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Abstract

This thesis is based on the development of an automated test station

used to examine and evaluate specific parameters on an optical fiber

connector's end-face. These parameters were vertex offset, radius of

curvature, and over polishing. The automated test station was developed to

overcome problems associated with the existing test procedure, specifically,

the use of a reference connector. The new procedure requires the following

steps. First, the connector end-face is illuminated by a laser. The end-face

image is then captured, through an interferometer, by a CCD camera. This

image is then passed to a micro-computer where it is evaluated. The image

evaluation software was also developed for this thesis.
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One of the project goals was to make the test procedure highly

automated. This degree of automation was required so that the test station's

operator would require minimal training. The test results are presented in a

clear manner and a pass or fail indication is given for each parameter

evaluated. Another goal was to have the test station complete a test and

display the results quickly. The final prototype requires an average of 1.3

seconds to evaluate and report on the end-face parameters examined. This

fast operation allows many connectors to be tested in a short period of time.

The hardware and software were successfully developed and

implemented in an integrated test station. Use of this station improves upon

the current procedures used to test optical fiber connectors and helps ensure

that the connectors produced are reliable and of high quality.
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1. Introduction

Explosive growth in the field of communications has researchers and

designers searching for new transmission media and methods which will help

satisfy the enormous industry demand. A solution which is becoming

increasingly popular is to transmit digital information at very fast rates over

optical fiber. Communication by light has been used in various forms

throughout history. However, it was not until the 1960s and the invention of

the laser that light wave communication systems became a practical

possibility. Even with the laser's powerful coherent light, free space optical

communication was still restrictive. A solution to the problems encountered

with free space systems was proposed in the mid 1960s by Kao and Hockman

[1]. They proposed that information could be transmitted over an optical

fiber or waveguide using a lightwave carrier. Although optical fibers of that

time had attenuation in the range of 1000 dBIkm [2], research in this field,

and that of semiconductor lasers, has produced systems which today offer

both very low attenuation and very high digital transmission rates. Indeed,

optical fibers offer many advantages over traditional transmission media.

1.1 Advantages of Optical Fiber

The bandwidth potential of optical fiber is enormous! The optical

carrier frequency is generally in the near infrared around 1014 Hz to 1015

Hz. This yields a far greater potential transmission bandwidth than metallic

cable systems whose bandwidth extends up to about 500 MHz (coaxial cable)

[2]. An optical fiber's bandwidth is much larger than millimeter wave radio

systems which currently operate with modulation bandwidths of 700 MHz.

Presently, the bandwidth available to fiber systems is not fully utilized but

1
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modulation at several gigahertz over a few kilometers and hundreds of

megahertz over tens of kilometers without repeaters is possible. This is far

superior to the best copper cable systems. By comparison, the loss in

wideband coaxial systems restrict the transmission distance to only a few

kilometers at bandwidths over a hundred megahertz.

The diameter of an optical fiber is typically about that of a human

hair. Even when these fibers are covered with protective coatings they are

far smaller and much lighter than corresponding copper cables. This helps

alleviate the problem of duct congestion in cities. It also allows for expansion

of signal transmission within such things as aircraft, satellites and ships

where mass and volume of the communication media are important factors.

Optical fibers offer much lower attenuation at high frequencies than

do conventional cables.
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Figure 1.1 Attenuation versus Frequency For Optical Fiber and Five

Types Of Coaxial Cable
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This means that the distances between repeaters can be much longer. For a

single mode fiber system operating at 1.55 um, the loss may be as little as

0.25 dB/km [10]. Repeater spacing may be greater than 50 km, reducing the

total number of repeaters required in a system [4]. Such reductions provide a

cost saving for telecommunication companies and reduce system complexity.

Immunity from interference and electromagnetic noise IS another

advantage provided by optical fiber. Each light guide is closed. Because of

this, no interference is picked up and electromagnetic jamming is impossible.

This also means that lightning, radio transmissions and electromagnetic

impulses have no effect. There is negligible cross talk between adjacent

optical wave guides even when many fibers are cabled together. This solves

a serious problem common to most conventional cables.

Optical fibers provide users with a high degree of security for their

signals. Because the signals are confined in the closed light guide,

interception by induction or simple contact is impossible. For interception,

light must be extracted and this can be detected.

Optical fibers provide a safe medium for the transmission of

information. There is no chance of electrocution, short circuits or earth

leakage. This property makes optical fiber transmission ideally suited for

communication in electrically hazardous environments because the fibers

create no arcing or spark hazard at abrasions [2] except for the possibility of

static discharge in the case of friction.
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Optical fibers may be manufactured to have a very high tensile

strength [7]. Moreover, the fibers may also be bent to quite small radii or

twisted without damage. Cable structures have been developed which are

flexible, compact and extremely rugged. When the size and weight

advantages are taken into account, optical fiber cables are generally superior

in terms of storage, transportation, handling and installation than

corresponding copper cables while exhibiting at least comparable strength

and durability.

At present, optical fiber cable is reasonably price competitive with

coaxial cable but not with simple copper wires (e.g. twisted pairs) [2].

However, it is possible that in the future it will become as cheap to use

optical fibers, with their superior performance, than almost any type of

electrical conductor. When considering long-haul links, the overall system

costs when utilizing optical fiber are generally smaller than those for

equivalent electrical systems because of the low loss and wide bandwidth

properties of the optical transmission media. Low transmission loss means

fewer intermediate repeaters with their associated electronics. This

translates into a significant cost saving. Short-haul applications usually do

not offer such savings because of the additional costs incurred due to the

electrical-optical conversion. However, cost savings in relation to shipping,

handling, and installation may be significant. Optical fiber communication

also provides strong competition to the microwave and millimeter wave radio

transmission systems. Such systems offer a reasonably wide bandwidth, but

relatively short span "line of sight" transmission requires expensive aerial

towers at intervals no greater than a few tens of kilometers. Optical fibers

also provide for the possibility of increasing the capacity of a system after



5

commissioning [4]. The capacity of an installed system may be doubled or

tripled by multiplexing two or more light sources on an existing cable, since

the fundamental limitation currently is not fiber bandwidth, but

transmitter/receiver bandwidth.

1.2 Total Internal Reflection

Having examined the advantages the use of optical fiber may provide,

this section will give a brief examination of how these fibers work. For this

discussion, light propagation in optical fibers will be analyzed using simple

ray theory. A more rigorous analysis using Maxwell's equations and

electromagnetic mode theory is beyond the scope of this thesis.

Optical fibers guide light utilizing the principle of total internal

reflection. To explain this, the concepts of refraction, refractive index and

Snell's law will be reviewed. Refraction is the changing of direction of a light

ray as it propagates through two dielectrics of differing refractive indices.

Generally, part of the incident ray is reflected at a dielectric boundary and

part is transmitted to the second medium as illustrated in Figure 1.2.

The refractive index of a material is defined as the ratio of the velocity

of light in a vacuum to the velocity oflight in the material [6]. This relates to

optical fiber through Snell's law of refraction [9] which may be stated as:

or

sin <PI
= �

sin <P2 n1
(1.1).
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Refracted Ray

Low Index
n2

High Index
nl

Incident Ray Partial Internal Reflection

Figure 1.2 Refraction OfA Ray At A Dielectric Interface

Referring again to Figure 1.2, consider a ray which is incident upon

the dielectric interface. This ray has traveled through the material with

refractive index n1' and makes an angle <1>1 with the normal to the surface of

the interface. If the second dielectric's refractive index, n2' is smaller than n1'

then, as the ray passes through the second medium, it does so at an angle <1>2

to the normal where <1>2 is greater than <1>1' Stated another way, the angle of

refraction is greater than the angle of incidence. This allows for a condition

in which the angle of refraction is 900, sending the refracted ray parallel to

the dielectric interface, with an angle of incidence less than 900• This

particular angle of incidence IS known as the critical angle, <l>c' and is

illustrated in Figure 1.3.
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Low Index
n2 Refracted Ray

High Index
nl

Incident Ray Partial Internal Reflection

Figure 1.3 Critical Angle

This critical angle may be obtained from equation 1.1 and is expressed as

(1.2).

If a ray strikes the interface with an angle of incidence greater than �c,

the light is reflected back into the original medium with high efficiency

(around 99.9%) [2]. This is known as total internal reflection and is

illustrated in Figure 1.4.

Transmission of a light ray in an optical fiber is illustrated in Figure

1.5. The dielectric of high refractive index is the area in which the ray

travels and is called the core of the fiber. The lower index dielectric

surrounding the core is called the cladding. Rays which enter a fiber at an

angle of incidence less than the critical angle will propagate a short distance

but will eventually be lost. Each time this ray strikes the core-cladding

interface, some of the energy in the refracted portion of the ray escapes (as
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illustrated in Figure 1.2). It does not take long for the incident ray to become

completely dissipated.

Low Index
n2

High Index
n!

Incident Ray
Total Internal Reflection

Figure 1.4 Total Internal Reflection

Low Index Cladding

Core Axis

High Index Core

Figure 1.5 Ray Transmission Along An Optical Fiber
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1.3 Types of Fibers

Optical fibers fall into two categories, single mode fiber and multimode

fiber. Single mode fibers are optical fibers in which only one mode, the

fundamental mode, can propagate in the core. Typical dimensions would

include a cladding diameter of 125 microns and a core diameter of 10

microns. This type of fiber is used extensively, especially in very high bit

rate communication systems.

Like its name suggests, multimode fiber allows more than one mode to

propagate in the core at the same time. Multimode fiber has a much larger

core diameter than single mode fiber. Typically, the core diameter is 100

microns while the cladding diameter is 140 microns. Multimode fiber is not

as commonplace as single mode fiber.

With attenuation levels now as low as 0.25 dBIkm in optical fibers,

there is a need for very low loss connectors to allow fiber interconnection

without limiting system performance. Core diameters of 10 microns or less

are quite common which means that a connector must provide alignment

accuracies in the sub-micron range.

1.4 Objective of the Thesis

Optical fibers, as described in the preceding section, must be connected

to various opto-electronic equipment. The most common way to do this is by

use of a mechanical connector. Such connectors are also sometimes used to

mate two lengths of fiber. The objective of this thesis is to develop an

automated test station for analyzing specific features on an optical fiber
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connector's end-face. The tests performed will follow a new test procedure
which will be explained and compared to existing procedures. The goal of

this work is to provide a tool which will better assure the quality of a

connector being manufactured. This test station should provide fast,

accurate and repeatable results which will reduce the quantity of test

equipment now being used and help eliminate the subjective nature of

present end-face quality tests. The test results should be presented in a clear

manner to the operator. Due to the degree of automation, the station should

require little training. Design of this test station will include both hardware

and software. Implementation details and testing procedures and results

will be presented.

1.5 Outline of the Thesis

This thesis is presented as seven chapters and three appendices. Also

associated with this document is a supplemental report which contains the

source code listing for the software routines developed for this thesis.

The first chapter contains a review of optical fiber fundamentals.

Some advantages which optical fibers offer over conventional copper cables

are also described.

Chapter two investigates optical fiber connectors as well as the

important quality parameters and methods presently used to test them.

Drawbacks in the existing testing procedures are described.
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Chapter three introduces a new test method which exarmnes a

connector's end-face geometry. Vertex offset, radius of curvature and over

polishing are investigated.

Chapter four describes the hardware design created to implement an

automated test station based on the new test method.

Chapter five gives details of the software algorithms and routines

developed to operate the test station and evaluate the connector end-face

Images.

Chapter six documents the performance of the automated test station.

Chapter seven presents the conclusions obtained from the thesis work

and discusses possible enhancements to the instrument.



2. Optical Fiber Connectors

2.1 Introduction

Over the course of this chapter, what defines a good connector will be

examined as will connector loss mechanisms. Fabrication of a low loss

connector will be explained and the current test procedure will be detailed.

Finally, the disadvantages of the current test procedure will be discussed.

2.2 Connector Requirements

Although there is a wide assortment of optical fiber connectors

available to handle many different applications, some basic requirements are

common to all [10]. Foremost, a connector must exhibit low coupling loss.

The connector assembly must maintain strict physical alignment tolerances

to assure low loss, and the design must allow for repeated connection and

disconnection without significant change in loss. Good connectors must also

be interchangeable. This means that connectors of the same type from one

manufacturer must be compatible with those from another.

A connector must be easy to assemble. A technician should be able to

easily install the connector in the field and that connector's loss should be

insensitive to the assembly skill of the technician.

Conditions such as temperature, dust and moisture should have only a

very small effect on a connector's loss. This means that the connector must

have low environmental sensitivity.

12
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An optical fiber connector must have both low cost and reliable

construction. Precision must match the application but cost should not be a

major factor in the fiber system.

Finally, the connector's outer shell must protect the fiber ends from the

environment as well as provide adequate mechanical strength at the joint.

2.3 Connector Loss Mechanisms

Connector loss mechanisms may be broken into two categories:

intrinsic losses and extrinsic losses. Intrinsic losses are the result of

particular properties of the two separate optical fibers that are actually being

interconnected. These properties include mismatches in core radii, index

profiles and core ellipticity [6]. Extrinsic losses are related to the connector

design and manufacturing control. These losses are the result of lateral

offset between the cores, longitudinal offset (gap), and angular

misalignments (tilt), as well as end-face quality.

2.3.1 Intrinsic Losses

While intrinsic losses may become significant for multimode fibers,

this thesis deals almost exclusively with single mode fiber. For single mode

fibers, differences in the characteristics between the fibers have an

insignificant effect on the coupling efficiency, particularly when compared to

the effect caused by sub-micron lateral misalignments [10]. Hence, for the

purpose of this thesis, intrinsic losses shall be neglected.



2.3.2 Extrinsic Losses
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Three of the most common extrinsic loss factors affecting a connector

are due to mechanical misalignments. These three fundamental types of

misalignments are illustrated in Figure 2.1 to Figure 2.3.

Because of the extremely small core diameter associated with single

mode fibers, the most common misalignment occurring in practice is lateral

offset [6]. This offset, as illustrated in Figure 2.1, reduces the overlap area of

the two fiber core end-faces. This reduces the amount of optical power that

can be coupled from one fiber to the next. Angular misalignment can also

reduce the amount of optical power which may be transferred through a

,
- -

H I,
I

]

connection.

core

Figure 2.1 Lateral Offset

g

Figure 2.2 Longitudinal Offset (gap)

J

I
\.

I
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\ �
9
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Figure 2.3 Angular Misalignment

Both angular and longitudinal misalignment produce an air gap

between the two cores. This gap results in an impedance mismatch at the

two air/glass interfaces. Such an impedance mismatch produces Fresnel

reflections [2]. The magnitude of these particular reflections may be

estimated using the classical Fresnel formula [14]:

r =(�)2nl +n
(2.1)

where r is the fraction of light intensity reflected at a single interface, nl is

the refractive index of the fiber core and n is the refractive index of the

medium between the joined fibers. In this case, the medium is air which has

a refractive index of 1. The loss, in decibels, due to Fresnel reflection at a

single interface is given by [2]:

Loss- = -10 logIQ(1 - r) dB (2.2).
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To determine the amount of light reflected at a fiber joint, Fresnel reflection

at both fiber interfaces must be taken into account. For silica fibers in air,

the loss amounts to about 0.31 dB [10]. This is comparable to the loss in

approximately 1.25 km of modern fiber.

The effects that extrinsic factors have on coupling losses are compared

in Figure 2.4 [10].

3�------------------------------��

1

2

Coupling
Loss
(dB)

OFFSET 1 2 3 4
(Microns)

GAP 10 20 30 40
(Microns)

TILT
.5 1 1.5 2

(Degrees)

Figure 2.4 Coupling Losses For Single Mode Fiber

The quality of the mating end-faces also plays a factor in coupling

losses. A scratch on the surface, especially at the core, will scatter the light

propagating through the fiber. A rough surface finish might also prevent

good physical contact between the two fibers, producing an air gap. The
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surface finish that is generally acceptable for low loss connectors is about

0.025 microns [10].

2.4 Fabrication of a Low Loss Connector

There are many styles of connector designs. These include straight tip,

conical and double eccentric connectors. The test station being developed in

this' thesis was designed to test the straight tip, or ST, type connector.

Figure 2.5 illustrates this style.

LOCKING NUT

ALIGNMENT SLEEVE

PLUG

THREADED COUPLING
HOUSING

Figure 2.5 Straight Tip Optical Fiber Connector [from 13]

To maximize optical coupling while keeping reflections to a minimum,

a connector must ensure that the two fibers are aligned and are in good

physical contact. A common way to do this is to polish the connector's end

face into a slightly convex surface [12]. With this configuration, the

manufacturer does not need to assure that a connector's entire end-face is
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perfectly flat and finished. A convex end-face reduces the critical end-face

area to that directly surrounding the fiber and especially the core. When

mated, it is the highest points, or vertices, which come into contact.

Therefore, it is extremely important that the vertex of the convex surface be

centered on the fiber and the whole connector.

During the manufacturing of a connector, the optical fiber is glued into

a zirconia ferrule. This ferrule facilitates accurate positioning of the fiber. It

is approximately 2 millimeters in outside diameter, with a 126 micron,

precision hole drilled along its axis. The convex shape polished on the end

has a radius of curvature of approximately 15 millimeters.

2.5 Testing Optical Fiber Connectors

The method presently being used to test optical fiber connectors

involves a four part procedure. These steps include the Insertion Loss Test,

the Return Loss Test, the Concentricity Test, and Visual Inspection. These

tests are briefly described in the following sections.

2.5.1 Insertion Loss

Coupling losses at a connector must be kept to a minimum. High loss

connections can negate the advantages of low attenuation optical fiber.

Insertion loss is a measure of the amount of light lost at a connection. It is

defined as the ratio of transmitted optical power to the incident optical

power.

The insertion loss of a connection in a multimode system is very

difficult to define. There is no unique value that is valid for all applications
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[10]. The optical source, location and number of joints, and mode mixing

phenomena all playa role in the apparent performance of a connector. The

total system configuration must be considered when evaluating connectors.

However, the insertion loss of a connector in a single mode system can be

easily determined. With only one mode propagating, the source and length

dependence associated with multimode systems is not a problem. Insertion

loss can be measured directly.

Measuring the insertion loss of a connector is initially a two step

operation. In the first step, the power of an optical source is measured using

a power meter, as illustrated in Figure 2.6. This power level is recorded as

Po. Next, the fiber being used is cut and a reference connector is fusion

spliced in. All connectors to be tested are then mated to the reference

connector and the optical power transmitted through the connection is

recorded as Pl' The insertion loss is then expressed as:

An insertion loss of less than 0.5 dB is considered acceptable. This

corresponds to a transmission of approximately 89% of the light energy

through the connection.
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/Fiber
Optical
Source

Power
Meter Po

Optical
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Power
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Reference
Connector

Connector Under
Test

Figure 2.6 Insertion Loss Test

2.5.2 Return Loss

As explained in Section 2.3, connectors in optical fiber systems can

sometimes produce reflections that may result in the return of optical power

along the input fiber. This reflected power may cause degradation in systems

employing laser sources [11]. The degree of degradation is dependent on the

location of the reflection with respect to the laser, the type of system (analog

or digital), the laser structure, and the amount of power that reaches the

laser. Of particular concern is the first connector in a span because it is

usually located close to the laser source. Furthermore, the optical power in

the signal being transmitted is reduced because of reflected power.

The return loss of a connector is defined as
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LR = -10 10glO(Preflected) dB
Pincident

(2.4)

where Preflected is the power reflected at a connection and Pincident is the power

incident upon the connection. In a small number of cases it may be possible

to use an index-matching material (commonly oil) to maximize the return

loss. A large return loss indicates that little power will be reflected at a

connection. However, for most systems, the use of an index matching

material is not practical and the connectors must be designed to have fiber

end-face contact without it. A return loss greater than 40 dB is considered

acceptable for optical fiber connector production. It should be noted that the

presence of a small air gap between fiber end-faces can set up multiple beam

interference which can cause the return loss to be as low as 8.8 dB [10].

The current return loss test has three steps. First, an optical source is

connected to port 1 of an optical fiber coupler which has port 2 terminated

with a non-reflective end. This coupler allows light from the optical source to

travel from port 1 to port 3 but not to port 2. Reflections from port 3 travel

back to port 2, not port 1.. A power meter is connected to port 3 and the

transmitted power, Po, is measured. This measurement is used as a reference

for the amount of optical power from the coupler. For the second step, port 3

is terminated with a non-reflective end and the power at port 2, Pi' is

measured. The final step necessitates the cutting of the test jumpers in order

to provide the required bare fiber ends. The bare end is fusion spliced to port

3. The connector at the end of this jumper is a reference connector with

which connectors under test will be mated. A connector to be tested is mated
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to port 3 via the reference connector and terminated with the other bare end.

Return loss power, Pi', is measured at port 2. The return loss is then given by

(P:
- p.)LR = -10 loglO 1

Po
1

- LI dB

Figure 2.7 illustrates the return loss procedure.
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Figure 2.7 Return Loss Test
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2.5.3 Concentricity Test

The most crucial and difficult alignment to achieve at a connection is

the lateral offset between adjacent fiber cores. In a connector, this offset can

be influenced by the fiber's core/cladding offset and outside diameter

variations, and by the ferrule's hole diameter variation as well as the hole

center to ferrule center offset. Figure 2.8 illustrates these possible

inaccuracies. The concentricity test is used to ensure that the ferrule's hole

is located in the center of the ferrule. A special test station is used to make

this measurement.

Fiber Core

Figure 2.8 Concentricity Test
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2.5.4 Visual Inspection

A visual inspection is used to examine the connector's end-face quality.

A technician uses a microscope to look for scratches, chips and spots. The

region in and immediately around the fiber is of most interest. These

imperfections could produce scattering of the light signal.

Visual inspection is also used for evaluating the end face geometry of

an optical fiber connector. This involves viewing the end face through an

interferometer and seeing if the center of the interference pattern falls within

the image of the optical fiber. A more detailed discussion of an

interferometer and the interference pattern is presented in Sections 3.2.1 to

3.2.5. This means that the maximum vertex offset limit is set by the radius

of the optical fiber. However, if this maximum limit was to be reduced then

the operator would have to try and determine how far inside the fiber image

the center of the pattern was located. This would be very subjective and time

consuming. The radius of curvature is also estimated by examining the

spacing of the rings in the interference pattern. Again, this is a subjective

and time consuming process.

2.6 Disadvantages of the Current Procedure

The current test procedure has some disadvantages associated with it.

First and foremost is the use of a reference connector [12]. Reference

connectors have physical parameters as close to ideal as possible. A problem

arises however, because the connector under test is evaluated not on it's own

characteristics but on how it performs in combination with the near ideal

reference connector. It is possible for a connector with marginal

characteristics to pass a return loss test when mated to the reference
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connector but to fail in the field when mated to another marginal connector.

For example, if the vertex offsets are large, and are aligned through rotation,

the connection will likely fail because of the resulting longitudinal offset

between the cores.

Another major disadvantage of the current test procedure is that the

evaluation of the end face geometry is very subjective and time consuming.

Further, it would be difficult to determine if a connector is acceptable or not

if the present vertex offset and radius of curvature limits were tightened. By

strictly controlling the vertex offset and the radius of curvature the chance of

an air gap being present between two marginal connectors is greatly reduced.

2.7 Summary

Connectors playa vital role in optical fiber systems. These connectors

must provide low loss connections while still being durable, interchangeable,

easy to install and use, as well as being relatively inexpensive. They must

not be too sensitive to their environment and must provide strength at a

joint. Losses can be kept low by minimizing lateral and longitudinal offsets

as well as angular misalignments. The present test procedure uses a four

step operation to try to determine the level of losses a connector will have.

However, this current procedure has some major drawbacks and a different

test method may be advantageous.



3. New Test Method

3.1 Introduction

A new automated test method has been developed to help overcome the

reference connector problem [29]. The visual inspection of the connector end

face is also incorporated into this new method. It involves examining a

connector's end-face and determining certain physical parameters,

specifically, vertex offset and radius of curvature. If, during production,
these parameters can be kept within acceptable limits, then mating any two

connectors will always provide a high return loss connection. The fibers will

line up and there will be good physical contact. The new test method is also

fast enough to allow every connector produced to be tested. And, because it is

automated, little operator training is required.

The vertex offset and radius of curvature of a connector are examined

using an Michelson interferometer. The images are captured on a CCD

camera and evaluated by a computer. Capturing the images and evaluating

the end-face is completed in less than two seconds.

3.2 Michelson Interferometer

The interferometer used in the test station is of the form first

described by Michelson in 1881 [14-20]. It exploits the wave nature of light

and, in this configuration, allows the measurement of very small

displacements. Before discussing the interferometer's operation and its use

in this application, some basic background material is covered in the next

section.

26
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3.2.1 Light Waves

Light can be described as a transverse electromagnetic wave

propagating through space [15]. With the electric and magnetic fields linked

to each other and propagating together it is common to consider only the

electric field. The electric field can be thought of as a time-varying vector

perpendicular to the direction of propagation of the wave. If the vector

always lies in the same plane, the light wave is linearly polarized in that

plane. The electric field, due to a light wave propagating in vacuum, at any

point along the z direction can be expressed by the scalar equation

E(x,y,z,t) = acos [2n(vt - (�)) (3.1)

where a = amplitude of the light wave, v = frequency and A. = wavelength.

The phase of the wave is described by the term 2n(vt - (�)). The phase

varies with both time and with distance along the z axis from the origin.

Equation 3.1 is also commonly written in a more compact form

E(x,y,z, t) = a coslrot - kz] (3.2)

where (l) = circular frequency = 2nv and k = propagation constant = 2;
However, for mathematical manipulation, it is more convenient, especially
when considering the wave at some fixed point in space, to use a complex
exponential representation and write equation 3.2 in the form:
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E(x,y,z,t) = Re{a exp(-i<p) exp(irot)}
= Re{A exp(irot)} (3.3)

where <p = 2�Z and A = complex amplitude = a exp(-i<p).

3.2.2 Intensity in an Interference Pattern

Interference occurs whenever two light waves are superimposed. The

resultant intensity at any point depends on whether the waves reinforce or

cancel each other. All descriptions given here assume that the two waves

propagate in the same direction and are polarized with their field vectors in

the same plane. The two waves are also assumed to have the same

frequency.

At any point in the interference pattern, the complex amplitude is the

sum of the complex amplitudes of the two waves.

(3.4)

where Al = al expt-iqi.) and A2= a2exp(-i<P2) are the complex amplitudes of the

two waves. The resultant intensity is

1= IAI2

= (AI + A2) (AI*+A2*)
= IAII2 + IA212 + AIA2* + Al*A2
= II + 12 + 2M coszsrp (3.5)
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where 11 and 12 are the intensities due to the two waves acting separately and

�<P = <PI - <P2 is the phase difference between them.

If the waves come from a common source, they have the same phase at

the origin. This means that any phase difference �<P will then be due to a

path difference �p,

If the phase difference between the waves, �<P, varies linearly across the field

of view, the intensity varies cosinusoidally, giving rise to alternating light

and dark bands or fringes. These interference fringes correspond to loci of

constant phase difference or, constant path difference.

3.2.3 Principle of Operation

A Michelson interferometer is an instrument which employs division of

amplitude with subsequent recombination. The particular configuration

used for this project is illustrated in Figure 3.1.

A laser acts as a coherent light source, that is, a source of light in

which the constituent rays of the beam are all in phase. The light strikes a

beamsplitter which is made of a 50% reflective dielectric film. This provides

two beams with common frequency and common phase at this origin. One

beam strikes the connector end-face and is reflected. The second strikes a

plane reference mirror and is also reflected back to the beamsplitter. These
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beams are superimposed and the resultant interference pattern is captured

on a CCD camera (Figure 3.1).

Light From
Coherent Source

Beam Splitter

Beam

Expansion
Lens

Connector
End Face

Reference
Mirror

Figure 3.1 Michelson Interferometer

For constructive interference to occur, the path difference between the

two beams must be an integer multiple of 'A. This corresponds to a relative

physical displacement of
n'A

where n is an integer (Figure 3.2). A beam
2

travels an extra !::_, is reflected and then travels the
'A

back again to make a
2 2

total of 'A path difference for each
'A

displacement. A lens is included in the
2

optical path to enlarge the image in the region of the fiber so that it fills the

CCD array. This is the region of interest.
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t
Displacement

nJ.J2

Path Length P

Connector
End Face

Beam Splitter

z

Path Length P

Reference
Mirror

Path Difference = 2 Displacement = nA.

Figure 3.2 Difference In Optical Path Length

3.2.4 The Ring Pattern

When viewing the connector end-face through the interferometer, a

pattern of concentric rings is observed as in Figure 3.3. The spherical nature

of the end-face is the reason for the circular ring pattern. Rings, or fringes,

appear when the path length between the beamsplitter and reference mirror

differs from the path length between the beamsplitter and the end-face by an

integer multiple of A.

Consider Figure 3.4. After rays RI' and RI have been reflected back to

the beamsplitter, ray RI' will have traveled a distance A further than ray RI.

This means that when the two rays recombine, constructive interference will

occur. This will produce a bright spot on the image. Now consider a plane

wave rather than just a single ray. All rays which travel the same distance

as RI' will produce constructive interference. Because the end-face is

spherical, all points a distance
nA

back from the vertex will lie on a circle
2
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when viewed down the z axis. Hence, a ring pattern is observed with the

center corresponding to the vertex of the connector end-face. These loci of

constant path difference are illustrated in Figure 3.5.

Figure 3.3 Interference Pattern

Displacement
IJ2

Connector
End Face

Beam Splitter
I ... p

------

z

p

Reference
Mirror

Figure 3.4 Optical Paths
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Figure 3.5 Loci Of Constant Path Difference

3.2.5 Ring Spacing and Radius of Curvature

The end-face's radius of curvature can be determined by examining the

spacing between the interference pattern rings. The rings which are furthest

from the center of the pattern are spaced closer together than those nearer

the center. Like the circular rings themselves, this feature is a product of the

spherical nature of the end-face.

A ring, or fringe, will appear with every A change in optical path

length. Figure 3.7 illustrates how these � changes in displacement along the
2

z axis occur at shorter intervals along the y axis as the distance y from the

vertex increases.
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Consider any two fringes with radii rp and rp + q'
The difference in

path length can be expressed as

(p + q) A.
_

pA. qA.b. zp + q
- � zp = =

2 2 2
(3.6).

The displacement along the z axis where these fringes are located can be

expressed as

� zp + q
= R - �R2

(3.7)

and

(3.8)

where R is the end-face radius of curvature. This is illustrated in Figure 3.6.

z
1
1
1

-----1
�Z 1

1

Figure 3.6 Z Axis Displacement
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Substituting expressions 3.7 and 3.8 into expression 3.6 yields

IR2 2 IR2"J
- rp+q

-

"J
=

qA
2

(3.9).

Let K =
qA and then expand in order to express the radius of curvature R in
2

terms of measurable quantities.

[R2 _

1 ( 2 2 K2)J2 R4 R2 2 R2 2 2 2

2" rp+q + rp + = - rp+q - rp + rp+q rp

2 2 1 ( 2 2 2)2 2 2R K =

4 rp+q + rp + K - rp+q rp

(r;+q + r; + K2)2 - 4r;+q r;
4K2

R= (r;+q + r; + K2)2 - 4r;+q r;
4K2

(3.10).

Equation 3.10 allows for the calculation of a connector's radius of curvature

using the radii of two fringes in the interference pattern.
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Figure 3.7 Decreasing Ring Spacing

3.2.6 Ring Shape Near the Fiber

The fringes in the interference pattern appear as continuous circles.

But, in the region of the optical fiber, this is not always so.

The glass which constitutes the fiber is softer than the zirconia ferrule.

When the end-face is polished to it's spherical shape it is possible to remove

more from the fiber than from the ferrule. This is called over polishing. Now

consider a connector with a relatively large vertex offset. Such a connector

will produce an interference pattern with portions of one or more fringes

passing through the region of the image containing the optical fiber. If over

polishing has occurred, the optical path length will no longer be circularly

uniform. The path length at the fiber will be longer resulting in a

discontinuity in that portion of the fringe.
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Fiber Fringe shift
due to over polish

Over polish
Fiber image

Figure 3.8 Fringe Shift Due To Over Polishing

A similar discontinuity in the fringe will also occur if the optical fiber

is recessed. This situation may arise during production of the connector. If

the fiber is not fully inserted when it is glued into the ferrule, the optical

path difference is again changed for a fringe passing through the fiber

region.

--�
Recessed fiber

Fringe

/
Ferrule end-face

Figure 3.9 Fringe Shift Due To Recessed Fiber
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By examining the fringe pattern as it passes through the fiber region and

seeing how non-circular it is in this region, over polishing and recessed fibers

may be detected.

3.3 Measuring Vertex Offset

Vertex offset can be determined by measuring the distance between

the physical center of the fiber and the center of the fringe pattern. This

process requires two images: one of the fiber alone and one of the fringe

pattern with the fiber. Having the connector remain in the same location for

both images is essential. If the connector moves between images, the center

coordinates determined no longer correspond with each other.

The fiber image center can be estimated by finding points on the fiber's

perimeter and fitting a circle to those points. The coordinates of the center of

this circle will also be the coordinates of the fiber's center. Locating the

center of the interference pattern is not quite as simple. First, individual

fringes must be identified. Then, a number of points must be located on

these fringes. Finally, a circle is fit to each fringe. Ideally, only one fringe is

needed, however, noise in the image adds a degree of uncertainty to the

fringe trace. By tracing more than one fringe and by letting the center of the

pattern be defined by the average center location of these rings, the

estimated coordinates of the center of the fringe pattern center are more

certain. Finally, by eliminating any coordinates more than one standard

deviation from the mean of the group, the certainty can be further improved.
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The vertex offset is defined as:

offset = f( )2(
.

)2V Xfiber - X fringe + Y fiber
- Yfringe (3.11)

where X fiber , Y fiber are the fiber center coordinates and X fringe , Yfringe are the

fringe pattern center coordinates. After the offset has been determined, it

can be compared to a predefined maximum limit. A pass or fail indication

along with the offset value is then displayed to the user. Industry practice

has been to use a value of 60 microns for the maximum permissible vertex

offset.

3.4 Measuring Radius of Curvature

As shown in Equation 3.10, the radius of curvature of a connector can

be determined by examining the spacing between fringes. During the vertex

offset measurement, fringes are traced and a circle fit to each. The radii

values of these circles are compared for this measurement. The radii of every

possible fringe pair are inserted into equation 3.10. The radius of curvature

is determined by averaging together all of the results from the individual

curvature calculations.

3.5 Measuring Over Polishing

Over polishing or a recessed fiber can be detected by examining the

fringes which pass through the fiber region and analyzing their distortion.

The first step involves locating and tracing such fringes. However, the traces

should not take into account any points inside the fiber region because of the

possibility of fringe distortion. Identifying and tracing these fringes should
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take place only after the center of the fringe pattern is located. This greatly

simplifies the processing required. Once traced, the distance from the

pattern center to the portion of these fringes which lie outside of the fiber can

be determined.

The second step involves locating and tracing the portion of the fringes

which actually pass through the fiber region. The location where the

undistorted fringes found in step one intersect the fiber can be used as

starting points for the search. Once traced, the distance between the center

of the fringe pattern and these arcs can be determined. If there is no over

polishing and no recessed fiber, the distances from steps one and two should

be the same. However, if either defect has occurred, the two distances will

differ. The magnitude of the difference indicates the amount of over

polishing or recess.

Fringe

Fringe pattern center

Fringe shift due to

over polish or

recessed fiber

Figure 3.10 Identifying Over polishing Or A Recessed fiber
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3.6 Visual Inspection

The automated connector test station also allows the operator to

visually inspect the connector end-face in the region near the fiber. With a

live image, before the fringes are actuated, a region approximately 100

microns beyond the fiber is displayed. Any scratches or pits on the end-face

are easily seen. This provides another tool for quality assurance.

3.7 Summary

To overcome the problems associated with using a reference connector

for testing optical fiber connectors, a new test method can be employed. Good

connector performance is ensured by examining it's end-face geometry and

checking that the vertex offset, radius of curvature and over polishing all fall

within acceptable limits. These parameters can be determined with the use

of an interferometer, CCD camera and a computer which analyzes the

resulting images. This new test method allows connectors to be tested much

faster than the old method and requires less equipment. Further, because of

the new test station's degree of automation, the operator requires very little

training.



4. Instrument Hardware

4.1 Introduction

The hardware used to implement the new connector test method now

will be discussed The test station, as shown in Figure 4.1, consists of a

computer, containing a video capture board, two video monitors, and an

enclosure housing a ReNe laser, the interferometer, and a CCD camera. The

front of this enclosure also contains a jig for holding the connector during the

test. A power supply and interface circuits are housed in a second enclosure.

/"" D.� Interface

BHousing

D.r c=J E10 �

I
-, Interferometer Video Monitor

I I DO

Micro-Computer

Figure 4.1 Automated Connector Test Station

4.2 INTERFEROMETER

The interferometer consists of a 0.5 mW ReNe laser, a beamsplitter, a

reference mirror and an expansion lens. Also included are two 12v D.C.

solenoids. One is used to block the laser beam when no images are being

captured. The other is used to block the optical path to the reference mirror

so that the fiber image can be recorded. A series of three mirrors direct the

42



43

laser output to the beamsplitter. This configuration was used because it

allowed the interferometer to be housed in a smaller space. The beam

splitter and reference mirror could then sit beside the much larger laser. The

mirrors are all 1 em x 1 em. The expansion lens is mounted to the

beamsplitter holder and allows the image of the fiber region to fill the area of

the CCD camera's array.

4.3 CCD Camera

A CCD camera was used to convert images from the interferometer

into electrical signals. The camera was a Sony XC-77 CCD Camera which

provided an EIA - standard RS-170 output. The imaging array contained 768

(H) x 493 (V) pixels [21]. To prevent these sensing elements from becoming

saturated, a neutral density absorption filter was mounted in front of the

camera. This filter absorbed all but 2.5% of the incident light.

4.4 Video Capture Board

Images from the CCD camera were captured using a PCVISIONplus
Frame Grabber which plugged into an expansion slot in the host micro

computer. This board digitized the incoming video signal, to eight bits of

resolution, at a rate of 30 frames per second. The resulting pixels were

stored in on-board frame memory. Each pixel in the frame memory held one

of 256 possible intensities or gray levels. The captured images were 640 (H)

x 480 (V) pixels. Display logic on the video capture board converted the

pixels in frame memory back to an analog RS-170 format for display on a

video monitor.
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4.5 Computer

The micro-computer upon which the test station was based was an

IBM compatible 80386SX machine operating at 20MHz. Also installed was

an 80387SX math co-processor. The computer's own monitor displayed the

prompts the testing program gave to the station operator. Also displayed

here were the test results and a pass/fail indication. If an error occurred

during a test, it was detailed on this monitor. A second video monitor was

connected to the video capture board inside the computer. This monitor

displayed the images captured by the CCD camera. The parameter values

calculated during the test were also displayed on this monitor as was a visual

indication of the vertex offset.

4.6 Interface Circuits

To drive the interferometer's solenoids from the host micro-computer's

parallel port, two interface circuits were required. These circuits consisted of

opto-isolators to isolate the computer from the interferometer, and drive

relays to deliver the necessary current. The circuit controlling the fringe

solenoid also allowed the operator to activate the fringe pattern manually.

This was done by adding a push-button.

4.7 Connector Jig

To place a connector end-face in line with the interferometer, a

connector jig was used. The ferrule of the connector under test was held by

three ferrules which had been glued permanently in place. Applying

pressure to the thumb press on the top of a brass jig increased the space

between the fixed ferrules. This allowed connectors to be inserted or

removed. Releasing the thumb press returned the jig to it's normal position.
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4.9 Summary

The major components of the connector test station were the

interferometer and the computer. As a result of the degree of automation,

the internal operation of the station could remain transparent.



5. Software Routines

5.1 Introduction

The software used to run the new test station is what makes it a

powerful tool. The degree of automation this test station possesses is also a

result of this software. The source code was written in Microsoft C and

consisted of 25 separate functions. A listing of this code is included in the

form of a supplemental report [30].

The test procedure is made up of five tasks listed below.

1. Capture an image of the fiber.

2. Locate the center of the fiber.

3. Capture an image of the interference pattern.

4. Locate the center of the pattern.

5. Calculate connector parameters.

A flowchart of the software's operation is given in Figure 5.1 The most

difficult of these tasks is locating the center of the interference pattern. This

is because the location of the center could be anywhere in the image. The

location depends of the direction and magnitude of the vertex offset of the

end-face. The size and number of fringes within the pattern also is not

known in advance. These features are a function of the radius of curvature

of the end-face. However, a technique was developed which successfully

allowed the software to estimate where the center was located.

47
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Find Points On Fiber Perimeter

No Fiber Found
Error Message

no
.,_......-----....Enough Fringes Found?

yes

Unable To Locate

Fringes Error

Message

Calculate Vertex Offset

Calculate Radius Of Curvature

Figure 5.1 Software Flowchart



49

5.2 Hardware Initialization

When the test station software is run for the first time, the video

capture board and the parallel port are both initialized to known states.

Initialization of the parallel port is accomplished by writing a zero to the

port's address as given by global variable parallel_port. This ensures that

the solenoids to activate the laser beam and to pass the reference beam are

both deactivated. Initialization of the video capture board is somewhat more

complex.

5.2.1 Initialize Video Capture Board

The video capture board used in the test station can be configured in a

number of ways. However, for this application, the board is initialized to

capture images of 640 pixels horizontally, 480 pixels vertically with a depth

of 8 bits per pixel. The base address for the board registers and video

memory are defined and the first camera input is selected.

5.3 Locating Fiber Image Center

The coordinates of the center of the fiber image are determined in a

three step process. First, an image of the connector end-face is obtained.

Next, points on the perimeter of the fiber are identified. Finally, a circle is fit

to these points and the center coordinates of this circle are recorded as the

fiber's center coordinates.

5.3.1 Capture Fiber Image

An image of the end-face of the connector under test is obtained by the

mam program first prompting the operator to insert a connector. The

function capture_fiber_image is then called. This function provides a live
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image on the secondary monitor. What the operator sees on the monitor is

the connector end-face in the region of the fiber. The fiber appears as a dark

circular region on a relatively light background.

Figure 5.2 Connector End-face With Optical Fiber

The operator focuses the image to be as sharp as possible. When this is done,

the spacebar on the computer is pressed and the image is stored in the video

capture board's memory.

5.3.2 Locate Fiber Center

The search for points around the perimeter of the fiber is carried out

by calling two functions: horizontal_search_for_fiber and
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vertical_search_for_fiber. These functions exarmne a window of

approximately 160 by 160 microns in the center of the captured image.

Figure 5.3 Fiber Search Window

Figure 5.4 illustrates how the intensity level of a line changes abruptly

as the transition is made from the reflective zirconia ferrule to the less

reflective optical fiber. This sharp transition is used to identify the fiber's

perimeter.

To find this transition, a threshold intensity is found for each line under

examination. The threshold is defined as

_ .. -
-�� --- --- ��- -�-
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rnaxval - rninval
threshold = rninval + + 0.5

2
(5.1)

where rninval is the minimum intensity level identified on the line, rnaxval is

the maximum intensity level identified, and 0.5 is added to prevent any

intensity level from being equal to the threshold value. All intensity levels

are integers.

•

Figure 5.4 Intensity Levels Across Fiber Image

Points on the fiber are identified by examining levels from the edge of

the search window inward to the center of the image. The coordinates of the

transitions from light to dark are recorded. For any line, two points can be

found; one on each side of the fiber. However, if the image of the fiber is not
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completely enclosed by the search window, one or possibly no points will be

identified on a given line. To prevent this from becoming a problem, a total

of 39 lines, 23 horizontal, 16 vertical, distributed across the image region, are

examined for a possible total of 78 transition points. The function

find_fiber_from_data requires a minimum of only 45 points.

In both horizontal_search_for_fiber and vertical_search_for_fiber, a

minimum threshold value is defined. This "floor" is used to identify when a

test has been initiated but no connector is present. No light to dark

transition will occur at this elevated threshold therefore no points will be

recorded.

5.3.3 Find Fiber From Data

After all 39 lines have been examined, a circle is fit to the data points

using the least square method. This method finds the equation of a circle for

which the sum of the squares of deviations of all points (Xj' Yj) from the fitted

circle is a minimum.

Starting from the basic equation of a circle,

where (Xj' Yj) are the coordinates of a point on the circle, (a., be) are the

coordinates of the circle center and R, is the radius of the circle. A new

intermediate variable Ze may also be defined:

(5.2),
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The sum of squares for points (Xj' Yj) to which a best fit circle IS to be

determined is given by:

= �. [x2J. + y2J. 2a x 2b Y + Z· ]2"'" cj- cj c

J
(5.3).

This becomes a minimum when the partial derivatives with respect to ac' b.,
and Zc are equal to zero.

2� [xr + yr
J

(5.4).

These partial derivative equations simplify to

� acxr + � acyr - 2 � a�xj - 2 � acbeYj + aZe
J J J J

- � Xj [xr + yr] + 2 � aexr + 2 � bexjYj � ZcXj = 0 ,

J J J J

� bexr + � beyr - 2 � aebexj - 2 L b�Yj + bz,
J J J J

- L y. [x? + y2] + 2 L a x .y ,
+ 2 L b y? - L. zCYJ' = 0 ,

. J J J . eJJ . CJ
J J J J
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(5.5).

Rearranging the last relationship yields

L Z = 2 L. acxJ· + 2 L by· - L x? - L y?.
c

. CJ . J . J
J J J J J

(5.6) .

If equation 5.6 is then inserted into the first two relationships if equation 5.5

then the partial derivative equations simplify to

L x.[x? + y?] =

j
J J J

L y. [x2 + y?] =
. J J J

J

(5.7),

which may be expressed in matrix form:

2 L x? 2 L x·y· - LX·

[:: ]
LX.(X? + yI)· J · J J . J · J J

J J J J

2 L X·y·
2

- L y. L y. (x? + y?) (5.8),2 L y. =
· J J · J . J · J J J

J J J J
2 LX· 2 L y. - �np L (x? + y?)· J · J

J J J · J J
J

where np is the number of points (Xj' Yj) to which the circle is being fit. In

order to allow a software solution for finding ac, b, and ZC' Cramer's theorem

was applied to the matrix. The following 4 determinants were derived:



2 L x?
j J

determinant 1 = 2 � XjYj
J

2 LX·
. J

J

2 L x·y·
· J J

J

2 L y?
· J
J

2 L y.
· J

J

- LX·
. J

J
- L y.

. J
J

- Lnp
j

L x. (x? + l). J J J
J

determinant 2 = � Yj (xI + yI)
J

L (x? + y?). J J
J

2 L x .y ,
· J J

J

2 L y?
· J

J

2 L y.
· J
J

determinant 3

2 LX?
· J

J

= 2 L x.y ,
· J J

J

2 LX·
· J
J

L x. (x? + y?)· J J J
J

L y. (x? + y?)· J J J
J

L (x? + y?)· J J
J
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- LX·
. J

J

- L y.
. J

J

- Lnp
j

- LX·
. J

J

- L y.
. J

J

- Lnp
j

2 LX? 2 L x.y ,
L x. (x? + yI)· J · J J · J J

J J J

determinant 4 = 2 L x .y, 2 L y? L y. (x? + yI) (5.9).
· J J · J · J J

J J J

2 LX· 2 L y. L (x? + l)· J · J · J J
J J J

Variables ac, b, and Zc can then be determined:

determinant 2

determinant 1
(5.10),
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be
determinant 3

(5.11),=

determinant 1

determinant 4
(5.12).Ze =

determinant 1

Variables a, and be are stored as the x and y coordinates of the fiber center.

The radius of the fiber image may also be determined using

(5.13).

The radius value must also be multiplied by a magnification factor to change

the units from pixels to microns. This fitting routine was originally tested by

simulation and performed very well.

Figure 5.5 Circle Fit To The Fiber Image
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5.4 Locating Fringe Pattern Center

Once the coordinates of the fiber's center have been located, the

coordinates of the center of the interference or fringe pattern must be

determined, along with the location of individual fringes. The fringes are

found by tracing them through the center of their brightest region. Both

Roberts and Sobel edge detection routines were investigated but the time

required to process an image was too long for this application (Appendix A).

Figure 5.6 Interference Pattern

Possible fringes are identified by examining a horizontal line through

the center of the image. Points oflocal maximum intensity are identified and
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this information is used to give a general idea about where the pattern center

is located. Individual fringes are then traced and circles are fit to the data

following a procedure given in the next section. Pattern center detection is

explained in Sections 5.4.1 to 5.4.4.

5.4.1 Capture Fringe Image

Capturing the fringe pattern IS done without an input from the

operator. The solenoid which blocks the laser beam from striking the

reference mirror is activated and the beam is allowed to pass. This allows

the interference pattern to be seen and captured. The new image is stored in

the video capture board's memory.

5.4.2 Determine Threshold For Line

The first step in finding the fringes involves finding local intensity

maxima along a horizontal line through the center of the image. The

intensity levels on this line are examined and a threshold value is

determined. This is the same process as used in Section 5.3.1.

5.4.3 Locate Peak Points Across Line

Local maxima are identified by comparing a pixel's intensity level with

those of the previous 10 as well as the next 10 pixels. If the level is found to

be greater than or equal to the neighbor's, the level is checked against the

threshold for the line. If it is also above the threshold, that pixel's location is

stored as a possible local maximum or peak.

Once all possible maxima have been identified, further processing is

required to identify those which may indicate a fringe. Near the region of
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highest intensity on a fringe, it is possible that there will be pixels less than

10 spaces apart that have the same intensity level. This is caused by the

noise present on the captured image. If the positions of any local maxima are

found to be too close together, the middle position between these two is

recorded as the maximum position and the original two are removed from the

record. The spacing criterion was determined by examining fringe spacing

on many images.

Figure 5.7 Intensity Levels Through the Center Of The Pattern

5.4.4 Locate Fringe Pattern

The final list of local maxima contains positions that are likely to be

fringes. The next step involves determining on which side of the screen the



61

fringe pattern is centered. If centered on the left side, there will likely be

more fringes on the right side and vice versa. A simple count of the number

of peaks to the right and to the left of the fiber detection window is used to

estimate the center of the pattern. The region near the image of the fiber is

excluded because the intensity and shape of a fringe that passes through this

region may not remain constant due to over polishing. If fewer fringes are

found on one side of the image than on the other, the fringe pattern center is

deemed to be on that side. Figure 5.8 illustrates the results of this

procedure. Five fringes were found on the right of the image while only three

were identified on the left. The software identifies the fringe center as being

in the left half of the image and stores this information by setting variable

center_location equal to "1".

Figure 5.8 Fringe Locations Identified
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If both right and left sides of the image have the same number of

fringes, then a horizontal line 30 lines below the center is examined. If the

left and right totals are again the same, then the fringe pattern center is

deemed to be approximately centered on the fiber image. If no fringes are

found on either side, then the horizontal line at the top of the fiber search

window is examined. If again no fringes are found then the horizontal line at

the bottom of the window is examined. Another failure will produce a fiber

location error. The operator will be informed and instructed to rotate the

connector and run the test again.

5.4.5 Trace Fringes

With points which are likely on separate fringes identified, the fringes

themselves can now be traced. The trace process involves starting at one of

these points in the center of the image and stepping a small distance, 3

pixels, vertically. A horizontal region 15 pixels wide, centered on the new

location, is examined and the location of the pixel with the highest intensity

is recorded. If more than one pixel is found to be at the maximum intensity,

then the position in the middle of this group is recorded.

This method works well for a portion of a fringe but, because of the

circular nature of the fringe, this method can not accurately trace an entire

fringe. As the trace nears the top of a fringe, the search method must change

from stepping vertically and searching horizontally to stepping horizontally

and searching vertically. The step size and search area remain the same. As

the trace approaches the top of a fringe and starts back down, the method

reverts back to vertical stepping.
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pixel of maximum intensity

15 pixel search area

/
---�-

fringe being traced
3 pixel step

Figure 5.9 Fringe Tracing

The boundaries used to determine when the search method should

change were set by examining many fringe images. Initially, the boundaries

are centered on the image. The first fringe traced is always the one furthest

from the fringe pattern center. This far fringe is the one most likely to be

only a partial arc and not require a change in search methods. If it is a

complete fringe, the curvature will be small and again a change in search

methods should not be required. When the center of the fringe pattern is

tentatively located, based on this fringe, the boundaries are shifted so that

they are centered upon the pattern. If the edge of the image is reached or if

the trace goes completely around the top half of a fringe, then the same

methods are applied to the bottom half.

To help prevent the trace of one fringe from incorrectly drifting onto

another fringe, which could occur due to noise, a test of the points located is

conducted. After seven points have been identified, the average distance



64

between these points and the center of the image is calculated. If this

distance varies by more than a fixed amount from the previous seven points,

an error is assumed to have occurred. The fringe trace is halted and the last

21 points are removed from the list.

Figure 5.10 Trace Boundary Location

When both the top and bottom halves of a fringe have been traced, a

circle is fit to the points found to be on the fringe. As with fitting a circle to

the fiber image, the least square method is used. This process is repeated for

each fringe and the resulting center coordinates and fringe radii are stored.

If less than 60 points are found on a fringe then no circle is fit to the data. If

more than 60 points were found, the fringe data is considered valid.

When all fringes have been traced, the center of the pattern is found

by averaging the center coordinates of each fringe. The standard deviation of

both the x and y coordinates is also determined. If the standard deviation of



65

either coordinate is found to be too large, all entries less than one standard

deviation from the mean are discarded. The coordinates of the fringe pattern

center are then recalculated without the outliers.

5.5 Determine Vertex Offset

Once the locations ofboth the fiber and the fringe pattern centers have

been found, calculation of the connector's vertex offset is straight forward.

Vertex offset is calculated by finding the distance between the fringe pattern

center and the fiber center:

offset = �(xfiber - Xfringe)2 + (yfiber
- Yfringe )2

The magnification factor of the final lens of the interferometer must also be

applied to convert the offset distance from pixels to microns. This is done by

multiplying the value offset by the term magnification which is found by

calibration to be 0.64. The resulting vertex offset value is displayed to the

operator as is a pass/fail indication. If the offset exceeds 60 microns the

connector is not acceptable. This limit is defined in the variable max_offset.

Crosses are drawn at the fiber and fringe pattern centers and a line is drawn

between them. This gives the operator a visual indication of the offset.

Figure 5.11 shows a typical display.

5.6 Determine Radius of Curvature

The final automated test is the determination of the connector's radius

of curvature. This is done by the function calculate_radius_of_curvature.

Radius of curvature is determined by examining the spacing between all
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combinations of fringe pairs. If only one fringe was found, the operator will

be given an error message.

As outlined in Section 3.2.5, the radius of curvature is given by

R=
( 2

+ r2 + K2)2 _ 4 2 2
fp+q p fp+q fp

4K2

The curvature value, in millimeters, is displayed to the operator along with a

pass/fail indication. In order to pass, the curvature must be between 10 rnrn

and 25 rnrn. These limits are defined in variables min_curve and max_curve.

Figure 5.11 Vertex Offset Display
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5.7 Determine Over Polish

In order to determine the existence or degree of over polished on a

connector or the presence of a recessed fiber, the fringes that enter the region

of the optical fiber image must be examined. As described in Section 3.2.6,

over polishing or a recessed fiber will cause distortion of the fringe portion in

this region. The amount the fringe portion shifts is proportional to the

amount of over polishing or the degree of fiber recession. However, a

problem was encountered before this section of the software was

implemented. What follows is a description of that problem.

Each fringe in the interference pattern represents a A change in optical

path length in the interferometer. This path length change was the result of

a !:. displacement on the connector's end-face. If a fringe, representing a
2

locus of
nA

displacement, intersects the fiber region, and that fiber had been
2

over polished or recessed, then an additional displacement equal to the over

polish or recession would be added to the optical path length. This would

tend to shift the fringe outwards. Also, the degree of interference would be

reduced thus producing a shifted fringe of lesser intensity than the non-

shifted portion. If the additional displacement happened to be equal to A,
2

then the fringe portion would be shifted so that it lined up with the next

fringe in the pattern. In this situation it would be impossible to determine if

the connector was perfect or if the connector had a defect. Indeed, if the

connector's over polish or recessed fiber was greater than
A

it would again be
2
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impossible to determine to which fringe the shifted portion belonged. This

places a limit on the maximum defect which could be detected.

Unfortunately this
A

maximum is only about 316 nm, which is too small to
2

be useful. Therefore, the development of software to analyze the fringes in

the region of the optical fiber image was abandoned. This meant that the

test station would not be able to measure the degree of over polishing or

identify a recessed fiber with certainty.

5.8 Correction for Optics

In theory, the procedures outlined in this chapter are all that should

be necessary for obtaining the desired test results. However, the

interferometer apparatus appeared to have a slight tilt in the optics. This

meant that the fringes were not exactly circular. The circles fitted to large

fringes were not always good fits. This produced fringe pattern center

coordinates which were slightly in error. Fitting an ellipse to the data did

not produce any better results (see appendix B). However, the error

introduced in the center coordinates position was approximately constant. To

overcome the problem, a correction factor was added to the vertex offset. The

center was first found in the described manner and then 0.3 of the original

offset was added along the same line. This new value was displayed to the

operator and the cross for the pattern center was drawn at the new location.

Because circles were not always a good fit, the radius of curvature also

needed correction. The fringe radii given from the circle fit were a little

small. To overcome this problem, the distance from the corrected pattern

center coordinates to the starting points on each valid fringe was used for the
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fringe radius. These corrections were added to the software but all of the

original routines remained. This allows for the possibility of running the

original code if the tilt of the optics can be corrected at a later date.

Figure 5.12 Original And Corrected Center Locations

5.9 Summary

The software developed to control the optical fiber connector test

station provides a high degree of automation for the test procedure. This

software initializes the hardware, prompts the operator to insert a connector

and then locates the coordinates of the center of the optical fiber. The

location of the connector end-face vertex is located by finding the center of an
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interference pattern generated by an interferometer. Again, this process is

completely software controlled. Also from the interference pattern, the

radius of curvature of the end-face is calculated. The vertex offset and radius

of curvature are compared to predetermined limits and the operator is then

presented with the calculated values and a pass or fail indication for each

parameter.



6. Instrument Performance

6.1 Introduction

The previous chapters have outlined the theory and development of

the automated optical fiber connector test station. This chapter describes the

station's performance. The test methodology and a summary of the test

results are both presented. Data tables detailing the test results are

included in Appendix C.

6.2 Test Method

Testing the operation of the connector test station involved evaluating

three key factors:

1. Accuracy

2. Repeatability

3. Speed

It was imperative that the station provide an accuracy at least as good as the

present end-face evaluation method. The results also had to be repeatable,

meaning that the test results for a connector were the same every time.

Finally, the test results had to be displayed within a short time of the

beginning of the test.

To check the accuracy of the new test station, 10 connectors were

taken from production to serve as examples of typical connectors. These

connectors were examined for vertex offset and radius of curvature using

techniques currently employed to examine connector end-face geometry. This

meant examining the end-face through an interferometer and manually

71
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estimating offset and curvature from the interference pattern. The

magnitude of the vertex offset could only be estimated to be within a 5

rmcron range. Radius of curvature could be estimated to be within a 3

millimeter range. The results generated by the test station were then

compared to these estimations.

Accuracy and repeatability were evaluated in two series of tests. The

first series was conducted by evaluating each of the 10 connectors 10 times at

4 different rotational positions, each approximately 90° clockwise from the

last. The connectors were moved only for rotation. They were not moved

between each of the 10 consecutive tests. At the end of this series, each

connector had been evaluated 40 times.

The second senes of checks involved removing and reinserting the

connectors between each test. This series of tests better represented the

conditions under which the test station would be used. Again, each connector

was tested 10 times at each of 4 rotational positions. With the two series of

tests completed, each of the 10 connectors had been tested 80 times.

The automated test station's speed of operation was evaluated by

measuring and recording the time taken to perform each of the tests in the

first series described above. These time intervals were measured from the

time the operator pressed the micro-computer's space-bar, to start the

connector's evaluation, until the test results were displayed on the monitor.

A total of 400. time intervals were recorded.
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6.3 Test Results

A detailed record of test results is included in Appendix C. A summary

of accuracy and repeatability results are presented in Table 6.1. These show

that the automated test station provided vertex offset and radius of curvature

results which were in the expected or estimated range. Also, the results with

the connector under test being inserted and removed were very similar to

those obtained when that connector was not moved between trials. This

again verifies that the test station was operating satisfactorily.

The time required to run each of 400 trials was recorded and the

results are illustrated, in histogram form, by Figure 6.1. The average time

taken for a test was 1.30 seconds with a standard deviation of 0.057 seconds.

These results verify that the goal of having the test station complete the test

procedure and display the results in under two seconds was achieved.



Table 6.1 Summary of Test Results

Connector Estimated Values Repeated Trials Insert / Remove Trials

offset curve offset std. dey curve std. dey offset std. dey curve std. dey

(urn) (mm) (urn) (urn) (mm) (mm) (urn) (urn) (mm) (mm)
153121 45 - 50 <9 45.9 0.66 7.1 0.16 45.8 0.55 7.1 0.3

153121.4 40 - 45 <9 41 0.62 7.3 0.46 40.9 0.8 7.2 0.43

151394 30 - 35 <9 33.2 0.68 7.1 0.33 32.8 0.64 7.1 0.3

151394.25 50 - 55 <9 52.5 0.55 7.1 0.3 52.4 0.71 7.3 0.44

151402.15 50 - 55 <9 53.8 0.76 7.7 0.46 54 0.68 7.6 0.49

151402.45 50 - 55 <9 52.2 0.72 7.4 0.49 52 0.75 7.3 0.46

Zl 20 - 25 <=9 24 0.55 8.1 0.3 23.7 0.64 8.1 0.38

Z2 30 - 35 <=9 30.2 0.7 9 0.16 30.3 1.07 8.9 0.63

Z3 40 - 45 <=9 41.9 0.53 9 0.23 41.9 0.89 8.8 0.68

Z4 50 - 55 <=9 52.1 0.53 9 0.23 52 1.27 8.8 0.48

-l
�
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Timing Test Results
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Figure 6.1 Timing Test Results

6.4 Summary

The results presented in this chapter verify that the new automated

test station performs as anticipated. It allows the vertex offset and radius of

curvature of a connector to be tested accurately and quickly. Further, these

test results were shown to be repeatable.



7. Conclusion

This thesis detailed the procedures currently used to evaluate an

optical fiber connector. The disadvantages of these procedures were also

discussed. Most notable was the use of a reference connector in the

evaluation process. The results of this test indicated how the connector

under test could perform when coupled to a nearly ideal connector. The

results do not indicate how that connector would perform if mated to a

marginal quality connector. If a connectors end-face geometry could be

strictly controlled during manufacture then the chance of a low return loss

connection occurring in the field could be reduced. For example, by ensuring

that a connector has a good vertex offset and radius of curvature the

likelihood of a gap between cores in a connection would lessen. In this

context, the subjective and time consuming end-face analysis process

presently employed is a major drawback and should be replaced.

To overcome the problems associated with the old test method, a new

method was developed. This new method examined the geometry of a

connector's end-face. By producing connectors with end-face geometries

strictly controlled, good performance in the field can be anticipated. The

specific features evaluated were vertex offset and radius of curvature. To

accomplish this, a new automated test station was developed. The

automated test station used a computer, a CCD camera and an

interferometer to capture and evaluate images of connector end-faces. The

vertex offset and radius of curvature were calculated and compared to pre

defined limits. The test station operator was given the test results along

with a pass or fail indication of each parameter.
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The goal of this thesis was to produce a test station which would

require little operator training while producing accurate results quickly. The

performance data shown in Chapter 6 show that the test station produced

accurate, repeatable results and displayed them quickly. The software which

controlled the station provided a high degree of automation which made the

test station very easy to operate.

Future work on the test station should include enhancement of the

interferometer's optics. A cleaner image of the fiber and of the interference

pattern could lead to a simplification of the software which, in turn, could

lead to even faster performance. Enhanced optics may also allow the

interferometer, CCD camera, and laser to be housed in an even smaller

enclosure, thus saving test bench space.
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Appendix A Image Processing Techniques

Early in the project, a variety of image enhancement methods were

applied to the fringe pattern image. The goal was to remove some of the

noise in the image and provide cleaner, easier to trace fringes. However, the

time taken to process each image was in the order of 10 seconds. This was

far longer than the required test period. Finally, the end result of these

techniques did not produce an image which was easier to evaluate. In some

cases, detail was lost. The image enhancement codes were all supplied in a

library file which was included with the commercial video capture board. All

of the examples given here were run on the fringe pattern image in Figure

A.I.

Figure A.l Fringe Pattern Test Image

81
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The first image processmg technique employed was the Laplacian

operator. This operator performed a convolution using a 3 x 3 kernel

-1

-1

-1

-1

8

-1

-1

-1

-1

The brightness value of the central pixel was multiplied by 8 while the

values of each of the neighboring pixels are subtracted from the central

value. If the region to which this operator is applied has uniform brightness,

then the result of applying this kernel is to reduce the gray level to zero. If a

discontinuity, such as a point, line or edge, is present within the region, the

result of the Laplacian is a non-zero value. It may be positive or negative

depending on where the discontinuity lies with respect to the central point.

The Laplacian operator is an approximation to the linear second

derivative of brightness, B, in the x and y direction [25]:

(A.l).

This derivative is insensitive to rotation. Therefore, it is also insensitive to

the direction of a discontinuity. The Laplacian tends to highlight edges in all

directions by selectively passing only high spatial frequency image
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components while suppressing uniform and smoothly varying regions.

However, the Laplacian also tends to enhance visual noise.

Figure A.2 Laplacian Image

The Laplacian image is not easy to interpret on its own. To restore the

overall gray scale variation, the Laplacian enhancement of the edges can be

subtracted from the original image. This also sharpens the image by locally

increasing the contrast at discontinuities. The result of this process is shown

in Figure A.3. This procedure can be justified by first considering the blur in
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an image to be modeled by a diffusion process. This process would obey the

partial differential equation

(A.2).

where the blur function is f(x,y,t) and t is time [25]. This can be expanded

into a Taylor series around time 'to The unblurred image may be expressed

as:

(A.3).

Ignoring the higher order terms

B(x, y) = f - k 't V2 f (A.4).

This shows that the unblurred image B can be restored by subtracting the

Laplacian (times a constant) from the blurred image.

The Laplacian operator is not particularly good at defining edges [27].

In most cases boundaries at edges appear as a step in brightness, sometimes

spread over several pixels. The Laplacian gives the largest response to

points. The next largest response is to a line. A step has the smallest

response of the three. Typically, noise in an image will appear as points

varying in brightness. A Laplacian will show these points more strongly

than the edges or boundaries that are of interest.
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Figure A.3 Laplacian Subtracted From Test Image

Another approach to locating edges uses first derivatives in two

directions. This technique was proposed by L. G. Roberts in 1965 [28] and is

commonly known as the Roberts cross-point edge filter. This is a fast edge

detecting filter which uses a four pixel kernel

x,y

x, y+l

x+l, y

x+l,y+l

The function applies a two dimensional differencing method to determine the

output brightness value of each pixel. The two differences
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(A.5a)

and

D2 = p
x, y+l

- Px+I , Y
(A.5b)

represent a finite approximation to the derivative of brightness. By

squaring, adding, and taking the square root of the total, a magnitude value

that is insensitive to the orientation of the edge can be obtained. The results

of applying the Roberts filter to the test image are shown in Figure A.4.

Figure A.4 Roberts Filtered Test Image
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The third image enhancement technique tried was the Sobel edge

filter. This technique uses derivatives in two orthogonal directions which are

then combined as the square root of the sum of their squares. This produces

a result which is independent of orientation and gives finer, more continuous

edges than the Roberts operation.

Magnitude = (A.6).

A pair of 3x3 kernels are used

-1
-2
-1

o
o
o

1
2
1

1
o

-1

2
o

-2

1
o

-1

the first giving the horizontal derivative and the second the vertical

derivative. The Sobel method can also be used to calculate a direction value

for each pixel:

D·· ·1 (aB/aB)irection = tan --

ay ax
(A.7).

The Sobel filtered test image is shown in Figure A.5.
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Figure A.5 Sobel Filtered Test Image

Besides taking too much time to preform, in this application neither

the Roberts or the Sobel filtering techniques produces images than were of

much better quality than the original image.



Appendix B Ellipse Fitting Routine

The first attempt to compensate, in software, for the tilt in the

interferometer's optics involved substituting an ellipse fitting routine for the

circle fitting routine. This new procedure is examined in this Appendix.

An ellipse is defined by the equation

(B.1)

where M and N are the values of the major and minor axes respectively. The

ellipse may have an arbitrary center location and angular orientation so the

expression may be generalized by rotating and translating the axes. The new

expression IS

f(x,y) = Ax2 + Bxy + Cy2 + Dx + Ey + 1 = 0 (B.2)

where A, B, C, D, and E are parameters to be estimated [26]. The center of

the ellipse is located at (a,b) where

2CD - BE
(B.3a)a =

B2 - 4ac

and

b =

2AE - BD
(B3.b).

B2 - 4ac
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The major axis makes an angle of:

8 = .!. tan
-1 ( B )2 A-C

(B.4)

with the x axis. The major axis of the ellipse is the larger of

M=2 2 (a2A+ abB + b2C - 1)/( A+ C + Sin�2eJ (B.5a)

and

N= 2 2 (a2A+ abB + b2C - 1)/(A+ C - Sin�2e») (B.5b)

depending on the sign of sin(28). The minor axis is the smaller of the two

axes.

In order to fit the ellipse to the set of data points (Xi' YJ found on a

fringe, the ith residual is defined as:

(B.6)

and the following operation is performed:

(B.7)
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by selecting A through E appropriately. Because flx.y) = 0, the minimization

of equation B.7 becomes

minimize E (Ax f + BXiYi + CYf + DXi + EYi + 1)2
1

(B.B).

The values of A through E were calculated using the least squares method.

This technique worked very well on points taken from a computer

generated ellipse. When given the points found on the perimeter of the fiber

image this routine also worked very well. The fiber center coordinates found

were practically identical to those found by the circle fitting technique.

Further, the major and minor axis values were approximately equal

indicating that the fiber image was nearly circular. However, when the

points from a traced fringe were used, the ellipse technique did not perform

consistently. For a given data set, the coefficients determined were always

identical over repeated trials but the ellipse was not necessarily a good fit to

the data. The center coordinates, axis lengths and angle to the x axis were

incorrect. This appeared to be due to the noise present in the fringe image.

The test results for a given connector were incorrect in approximately one in

seven trials. Because the circle fitting routine worked for all connectors

every time enough points were found, it was chosen over this ellipse fitting

routine. If cleaner data could have been passed to the ellipse routine, it may

have performed better.



Appendix C Test Results

This appendix contains the results obtained while checking the

performance of the automated optical fiber test station. The first 10 sheets

contain the results obtained when repeatedly testing the connectors without

removing them between trials. The connectors were only moved in order to

rotate them 90° clockwise after every 10 trials. The second 10 sheets contain

the results obtained when removing and inserting the connectors between

trials. After every 10 trials, the connectors were also rotated 90° clockwise.
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Table Cl Repeatability Test: Connector 0153121 not tagged
0153121 not tagged
est. offset = 45 - 50

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
� �- ._-_. -- - - "-------_ ... _- -----_ .. __ .. _-_. __ ._ -� � - --_. __ .. _-_ .. _._--- ,--._-_ .. __ .. __ .. ____:_ -_._._.,.__ '-_-_._._ ------_.,_,._-,_.,_...... _. _---'-"-'_-'"-,-"----,,,_.,,---

Offset (urn) 45 45 45 46 46 46 46 46 46 46 45.7 0.483046
Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.31 1.37 1.29 1.27 1.23 1.38 1.33 1.34 1.28 1.24 1.304 0.Q51251

Key at 90
Offset (urn) 47 46 46 45 46 45 46 46 46 46 45.9 0.567646

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0
Time (s) 1.24 1.34 1.29 1.24 1.26 1.3 1.38 1.22 1.35 1.31 1.293 0.053135

Key at 180
Offset (urn) 45 45 45 46 46 46 46 46 45 45 45.5 0.527046

Radius (mm) 8 7 7 7 7 7 7 7 7 7 7.1 0.316228
Time (s) 1.33 1.24 1.29 1.32 1.26 1.26 1.31 1.28 1.27 1.3 1.286 0.029136

Key at 270

__ � ___ °ff��!_��l___ �

47 47 47 46 47 46 46 47 47 46 46.6 0.516398
------ ---�� -_._",_,-"-- �---� -"'--"""------- "_,-- 1----'----- �---"-,-"-

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0
Time (s) 1.42 1.26 1.33 1.41 1.4 1.36 1.31 1.29 1.38 1.36 1.352 0.0535

Overall offset (urn) 45.925 0.655842
Overall radius (mm) 7.025 0.158114

Overall time (s) 1.30875 0.052876
�
w



Table C2 Repeatability Test: Connector 0153121 tagged .40

0153121 tagged.40
est.offset = 40 - 45

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
. - - .. �------- --_ .. _- . ---- ---------- -------------- -_. __ ._-- --.------------ ------�--.-- ..

Offset (urn) 41 41 41 40 41 40 40 41 41 41 40.7 0.483046

Radius (mm) 7 7 8 7 8 8 7 8 7 7 7.4 0.516398

Time (s) 1.34 1.3 1.3 1.31 1.32 1.3 1.22 1.32 1.3 1.32 1.303 0.03199

Key at 90

Offset (urn) 41 41 41 42 41 41 41 41 42 41 41.2 0.421637

Radius (mm) 8 8 8 8 8 7 8 8 8 7 7.8 0.421637
Time (s) 1.31 1.33 1.37 1.4 1.37 1.33 1.29 1.3 1.36 1.27 1.333 0.041379

Key at 180

Offset (urn) 41 42 42 40 41 40 41 41 42 41 41.1 0.737865

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.35 1.23 1.32 1.3 1.31 1.27 1.28 1.29 1.31 1.27 1.293 0.033015

Key at 270

Offset (urn) 41 41 40 41 40 42 40 41 41 42 40.9 0.737865
1-------------------�------,.- _. .-_--- 1--------------------

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.3 1.29 1.36 1.27 1.27 1.33 1.28 1.34 1.27 1.21 1.292 0.043153

Overall offset (urn) 40.975 0.619657
Overall radius (mm) 7.3 0.464095

Overall time (s) 1.30525 0.039935

e.D
�



Table C3 Repeatability Test: Connector 0151394 tagged .25

0151394tagged.25
est.offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

.__.Key at 0
----- -- - --_"_._.. __ ._--_ .. ----- ---- .--.-------_-_ -_-----_._----- --��� ----------------

Offset (urn) 52 52 53 53 54 53 53 52 52 52 52.6 0.699206

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.17 1.26 1.26 1.28 1.27 1.3 1.35 1.24 1.34 1.36 1.283 0.057552

Key at 90
Offset (urn) 53 52 52 52 53 53 53 53 52 52 52.5 0.527046

Radius (mm) 7 7 7 7 8 7 7 8 7 7 7.2 0.421637

Time (s) 1.39 1.35 1.35 1.31 1.26 1.24 1.38 1.45 1.4 1.4 1.353 0.066005

Key at 180
Offset (urn) 52 52 53 53 53 53 53 52 52 52 52.5 0.527046

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.23 1.33 1.32 1.28 1.29 1.25 1.3 1.3 1.23 1.32 1.285 0.036893

Key at 270

____Qf!�et 1!I_!11_l____

52 52 52 52 53 52 53 52 53 53 52.4 0.516398
----�---,..---- ._--_..• ,,---------_ -�--- ---- .... ------- ---- ----"----- ---- �----.----- ------ .. -�------�--- _._._.. _-----_-_--

Radius (rnm) 7 7 7 7 7 7 7 7 8 8 7.2 0.421637

Time (s) 1.34 1.31 1.32 1.29 1.29 1.25 1.42 1.36 1.4 1.37 1.335 0.053177

Overall offset (urn) 52.5 0.5547

Overall radius (mm) 7.1 0.303822

Overall Time (s) 1.314 0.06084

sc
01



Table C4 Repeatability Test: Connector 0151394 not tagged
0151394 not tagged
est. offset = 30 - 35

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
-- - - . � .. -- .. ----,.�-.�.-��".------ .-

Offset (urn) 34 33 32 33 33 33 34 33 33 33 33.1 0.567646
Radius (mm) 7 7 7 7 7 7 7 8 8 7 7.2 0.421637

Time (s) 1.42 1.31 1.23 1.39 1.21 1.31 1.33 1.36 1.33 1.3 1.319 0.064541

Key at 90

Offset (urn) 33 33 33 35 34 35 34 34 34 34 33.9 0.737865
Radius (mm) 7 7 7 7 7 7 7 7 7 8 7.1 0.316228

Time (s) 1.31 1.36 1.36 1.3 1.24 1.37 1.31 1.33 1.28 1.38 1.324 0.044522

Key at 180
Offset (urn) 33 33 33 32 33 33 32 33 33 32 32.7 0.483046

Radius (mm) , 7 7 7 7 7 7 7 7 7 7 7 0
Time (s) 1.39 1.35 1.3 1.38 1.35 1.39 1.23 1.27 1.29 1.37 1.332 0.055936

Key at 270

___ .. ___ Q_ff��!_(�!!!)_____..

33 33 33 33 33 33 33 33 33 33 33 0
.-.-- .. ,-----.��-- ------ --�--- -�-- .... --.- i---------------- --_ .. -� �-�---"" _'-----1-------,.,,""'--,--,.,- f---------------

Radius (mm) 7 7 7 7 7 8 8 7 7 7 7.2 0.421637
Time (s) 1.33 1.43 1.32 1.37 1.21 1.28 1.26 1.3 1.27 1.25 1.302 0.063736

Overall offset (urn) 33.175 0.675107
Overall radius (mm) 7.125 0.334932

Overall Time (s) 1.31925 0.056586
t.O
m



Table C5 Repeatability Test: Connector 0151402 tagged .15

0151402 tagged .15
est.offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

______Keyat 0 -_. -�---�--. _ ... __ ._ .. _.-._-_ -.
-------- ------ -- _._---_.__ . -----.--------

L _____� ______ ---_-_---_._- ------ 1--------- --------.--.-- --------1-------_._-

Offset (urn) 53 53 55 54 54 54 54 54 54 55 54 0.666667

Radius (mm) 8 8 8 8 8 7 7 7 7 8 7.6 0.516398

Time (s) 1.29 1.18 1.2 1.19 1.29 1.18 1.3 1.22 1.32 1.18 1.235 0.057783

Key at 90
Offset (urn) 53 54 54 53 55 54 54 55 54 54 54 0.666667

Radius (mm) 7 7 8 8 7 8 8 8 8 8 7.7 0.483046

Time (s) 1.37 1.38 1.31 1.32 1.33 1.32 1.3 1.28 1.22 1.31 1.314 0.044771

Key at 180

Offset (urn) 55 54 54 54 53 54 55 55 54 54 54.2 0.632456

Radius (mm) 8 8 8 8 8 8 8 8 8 8 8 0

Time (s) 1.26 1.22 1.31 1.34 1.35 1.31 1.32 1.3 1.19 1.3 1.29 0.051424

Key at 270
Offset (urn) 53

____

53
_

53 53 52 53 54 53 53 53 53 0.471405
-------------,---

_ ._--- ------
--_._--_._--_._,--- -_ .. _---_._-

Radius (mm) 8 8 8 7 7 8 8 7 7 7 7.5 0.527046

Time (s) 1.32 1.21 1.27 1.34 1.33 1.17 1.2 1.26 1.23 1.2 1.253 0.060745

Overall offset (urn) 53.8 0.757865

Overall radius (mm) 7.7 0.464095

Overall time (s) 1.273 0.060604

�
-:J



Table C6 Repeatability Test: Connector 0151402 tagged.45
0151402ta��ed.45
est.offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

_______��y_ at_Q�____ -------_.. - ----------------- ----------- ---- ----_-----_. _._---------- ----�----.- -_._" 1-------_ ... ---_-.'_--_'. --------�--- -_---_-

Offset (urn) 53 53 53 53 53 53 53 53 52 53 52.9 0.316228

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Time (s) 1.23 1.34 1.3 1.32 1.35 1.34 1.31 1.26 1.28 1.32 1.305 0.03837

Key at 90
Offset (urn) 52 52 52 52 52 52 52 52 52 52 52 0

Radius (mm) 8 7 8 7 7 7 8 8 8 8 7.6 0.516398

Time (s) 1.32 1.19 1.29 1.27 1.3 1.26 1.21 1.32 1.29 1.38 1.283 0.054985

Key at 180

Offset (urn) 52 51 53 52 52 51 51 52 51 52 51.7 0.674949

Radius (mm) 7 8 7 8 7 8 8 8 7 8 7.6 0.516398

Time (s) 1.28 1.24 1.36 1.4 1.3 1.33 1.36 1.31 1.23 1.4 1.321 0.060268

Key at 270

�__Q_ff��! (urn)
____

52 53 52 53 51 51 51 53 53 53 52.2 0.918937
.. __ .,.,. __ .----- _---- ----_-_-_'_ -�------ ----- �--- --� ----,--�--.""- --_._-_---

Radius (mm) 7 7 7 7 7 8 8 8 7 7 7.3 0.483046

Time (s) 1.29 1.32 1.3 1.29 1.28 1.32 1.23 1.26 1.39 1.3 1.298 0.042111

Overall offset (urn) 52.2 0.723241

Overall radius (mm) 7.375 0.49029

Overall time (s) 1.30175 0.049763

sc
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Table C7 Repeatability Test: Connector Zl

labeled ZI

est.offset = 20 - 25

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

.._KeX(lt 0
-- ----�-----,----.-. -- - ._-- .•. _--

�.--- - ---------- _ .. _._ .. __ --- ----------- r-- _.-._-_._._,._- -- . .. __ ---- -----------�--- --_ .. _-_ .. _--- -_-_---_-- --_-------

Offset (urn) 24 24 24 24 25 24 24 25 25 24 24.3 0.483046

Radius (mm) 8 8 9 9 8 8 8 8 8 8 8.2 0.421637

Time (s) 1.17 1.27 1.33 1.27 1.36 1.29 1.27 1.28 1.32 1.3 1.286 0.050596

Key at 90

Offset (urn) 25 24 24 24 24 24 23 24 24 23 23.9 0.567646

Radius (mm) 8 8 9 8 8 8 9 8 8 8 8.2 0.421637

Time (s) 1.37 1.38 1.36 1.42 1.32 1.3 1.22 1.31 1.33 1.28 1.329 0.056853

Key at 180

Offset (urn) 24 23 24 23 24 24 25 23 23 24 23.7 0.674949

Radius (mm) 8 8 8 8 8 8 8 8 8 8 8 0

Time (s) 1.29 1.35 1.3 1.24 1.29 1.34 1.24 1.33 1.29 1.2 1.287 0.048086

Key at 270

_____Qffset (urn) 24 24 24 24 24 24 24 24 23 24 23.9 0.316228
.. _ .. _- 1"-""---------- f------ -----

-_ ---- �----.- -----_._._. ---------

Radius (mm) 8 8 8 8 8 8 8 8 8 8 8 0

Time (s) 1.32 1.22 1.3 1.33 1.31 1.38 1.22 1.2 1.37 1.23 1.288 0.065794

Overall offset (urn) 23.95 0.552384

Overall radius (mm) 8.1 0.303822

Overall time (s) 1.2975 0.056648

�
�



Table C8 Repeatability Test: Connector Z2

labeled Z2

est. offset = 30 - 35

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
""" "- - ----�--- .. ----

Offset (urn) 31 31 31 29 31 30 30 31 31 30 30.5 0.707107
Radius (mm) 9 9 9 9 9 9 9 8 9 9 8.9 0.316228

Time (s) 1.39 1.37 1.31 1.45 1.33 1.39 1.42 1.42 1.31 1.33 1.372 0.050067

Key at 90
Offset (urn) 30 30 30 31 30 29 29 31 29 29 29.8 0.788811

Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0
Time (s) 1.38 1.35 1.34 1.24 1.35 1.28 1.4 1.28 1.27 1.27 1.316 0.054406

Key at 180
Offset (urn) 30 30 30 30 30 30 31 31 31 30 30.3 0.483046

Radius (rum) 9 9 9 9 9 9 9 9 9 9 9 0
Time (s) 1.37 1.31 1.29 1.31 1.4 1.3 1.3 1.3 1.32 1.22 1.312 0.047796

Key at 270
Offset (urn) 30 31 30 30 31 30 31 29 30 31 30.3 0.674949

_"---,_ "------f---�--

Radius (rum) 9 9 9 9 9 9 9 9 9 9 9 0
Time (s) 1.24 1.34 1.38 1.23 1.37 1.33 1.3 1.32 1.18 1.3 1.299 0.064196

Overall offset (urn) 30.225 0.697523
Overall radius (mm) 8.975 0.158114

Overall time (s) 1.32475 0.059528
I-'
o
o



Table C9 Repeatability Test: Connector Z3

labeled Z3

est.offset = 40 - 45

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
� - . � �

.. � --.-- -- --�.----.-.-.-- .. -- . __ - ._--------- - -- --------- --_._._-_..... _ --�---------- ----- -------._-_ .. _-_.

Offset (urn) 42 42 42 43 42 42 42 42 43 42 42.2 0.421637

Radius (mm) 9 9 9 10 9 9 9 8 9 9 9 0.471405

Time (s) 1.18 1.18 1.28 1.37 1.3 1.3 1.37 1.32 1.3 1.24 1.284 0.067032

Key at 90
Offset (urn) 42 42 42 42 42 42 42 42 42 42 42 0

Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0

Time (s) 1.31 1.35 1.27 1.2 1.3 1.23 1.4 1.32 1.26 1.27 1.291 0.058205

Key at 180

Offset (urn) 42 42 41 41 42 41 42 40 41 42 41.4 0.699206

Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0

Time (s) 1.31 1.26 1.24 1.38 1.31 1.27 1.31 1.25 1.35 1.36 1.304 0.04858

Key at 270

�___Qffs� (umL___

42 42 42 43 42 42 42 42 42 42 42.1 0.316228
.---�---,- .,--,.----... ----- r--' --� --� "_- ----�----------. ��--------.

Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0

Time (s) 1.36 1.34 1.25 1.36 1.26 1.21 1.31 1.35 1.33 1.3 1.307 0.051651

Overall offset (urn) 41.925 0.525625

Overall radius (mm) 9 0.226455

Overall time (s) 1.2965 0.055403
I--'
o
I--'



Table CIO Repeatability Test: Connector Z4

labeled Z4

est. offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
-_ - '"- .. -�- --- - --.--,-.�------- �-- .. �--.--.------ _,-,,,---,,,----_._------------

Offset (urn) 52 52 53 52 52 52 53 52 53 52 52.3 0.483046
Radius (mm) 10 9 9 9 9 9 9 9 9 9 9.1 0.316228

Time (s) 1.42 1.26 1.33 1.26 1.26 1.31 1.39 1.31 1.31 1.29 1.314 0.054406

Key at 90

Offset (urn) 52 52 52 52 52 53 53 52 52 52 52.2 0.421637
Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0

Time (s) 1.23 1.26 1.27 1.3 1.36 1.27 1.17 1.21 1.19 1.22 1.248 0.056135

Key at 180
Offset (urn) 52 52 52 53 52 52 52 52 53 52 52.2 0.421637

Radius (mm)
, 9 9 8 9 9 9 9 9 9 9 8.9 0.316228

. Time (s) 1.28 1.31 1.34 1.32 1.33 1.29 1.36 1.31 1.29 1.34 1.317 0.025841

Key at 270

___ �Qf!�tJ!l_mL____

51 51 52 52 51 52 52 52 51 52 51.6 0.516398
-"",,-----'_._'_.__ ,-,",-_ -- .. ---.-.-.-",.�- ---'._.,.. _---._'_-- ��-- --.- ..-�-- -_._,,"--------- ._--,_ ---,-------,,-- ---",._,."" .. __ ._-------- -,-.,-,-,----,-�---,--,.,--"""-

Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0
Time (s) 1.25 1.21 1.29 1.33 1.38 1.35 1.33 1.43 1.27 1.37 1.321 0.066408

Overall offset (urn) 52.075 0.525625
Overall radius (mm) 9 0.226455

Overall time (s) 1.3 0.059269 I-'
o
t-.:l



Table C11 Insert / Remove Test: Connector 0153121 not tagged

0153121 not taazed
est. offset = 45 - 50

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 46 45 46 46 46 45 46 46 46 45 45.7 0.483046

Radius (mm) 8 7 7 7 7 7 7 7 7 7 7.1 0.316228

f � �� Key a! 90
-� -- - -- -------.-- .. -----.-- --�" ... --.-.--.------� f----.-���_._"� �--� --�--- ---.----� ---.---'_"-'-".-"""."_-'_

Offset (urn) 46 46 45 46 46 46 46 45 46 47 45.9 0.567646
Radius (rnm) 7 7 8 8 7 7 7 7 7 7 7.2 0.421637

Key at 180
Offset (urn) 46 46 45 46 45 45 45 47 46 46 45.7 0.674949

Radius (mm) 8 7 7 7 7 7 7 7 7 7 7.1 0.316228

Key at 270
Offset (urn) 46 46 47 46 46 46 46 45 46 46 46 0.471405

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Overall offset (urn) 45.825 0.549475
Overall radius (mm) 7.1 0.303822
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Table C12 Insert / Remove Test: Connector 0153121 tagged . .40

0153121 tazzed .40
est. offset = 40 - 45

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 41 41 42 41 42 40 39 42 41 41 41 0.942809

Radius (mm) 8 8 7 7 7 7 7 7 7 8 7.3 0.483046

______ ��J'ilt_2°___ -"."._----"-"_, .. _-_._._- --------_-_- __ ._---- - ----,--_ .. __ ... ,---,_ .----� ��-- -----,."""'-"-.-,,--.-�-

Offset (urn) 41 41 41 40 41 40 41 41 41 41 40.8 0.421637
Radius (mm) 7 8 8 7 7 7 7 7 7 7 7.2 0.421637

Key at 180

Offset (urn) 39 42 41 41 42 39 41 40 40 40 40.5 1.080123
Radius (mm) 7 8 7 7 6 8 7 7 7 7 7.1 0.567646

Key at 270
Offset (urn) 41 41 42 41 42 40 41 41 41 41 41.1 0.567646

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Overall offset (urn) 40.85 0.80224

Overall radius (mm) 7.15 0.426675
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Table C13 Insert / Remove Test: Connector 0151394 tagged .25

0151394 tagged .25
est. offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 53 53 52 52 52 53 51 53 52 52 52.3 0.674949

Radius (mm) 8 8 7 7 7 7 7 7 7 7 7.2 0.421637

_ _ _ � K�y (:It �O ��� -
.. _-_ �'-"-'-----""'-- ------_ ----_ .. _ - - -----_.,,--",_,_ ----""----_"'--,-"- --,--_.,""._"""------,_,_ "--"'---,."'----""--�--- -�-------- --"'_'"--,-----"_'"- --.-.�--.-.--""

Offset (urn) 52 52 53 52 53 54 53 54 53 52 52.8 0.788811
Radius (mm) 7 7 8 7 7 7 7 7 8 8 7.3 0.483046

Key at 180
Offset (urn) 53 52 52 53 52 51 52 52 53 53 52.3 0.674949

Radius (mm) 7 7 7 8 8 7 8 7 8 8 7.5 0.527046

Key at 270
Offset (urn) 53 52 52 52 52 53 52 51 52 53 52.2 0.632456

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Overall offset (urn) 52.4 0.708918
Overall radius (mm) 7.25 0.438529
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Table C14 Insert / Remove Test: Connector 0151394 not tagged

0151394 not tazzed
est. offset = 30 - 35

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 33 33 34 33 31 32 33 33 32 33 32.7 0.823273

Radius (mm) 7 7 7 7 8 7 8 7 7 7 7.2 0.421637

Key at 90
-_._---_ ...... _._._-- -.-----�--.- -"'.""--.�--.".-,-.,,--.. - ---"-_.. _ .. _._,--,,",," --'""- f------------------"'---,. -,---�-,.-"-- -

Offset (urn) 33 32 33 33 32 32 33 33 33 34 32.8 0.632456
Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Key at 180
Offset (urn) 33 32 33 33 33 32 33 32 33 33 32.7 0.483046

Radius (mm) 8 7 7 7 7 8 7 7 7 7 7.2 0.421637

Key at 270
Offset (urn) 33 34 34 33 33 32 33 33 33 33 33.1 0.567646

Radius (mm) 7 7 7 7 7 7 7 7 7 7 7 0

Overall offset (urn) 32.825 0.635993
Overall radius (mm) 7.1 0.303822
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Table C15 Insert / Remove Test: Connector 0151402 tagged .15

0151402 tagged .15
est. offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 54 53 52 53 54 54 54 54 54 55 53.7 0.823273

Radius (mm) 8 7 7 8 8 7 7 7 7 7 7.3 0.483046

--

Key at 90
----- --- ---- __ ----------,----- --�------ -- -_-----�------ r------------- --_-- ----�------_

Offset (urn) 54 54 55 54 54 54 55 54 55 55 54.4 0.516398
Radius (mm) 7 8 8 7 8 8 8 8 7 8 7.7 0.483046

Key at 180

Offset (urn) 54 54 55 55 54 53 55 53 54 54 54.1 0.737865
Radius (rnm) 8 8 8 7 8 8 8 8 8 8 7.9 0.316228

Key at 270
Offset (urn) 54 54 54 54 53 54 54 54 54 53 53.8 0.421637

Radius (mm) 8 7 8 7 8 7 7 8 8 8 7.6 0.516398

Overall offset (urn) 54 0.679366
Overall radius (mm) 7.625 0.49029
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Table C16 Insert / Remove Test: Connector 0151402 tagged.45

0151402 taazed .45
est. offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0

Offset (urn) 51 52 51 53 51 52 53 52 52 50 51.7 0.948683
Radius (mm) 7 8 8 7 7 7 7 7 7 7 7.2 0.421637

Key at 90
--- -"---",._---- _'._- ------ .•. �"- -"--- _"--'"'-- ---,�---,-.-'" "-------_._--_.__ -_,_

Offset (urn) 52 53 52 50 53 52 52 52 52 52 52 0.816497
Radius (mm) 7 7 8 7 7 7 8 8 7 7 7.3 0.483046

Key at 180

Offset (urn) 52 51 52 52 53 52 52 52 53 51 52 0.666667
Radius (mm)

,

8 7 7 8 8 7 8 8 7 7 7.5 0.527046

Key at 270
Offset (urn) 52 53 52 53 52 53 52 52 52 52 52.3 0.483046

Radius (mm) 7 7 7 7 8 7 7 8 7 7 7.2 0.421637

Overall offset (urn) 52 0.751068
Overall radius (mm) 7.3 0.464095

f-'
o
00



Table C17 Insert / Remove Test: Connector Zl

labeled Zl

est.offset = 20 - 25

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 23 23 23 24 24 25 23 24 26 24 23.9 0.994429

Radius (mm) 8 8 8 8 8 8 8 8 8 7 7.9 0.316228

______��y at19______
--.-------.� ��---�---." ---_---------- I-------.- ...•. --�-- _-_----- -----��.- r--�-- ---- .---_---- ----_-- ------ �---

Offset (urn) 23 24 24 23 23 23 23 24 24 24 23.5 0.527046

Radius (mm) 8 8 8 8 9 8 8 8 9 9 8.3 0.483046

Key at 180
Offset (urn) 24 24 23 23 24 24 24 24 24 24 23.8 0.421637

Radius (mm) 8 8 9 9 8 8 8 8 8 8 8.2 0.421637

Key at 270
Offset (urn) 23 24 23 24 24 24 23 24 24 24 23.7 0.483046

Radius (mm) 8 8 8 8 8 8 8 8 8 8 8 0

Overall offset (urn) 23.725 0.640012

Overall radius (mm) 8.1 0.378932
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Table CIS Insert / Remove Test: Connector Z2

labeled Z2

est.offset = 30 - 35

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 31 32 32 31 32 30 31 31 28 30 30.8 1.229273

Radius (mm) 8 9 8 8 9 8 10 10 10 9 8.9 0.875595

_______
��y�!_2Q__ ___ __ -.--�.-- .• --- .....-,.-,-."-.--- - - -_ .. ------_'_-.--'-- .----�----.-.--

_,--------_ .... _ ... _- -------- - .... ---- ---�- .-------.�-- �--- 1-----,---

Offset (urn) 30 29 29 31 29 32 29 31 31 30 30.1 1.100505

Radius (mm) 10 9 8 9 8 10 9 9 10 9 9.1 0.737865

Key at 180

Offset (urn) 30 29 30 31 31 30 32 28 31 30 30.2 1.135292

Radius (mm) 9 9 9 9 8 8 8 9 9 9 8.7 0.483046

Key at 270
Offset (urn) 31 31 31 30 30 29 29 30 30 30 30.1 0.737865

Radius (mm) 9 9 9 9 9 9 9 9 9 8 8.9 0.316228

Overall offset (urn) 30.3 1.066987

Overall radius (mm) 8.9 0.632456

f-l
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Table C20 Insert / Remove Test: Connector Z4

labeled Z4
est. offset = 50 - 55

Trial 1 2 3 4 5 6 7 8 9 10

Average Std Dev

Key at 0
Offset (urn) 51 51 52 51 52 54 52 50 53 54 52 1.333333

Radius (mm) 9 9 9 7 9 9 8 8 9 9 8.6 0.699206

Key at 90
... � "----, .. _-_ .. _--_."_,_.,,," -""--_.,---",_"--- """. -- ..•. -.-- .. ----

Offset (urn) 53 53 50 51 53 52 52 52 51 52 51.9 0.994429
Radius (mm) 9 9 9 9 9 9 9 9 9 9 9 0

Key at 180
Offset (urn) 51 52 52 50 50 51 52 50 52 52 51.2 0.918937

Radius (mm) 9 8 9 9 8 8 9 9 9 9 8.7 0.483046

Key at 270
Offset (urn) 52 55 51 54 52 53 51 52 54 54 52.8 1.398412

Radius (mm) 9 9 8 9 9 8 9 9 9 9 8.8 0.421637

Overall offset (urn) 51.975 1.270726
Overall radius (mm) 8.775 0.479717

I--'
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