above discussion refers to the Fizeau interferometer. For the Mach Zhender

(MZ) interferometer, the working principle is the same, but the compensating

interferometer 71 (Figure 2) and the noise measuring interferometer 36 (Figure 2) should

be changed to the same MZ interferometers.

(b). The relationship between the displacement and the interference signal when the PD-

1000 is used with the MZ interferometer is different from that when used with the Fizeau

interferometer. This should be adjusted in the software. However, the software for the

PD-1000 does not offer an option to use the correct algorithm. From experimental

testing, it was found that when the PD-1000 is used with a MZ interferometer the testing

result should be adjusted as:

2
ALMZ = AL x - (6)

n

where ALMZ is the real displacement applied on the MZ interferometer, AL is the

measured result produced by the PD- 1000.
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Appendix IV
List of Symbols

CHAPTER 2

S
P
h
a
G
V

A
E
K
Er

p
KV
m
K
Ci
c-)

Ei,

Vi

C...C 8

Appendix IV: List of Symbols

Sample Stiffness
Load
Displacement
Radius of the cylinder
Shear Modulus
Poisson's Ratio
Area of Contact
Young's Modulus
Spring Stiffness
Reduced Modulus
Geometric Indenter Shape Factor
Indenter Support Springs Stiffness
Indenter Column Mass
Load Frame Stiffness
Capacitive Displacement Gauge Damping Coefficient
Forcing Frequency
Phase Angle
Indenter elastic modulus
Indenter Poisson's Ratio
Fitting Constants for indenter area function

CHAPTER 3

Elastic modulus
Poisson's Ratio
Crack Opening Size
Bend radius
Distance from neutral axis
Incremental angle between node points
Incremental distance between node points
Strain at node points
Core radius
Wavelength of light
Core refractive index
Cladding refractive index
Free-space propagation constant
Normalized frequency parameter of an optical fiber

E
V
L
R,r
YIY2

dO
dS
C, 62
a

n,
n2

k
V
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JV
Kv
b

a
PC
H
w
E(o, x, y, z)
NA

acO

Ti
A O

N

0,
On

Rm

ym(rm, 0zr, Rm)

(x, r)

r(x)

rf
x
r
Uf

G, Gc2
Um

enx

A
no
L

P11 ,P 12

Vf

X6 EM

Bessel function of the first kind
Modified Bessel function of the second kind
Normalized propagation constant
Propagation characteristics of optical fiber
Loss coefficient
Cumulative optical signal loss
Hankel Function
Mode Field Diameter/2
Transverse component of electric field (BPM)
Numerical Aperture
Fiber angle inclination in crack sensor
Complement of the critical angle
Complement of the critical angle (3D only)
Power attenuation coefficient (multimode analysis)
Ray incident power lost by reflection
Angular separation between successive reflections
Angular separation
Number of reflections in the section
Complement of incident angle (outer interface)
Complement of incident angle (inner interface)
Angle displacement
Curvature radius
Ray power attenuation coefficient

CHAPTER 4

Shear stress at any point in the fiber coating
Shear stress at the glass/polymer interface
Radius of the glass fiber
Coordinate along fiber axis
Radial distance from fiber center
Displacement of glass fiber relative to rigid matrix
Shear moduli of the coatings
Axial displacement in matrix
Normal stress in fiber
Relative phase change
Fiber strain in direction of the fiber axis
Wavelength of light in free space
Refractive index of fiber unstrained
Length of the fiber
Strain optic constants for isotropic material (Pockel's Constants)
Poisson's Ratio of the fiber
Percent of strain transfer predicted by 3D FEM model
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