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ABSTRACT

The need for reliable and consistent measurement has become more
acute with the use of statistical process control (SPC), gage repeatability
and reproducibility (Gage R&R) assessment, and high precision,
computer-controlled gaging systems. Although it is often overlooked, the
inspection methodology under which various features are inspected has
an impact on Gage R&R results. This notion was confirmed when a
1993 thesis study substantiated inspection methodology as a source of
measurement variability in direct computer-controlled, coordinate
measuring machines (DCC/CMMs). Although this study explored a
methodology to bring measurement variability under statistical control,
the tested assessment methodology--single baseline repeatability
assessment--was not validated.

This study was initiated to assess the effectiveness of muiti-baseline
repeatability assessment (MBRA) in (a) identifying diameter/probe hit
ce;tegories with inherent stability in measurement repeatability on the
XY, XZ, and YX planes and (b) generating planar inspection programs
that yield improvements in diameter measurement repeatability on each
of the three planes. The methodology of this study was based on a
Brown & Sharpe Xcel 7+6+5 CMM, twenty-three circular test specimens
of different diameters, an inspection methodology varying from 3-10
probe hits, and two repeatability deterrnination methods--range and
standard deviation. ‘

The results of this study indicated: (a) in general, diameter
measurement repeatability can be improved by increasing the number of
contact probe hits; (b) MBRA is an effective methodology for quantifying

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



stability in measurement repeatability: and (c) MBRA is not an effective
methodology for improving measurement repeatability (diarmeter/probe
hit categories with the greatest stability did not necessarily possess the
"best" repeatability). The principle implication presented by this study is
that multi-baseline repeatability assessment gives CMM users an
assessment tool that can be used to establish (a) inspection
methodologies under which different features can be inspected with high
precision, (b) part orientations (planes) under which circular features can
be inspected with high precision, (c) machine signatures upon which
machine wear can be monitored and tracked, and (d) machine signatures
upon which repeatability comparison studies can be conducted.
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CHAPTER I
INTRODUCTION

During the 1980s, numerous U.S. companies demonstrated that
world-class quality was an attainable goal. At the beginning of the
1990s, several major US companies had attained world-class quality and
were serving notice to their suppliers that they too must make significant
quality improvements if they wanted to continue being their suppliers.
This approach to quality management has not only propelled the entire
supplier chain to new levels of product quality but has also instilled in
businesses a new economic reality--continuous quality improvement is
an essential element to ensure competitiveness in global and domestic
markets.

One of the directions manufacturers have taken to contend with
changing market requirements and quality-based competition has been
to improve product quality by take a more aggressive stand in reducing
manufacturing variability, commonly referred to as process variability.
Process variability, according to Smith (1991), is a quantitative
assessment of the accumulated effects of all sources of variability,
including gage variability. Through the integration of electronic and
computer-controlled gaging systems and the improved accuracy and
repeatability these systems provide over traditional, manually-read
measuring instruments such as micrometers, calipers, height and depth
gages, manufacturers are provided a truer estimation of actual process
variability. In other words, reductions in gage variability yield a truer
estimation of process variability.

Although electronic and computer-controlled gaging system provide
numerous benefits and advantages over manual gaging systems, these
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advantages can be further enhanced provided sources of gage variability
and instability are investigated. In short, a gage capability study is a
useful tool for identifying and analyzing sources of gage variability and
instability so that steps can be taken to eliminate the cause of the
variability or at the very least bring it under statistical control. Smith
(1991) indicated the importance of gage capability studies when he
identified four gage characteristics that can be assessed from these
studies. These characteristics were accuracy, repeatability,
reproducibility, and stability. Smith went on to state that "gauge
repeatability errors are generally the largest contributors to gauge
variability . . . " (p. 330).

Repeatability, as defined within ASME B89.1.12M-1990, Methods for
Performance Evaluation of Coordinate Measuring Machines, is "a measure
of the ability of an instrument to produce the same indication (or
measured value) when sequentially sensing the same quantity under
similar measurement conditions” (p. 10). In other words, repeatability is
a quantitative assessment of the extent of measurement variability that
can be expected when a given part is measured repeatedly using the same
methods, apparatus, and environmental conditions. In quantitative-
based measurement activitiecs measurement precision and gage
repeatability go hand in hand; precision being the standard deviation of
the measurement error (O g ) and repeatability being the extent of
measurement error that can be expected within a specified level of
confidence (O pmg ) * (Z ). It should be noted that any improvement in
measurement precision and gage repeatability involves a numeric

reduction in both precision and repeatability values.
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In 1993 Marsh conducted a repeatability study on a direct computer-
controlled coordinate measuring machine (DCC/CMM)]. The purpose of
this study was to investigate the effects of diameter and probe hit
variations on the assessment and optimization of diameter measurement
repeatability. The results of this study indicated: (a) gage repeatability,
in most cases, improves as the number of probe hits used in diameter
measurement activities is numerically increased and (b) optimizing probe
hit repeatability using a single baseline repeatability assessment
methodology is not a viable approach for analyzing and minimizing
diameter measurement repeatability (within the context of this previous
study the expression "single baseline repeatability assessment” denotes
the assessment of gage repeatability using different diameter test
specimens and probe hit measurement routines). The conclusions
presented within the study were based on an analysis of probe hit
repeatability using twenty-three circular test specimens ranging in
diameter from 0.25 inches to 5.75 inches at 0.25 inch increments and
eight inspection routines varying from 3 to 10 probe hits. It should be
noted that the analysis of diameter measurement repeatability was also
structured on two well known and widely-used repeatability assessment
methodologies, the range method and the traditional standard deviation
method.

Although various steps were taken in this study to minimize factors
that influence measurement variability (factors such as temperature
change, vibration, and dust and dirt), the results of this study indicated
an inherent instability in diameter measurement repeatability within
certain diameters and probe hit categories. This instability influenced

the overall assessment of diameter and probe hit repeatability and
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prevented an effective optimization of diameter measurement
repeatability. For example, it was noted in the 1993 study that
repeatability data from two different optimization programs differed from
their baseline counterparts in the following three ways:

1. On average, 76% of the repeatability values from the optimized
inspection programs indicated, to varying degrees, worse repeatability
than their baseline counterparts (i.e., measurement precision and gage
repeatability values numerically increased).

2. On average, 15% of the repeatability values from the optimized
inspection programs indicated, to varying degrees, better repeatability
than their baseline counterparts (i.e., measurement precision and gage
repeatability values numerically decreased).

3. On average, 9% of the repeatability values from the optimized
inspection programs had very similar results with respect to their
baseline counterparts (i.e., little or no change in measurement precision
and gage repeatability values).

A more detailed analysis of the repeatability differences within the two
optimization programs indicated the occurrence of similar "difference”
values 66 percent of the time. It was concluded in the study that the
inability to achieve significant improvements in gage repeatability using
repeatability assessment and optimization was primarily attributable to
noted instabilities in repeatability within specific diameter and probe hit
categories.

Although the 1993 study substantiated "inspection methodology" as
a source of measurement variability in CMMs and even explored a
methodology to bring it under statistical control, it failed to yield the

results needed to validate the single baseline assessment methodology.
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One positive aspect of the study was that the findings indicated a
potential methodology that could be used to assess stability in
measurement repeatability. This approach would involve the analysis of
repeatability values between repeated baseline inspections (multi-baseline
repeatability assessment). In other words, the repeatability results of
repeated baseline inspections would be compared to identify all
diameter/probe hit categories that yield similar repeatability results.
Once identified, the diameter/probe hit categories with inherent stability
in repeatability would be used to conduct repeatability optimization tests.
Problem Statement
The problem of this study was to determine the effects of multi-
baseline repeatability assessment on the optimization of planar diameter
measurement repeatability using a direct computer-controlled coordinate
measuring machine (DCC/CMM), specific diameter test specimens, and
different probe hit inspection routines.
Purpose of the Study
The purpose of this study was to determine (a) the effectiveness of
multi-baseline repeatability assessment in identifying particular
diameter/probe hit categories with inherent stability in repeatability;
(b) the effectiveness of multi-baseline repeatability optimization in
generating planar inspection routines that yield improvements in
diameter measurement repeatability beyond that of the "best" single
category baseline inspection; and (c) the effectiveness of multi-baseline
repeatability analysis as a potential test method for identifying,
assessing, and monitoring machine-specific characteristics and/or

software differences.
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The significance associated with repeatability studies on CMMs has
been indicated by various authors and researchers. For example, Ray
(1992) proposed that SPC is composed of four legs: (a) evaluating the
capability of a process, (b) predicting when a process is going to get out
of control, (c) timely corrections to keep the process in control, and (d)
gage repeatability and reproducibility (Gage R&R) studies. Ray justified
his fourth leg of SPC by stating:

It stands to reason that if the gages aren’t under control, neither is
the process, since process monitoring depends on getting reliable
information from the gage. Gage R&R today is the missing link in
many industrial SPC programs. Neglecting it can negate many of the
benefits of SPC. (p. 22)

Ray’s investigations of measurement variability attributable to
differences in part fixturing has led to new and innovated fixturing
methods incorporating vacuum-based part clamping.

Shay (1988} also indicated support for gage repeatability assessment
when he stated that a need exists for "inspection and metrology
laboratories to perform repeatability studies on each gaging system to
determine the system’s ability to gage critical characteristics before doing
any capability analysis on a manufacturing process" (p. 91). In my
opinion, Lavole (1989) identified the true significance of gage repeatability
assessment when he stated: "you can have good repeatability without
good accuracy, but you cannot have good accuracy unless you also have
good repeatability” (p. 68).

Statement of Need
The value and necessity for a comprehensive study of diameter

measurement repeatability is based on (a) the widespread use of
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DCC/CMMs in industry, (b) a need to improve CMM performance,
(c) a need to determine the minimum amount of data needed to
accurately gage geometric shapes, and (d) a need to investigate various
inconsistencies noted in the results of the 1993 diameter measurement
repeatability study, as well as limitations imposed on the study itself
(Marsh, 1993). The following is an explanation of each of these needs as
reported in the literature.

Widespread Use of CMMs in Industry

Direct computer-controlled coordinate measuring machines
(DCC/CMMs) are extremely powerful metrological instruments. The
information collected by these measuring instruments is analyzed and
used in a variety of quality control and assurance activities. Of all the
descriptions used to describe a DCC/CMM, Bergstrom (1990) offered one
of the most concise when he described it as " an automated,
programmable, highly productive, high technology three dimensional
height gage with the flexibility to verify the various dimensions of almost
any object” (p. 67).

One of the main reasons for the steady growth and technological
advancement in coordinate measurement technology over the last fifteen
years has been the integration of CMMs into process and quality control
applications on the factory floor. Manufacturing companies, both large
and small, have increased their CMM purchases especially in smaller,
less expensive units such as the Brown and Sharpe MicroVal; the Digital -
Electronic Automation Swift; the Mitutoyo MXF; and the Numerex BT
1518-10, to name a few. The use of larger, more traditional CMMs,
normally found in strictly controlled environments, has not disappeared.
These CMMs are still being used to verify dimensional stability in other
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gaging instruments as well as first piece and specialized inspections.
The widespread use of CMMs can also be seen in the growing prevalence
of this measuring instrument in manufacturing environments.
According to Owen (1990}, "there is one CMM for every three machining
centers in the U.S. The number of CMMs installed in shops with fewer
than 100 people has doubled in the last five years” (p. 162). One of the
reasons for the increased use of CMMs was supplied by Quinlan (1995)
when he indicated that "new structures, drives, controls, sensors--above
all, new programming and operation software--are turning the CMM into
one of the most valuable and versatile instruments a manufacturer can
own" (p. 37). Regardless of the type of CMM used or its location within
a manufacturing environment, one critical factor essential for all CMMs
is conformance with manufacturer’s specifications. These specifications
are based on the procedures identified in ASME Report # B89.1.12M,
1990, Methods for Perfornance Evaluation of Coordinate Measuring
Machines, or some other statistically-derived methodology. Breyer and
Ohnheiser (1994) confirmed this assertion when they stated that ". . .
the basic aim [metrological and economical targets of gaging systems] is
to perform all necessary measuring jobs with minimum standard
deviation and at the lowest possible cost™ (p. 38).
Improving CMM Performance

According to Farago (1982}, the basic purpose of dimensional
measurements in manufacturing is to assure product conformance with
design specifications. Recent advances in measurement technology have
given added credibility to Farago’s statement: "as long as you can
measure it, you can make it" (p. 1). Consequently, knowing what can be

measured and what degree of accuracy and repeatability can be achieved
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have proven to be valuable assets in manufacturing and engineering. A
useful illustration that demonstrates the potential impact of gage
repeatability on part inspection can be seen in Figure 1. In this example,
the manufacturing specification for a particular part is indicated as
0.0500" £ 0.0003" (upper and lower specification limits of 0.0503" and
0.0497" respectively). The process under which the part is manufactured
is also assumed to be under statistical control. Given this information,
it can be determined that a 3.32% reduction (improvement) in the number
of parts with dimensional uncertainty (4.30% - 0.98%) can be achieved
through a 50% reduction in gage repeatability (0.00020" to 0.00010"). The
values within the % of parts affected column were determined by
calculating and summing the area under the curve within both B zones.
For example, the % of parts affected value of 4.30 was calculated by
subtracting the area under the curve between the mean and the measured
value of 0.0502, an area of 0.4972, from the area under the curve between
the mean and the measured value of 0.0503, an area of 0.4987. This
difference, 0.0215 or 2.15% was then multiplied by two to compensate for
two Zone B areas.

Although the fundamentals of dimensional metrology are fairly simple
and straightforward, the range of their applications and the techniques
and instruments used in its implementation are becoming more complex.
Once one relied on traditional, manually-read gaging instruments such
as micrometers, calipers, and height and depth gages. These instruments
are now being replaced with digital read-out micrometers, calipers, and
height gages with SPC output capabilities; direct computer-controlled
coordinate measuring machines (DCC/CMMSs); vision systems; laser
scanning systems; and computer-based metrology networks. This
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e I Process

T ' F  Variability

0.0496 0.0497 0.0458 0.0499 0.0500 0.0501 00502 0.0503 0.0504 (in inches)
-4 -3 -2 -1 0 +1 +2 +3 +4 Z2-score

[7] Gage Variability @ 95% Confidence level and Repeatability = 0.00020"

Case 2:

5t S ! AN Process
= ez i —LoTSST  variability
0.0496 0.0497 0.0498 0.0459 0.0S00 0.0501 00502 0.0503 0.0504 (ininches)

-4 -3 -2 -1 0 +1 +2 +3 +4 Z-score

[] Gage Variability @ 95% Confidence level and Repeatability = 0.00010"

Zones Implications Pmax

A Probability of rejecting a part when it is actually within specification 50%

B Probability of accepting a part when it is actually out of specifications 50%

C No direct gage impact on part acceptance/rejection 0
Gage Repeatability (in) | Zone Uncertainty (in) | % of Parts Affected Conditions
0.00020" 0.00010" 4.30 Process is under
0.00010" 0.00005" 0.98 statistical control

Figure 1. Impact of repeatability on part inspection.
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increased dependence on technology, specifically computer-controlled
gaging systems, as the means to solve quality problems was summed up
best by Inglesby (1989) when he reported that the Yankee Group, a survey
company in Boston, stated ". . . ' just as money can’t buy you love,
money can't buy you quality. It can buy you technology but technology
alone won’t get you quality - it can, however, provide you with the tools
tohelp'. .. " (p. 19). As a result, the need for gaging instruments and
systems with inherent accuracy and repeatability, adaptability to diverse
part configuration, and greater flexibility and versatility in inspection
processes has placed increasing demands for continued advancements in
gaging instrument design, performance, and operating methods.
Accurately Defining Geometric Shapes

According to Traylor (1993), tough customer standards, ISO 9000
approvals, 100% inspection requirements, and quality-based competition
are putting intense pressure on manufacturers to perform precise,
detailed part measurements. One example used by Traylor as an
indicator of this pressure is a four-point check on a bore. He indicated
that this inspection methodology may be satisfactory for low level
inspections, however, there are instances when more detailed information
is needed to support more precise decision making. When this situation
arises, manufacturers are faced with a dilemma--a need to collect more
data points in the same amount of time. Stout (1993) also noted in an
interview with Warren Baxter of Baxter Associates the significance
associated with data frequency in measurement acquisition. In this
interview, Baxter indicated that when a four inch square block is
measured with a tactile probe only the contact points are known data; all
other points are calculated by software algorithms. He communicated his
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concern about data frequency with a realistic question: "What is the
minimum amount of data needed to accurately define a part or geometric
shape” (p. 34)?

The need for consistent and reliable measurement techniques along
with the control or elimination of measurement variability has become
critical with the emergence of SPC, Gage R&R, and computer-controlled
gaging systems. Although it is often overlooked, the right inspection
methodology or part orientation for the measurement of various features
can have an important impact on achieving acceptable Gage R&R results
and repeatability improvements. If CMM manufacturers, owners, and
operators continue to disregard potential sources of measurement
variability in their measurement activities or fail to evaluate machine
specific characteristics, gage variability will continue to influence
measurement operations.

Inconsistencies and Limitations of the 1993 Study

Various inconsistencies noted in the results of a 1993 repeatability
study as well as limitations imposed on the study itself, dictate a need for
a more comprehensive investigation of diameter measurement
repeatability. The various inconsistencies noted in the 1993 study were
introduced and discussed in the introduction section of this chapter.
Limitations imposed on the study itself are a different subject entirely.
Through various limitations that were imposed on the 1993 study, the
scope of the study as well as the usefulness of the results were greatly
reduced. To understand more fully the impact of limitations placed on
the 1993 study, the following explanations are provided:

1. The 1993 study failed to evaluate diameter measurement
repeatability on all three measurements planes (XY, XZ, and YZ); only

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

the XY plane was investigated. Since measurement activities in
industrial settings encompass all three planes, any further repeatability
study of diameter measurement should be structured to evaluate all
three measurement planes.

2. The 1993 study made an assumption that gage repeatability was
the same, regardless of the test specimen’s location within the working
envelope of the CMM. Although this can be a justifiable assumption, the
potential effect of location on diameter and probe hit repeatability has
not been adequately assessed nor has any research been presented to
document the effect, if any. Consequently, any further study of diameter
measurement repeatability should avoid this assumption or place smaller
limits on the size of the measuring envelope.

3. The 1993 study based repeatability optimization on the results of
a single baseline inspection. Since the purpose of this study was to
determine the effects of diameter and probe hit variation on diameter
measurement repeatability, the use of a single baseline inspection was
consistent with the intent of the study. However, with the identification
of instability in repeatability within certain diameters and probe hit
categories, a single baseline repeatability study should be avoided.

4. Although improvements were made in average repeatability using
repeatability optimization, the study failed to evaluate time differences
between baseline inspections and the optimization programs. This is an
important consideration since any improvement in diameter measurement
repeatability using an alternate inspection methodology should be

structured to assess various benefits that can be received from its use.
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Research Hypotheses

Four research hypotheses were formulated to study the effects of
multi-baseline repeatability on diameter measurement repeatability
optimization. These hypotheses have been constructed to determine
(a) the effectiveness of multi-baseline repeatability data in identifying
specific probe hit inspection patterns with inherent stability in
repeatability and (b) the effectiveness of multi-baseline repeatability
optimization in generating inspection routines that yield improvements
in diameter measurement repeatability without significant increases in
inspection time and related costs.

Identification of Research Hypotheses

Although various research hypotheses were developed to investigate
diameter measurement repeatability, the data collected from this study
will also yield information on the effectiveness of multi-baseline
repeatability analysis as a potential test method/procedure that can be
used to identify, assess, and monitor machine-specific characteristics
and/or software differences.
Hypothesis #1

Similarities will be noted in the direction and magnitude of the
relationship between average probe hit repeatability and probe hit
variations between repeated baseline programs and baseline programs of
different planes. Correlational similarities will be deemed significant if:

la. little or no difference is noted in the direction and magnitude of

the relationship between average probe hit repeatability and probe hit

variations between repeated baseline programs.

1b. little or no difference is noted in the direction and magnitude of

the relationship between average probe hit repeatability and probe hit

variations between baseline programs of different planes.
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Hypothesis #2
Within each planar baseline program (XY, XZ, and YZ), at least one

probe hit category from each circular test specimen will indicate
measurement stability. Measurement stability will be deemed significant
if:
2a. little or no difference is noted in the standard deviation values of
counterpart test specimens and probe hit categories from repeated
baseline programs.
2b. little or no difference is noted in the kurtosis and skewness
values of counterpart test specimens and probe hit categories from
repeated baseline programs.
2c. little or no difference is noted in the distribution means of
counterpart test specimens and probe hit categories from repeated
baseline programs.
Hypothesis #3
Within each planar measurement test (XY, XZ, and YZ), improvement
in diameter measurement repeatability will be achieved through the
assessment and optimization of multi-baseline repeatability data within
each planar measurement test (XY, XZ, and YZ). Repeatability
improvement will be deemed significant if:
3a. the average repeatability values of the multi-baseline
optimization programs, MB(3-10) and MB(3-6), are less than the
average repeatability values of all baseline probe hit categories within
the stated probe hit ranges and plane.
3b. the time required to complete one measurement pass of each test
specimen plate using the MB(3-10) optimization program is less than

the time required to complete one measurement pass using the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

baseline probe hit category with the "best" average probe hit

repeatability. The term "best" implies the smallest numeric value. An

identical condition will also be noted with the MB(3-6) optimization

programs and a given baseline probe hit category using the same

probe hit range.

3c. t statistic analysis of probe hit repeatability values from the

optimization programs and the "best” probe hit categories from

counterpart baseline programs will indicate that a reduction in

diameter measurement repeatability can be expected from the

assessment and optimization of multi-baseline repeatability data

with a 95% confidence level.
H esis #4

Differences will be noted in the general structure of each planar
optimization program but will not be noted in the calculated average
repeatability and mean probe hit values. Structural differences and
average repeatability and mean number of probe hit similarities will be
deemed significant if:

4a. the time required to complete one measurement pass of all test

specimens is distinctly different between planar optimization

programs.

4b. the mean number of probe hits between planar optimization

programs with identical probe hit ranges are the same.

Null Hypotheses

1. No similarities will be noted in the direction and magnitude of the
relationship between average probe hit repeatability and probe hit
variations between repeated baseline programs nor between baseline
programs of different planes.
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2. Within each planar baseline program (XY, XZ, and YZ), no probe
hit category from any circular test specimen will indicate measurement
stability.

3. Within each planar measurement test (XY, XZ, and YZ), no
significant improvement in gage repeatability will be achieved through
the use of multi-baseline repeatability assessment and optimization.

4. No significant difference will be noted in the general structure of
planar optimization programs but will be noted in the calculated average
repeatability and mean probe hit values.

Assumptions

Since the variables surrounding the testing and determination of
diameter measurement repeatability are broad in many respects, the
following assumptions were made with respect to this study:

1. Since this study was an analysis of diameter measurement
repeatability and not an evaluation of a particular CMM to stated
repeatability specifications, minor variations in the factors that
influence measurement variability were not considered critical as long as
the effects of such variability are equally distributed among all test
specimens, probe hit categories, inspection programs. Consequently, one
diameter measurement was collected from each test specimen on a
particular plate prior to the collection of the second diameter
measurement. In addition, the assessment and optimization of diameter
measurement repeatability was completed on an individual plate basis.
In other words, a test specimen plate, once fixtured in the measuring
envelope, was not disturbed until all baseline and/or optimization tests
had been completed.
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2. Since all of the test specimens were manufactured using a similar
machining process, minor variations in surface metrology in each of the
test specimens as well as their influence on repeatability was assumed to
be equal.

3. Itis assumed that outliers in the data sets of any one test
specimen could occur due to random chance. The occurrence of such
outliers would necessitate the retesting of the test specimen or test
specimens in question. If it was determined that the occurrence was a
random event, the second data set(s) replaced the first data set(s).

Limitations

Due to various constraints associated with a CMM study, the
following limitations were made with respect to this study:

1. Since the CMM used in this study may have possessed inherent
operational characteristics that produce specific diameter measurement
repeatability values with respect to diameter and probe hit variations, no
attempt was made to generalize the results of this study to all CMMs or
software measurement packages.

2. Since this CMM possessed existing wear and machine breakdown
during the course of the study could not be anticipated, no attempt was
made to generalize the results of this study to this model of CMM or
software measurement package.

Delimitations

Due to various constraints associated with the CMM, its availability,
and operating environment, the following delimitations were made with
respect to this study:

1. Although the CMM involved in this study possessed the capability

for programmed diameter measurement using a various part orientations,
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only XY, XZ, and YZ part orientations were used. In other words, the
alignment of specific test specimen planes with respect to XY, XZ, and
YZ axes of the CMM was maintained throughout the entire data
collection process.

2. Although the CMM involved in this study possessed the capability
for programmed circular measurement using 96 different probe hit
patterns, only eight probe hit patterns were selected for repeatability
assessment and optimization (probe hit range of 3 to 10) . This
delimitation was imposed because it had been determined through a
review of the literature that the use of larger numbers of probe hits has
limited applications in manufacturing environments.

3. Although it is possible to measure circular test specimens as large
as the working envelope of the CMM, the study was limited to circular
test specimens with diameter ranges between 0.25 inches and 5.75 inches
at increments of 0.25 inches.

4. Since the potential effect of test specimen location on diameter
and probe hit repeatability cannot be adequately assessed, a limit was
placed on the size of the measuring envelope. The size of the measuring
envelope was restricted to 1,728 cubic inches (12 x 12 x 12 inches) and
located in the lower center of the CMM'’s measuring envelope.

Research Methodology

This study was initiated to (a) analyze the effects of diameter and
probe hit variations on diameter measurement repeatability and (b)
determine if an alternate inspection methodology would yield significant
improvements in gage repeatability. To accomplish these two objectives,
the research methodology was structured around three areas: (a) research
design, (b) control of extraneous variability, and (c) data collection and
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analysis. The inclusion of these components as part of the research
methodology was based on prior repeatability studies and documented
repeatability testing procedures.

Research Design

Based on research and information provided by CMM manufacturers,
the research design was divided into four components: (a) equipment
selection, test specimens, (c) inspection program development, and (d)
control of extraneous variability.

Equipment Selection

The CMM selected for use in this study was a Brown and Sharpe Xcel
765 CMM belonging the Center for Quality, Measurement, and
Automation (CQMA) at Bowling Green State University. This DCC/CMM
has a moving bridge configuration and a rigid unitary base structure
made out of granite. In addition, a Renishaw multi-positional touch
trigger head assembly and a 2 mm ruby-tipped stylus equipped with a one
inch extension will be incorporated as part of the measurement setup.
Various specifications associated with this CMM and of interest for
inspection program development are shown in Table 1.

This CMM was selected for two reasons. First, it is the same CMM
that was used in the 1993 study. This permits some cross-comparisons
and correlations of data to assess machine stability over time. Second,
the location of this CMM in a university setting permits regular use of
the machine for the duration of the study. This is an important aspect
since most CMMs located in manufacturing environments are under
constant use or restricted to authorized company personnel. In short,
this study would be extremely difficult to conduct if access to a CMM in
a manufacturing setting was required.
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Tes imens

Twenty-three circular test specimens were used in this study. These
test specimens, which range in diameter from 0.25 to 5.75 inches at 0.25
inch increments, are the same test specimens that were used in the 1993
study. The decision to incorporate these test specimens into this study
is based on two rationales. First, the results of the 1993 study indicated
that the use of 23 test specimens was of sufficient size to yield useful
data on diameter measurement repeatability. Second, the results of the
study also indicated that test specimen sizing (0.25 to 5.75 inches at
0.25 inch increments) was a useful sampling pattern for establishing
correlational trends and other types of statistical analysis.

Table 1
Xcel 7+6+5 CMM Specifications

Description Parameter Inches Millimeters
Measuring Range  X-axis 25.6 650.0
Y-axis 23.6 600.0
Z-axis 19.7 500.0
Performance Repeatability 0.00014 0.0035
Resolution 0.00002 0.0005
Accuracy 0.0004/15.75 0.011/400

Inspection Program Development
Although this CMM possesses the capability for programmed circular

measurement using 3 to 99 probe hits, only the 3 to 10 range was
selected for study. The selection of this probe hit range is based on the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



contention that time and cost constraints imposed on manufacturers
during production restricts the use of long inspection times (i.e.
increased numbers of probe hits). This range selection was also based on
information provided by Digital Equipment Automation (DEA) in which
it was suggested that circular repeatability testing should be structured
on two criteria: (a) the automatic circle program option and (b) a probe
hit inspection pattern of 16 or less. This range selection also takes into
account the 3 to 10 probe hit range used in the 1993 study. In addition
to this probe hit range, fifteen inspection programs were used in this
study. Three of the programs measured the diameters of each test
specimen on each measurement plane, XY, XZ, and YX, using all eight
probe hit categories. The other twelve programs also measured the
diameters of each test specimens on the same three planes with one
exception; the programs were based on optimized repeatability values and
two probe hit ranges, a 3 to 6 probe hit range and a 3 to 10 probe hit
range. It should be noted that the tested probe hit pattern may or may
not be similar between the two probe hit ranges.
ntrol of Variabili

In addition to the three previous components, various steps were
taken to minimize the potential influence of factors that are known to
cause measurement variability, factors such as temperature variations,
vibrations, and cosine error. The first factor, temperature variation, has
been shown to have a dramatic but somewhat predictable effect upon
dimensional measurements. The second factor, vibration, has been
shown to have a dramatic and unpredictable effect upon gage
repeatability. The final factor, cosine error, occurs when a lack of

squareness exists between the surface being measured and the contact
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surface of the probe tip of the CMM. The specific steps that were taken
to minimize the influence of these three factors are:

1. The construction of an environmental enclosure around the
CMM. The purpose of this enclosure, supported by Brown (1991), was to
assist in temperature stabilization by eliminating drafts blowing on the
measurement setup.

2. The placement of the test specimens within the enclosed area and
on top of the granite surface of the CMM 24 hours before data collection.
The purpose of this step was to ensure temperature consistency between
the test specimens and the CMM.

3. The monitoring of the air temperature within the enclosure
during data collection. The purpose of this activity was to ensure that
dramatic variations air temperature do not occur during data collection.

4. The sequencing of data collection. In other words, the CMM was
be programmed to take one measurement of each test specimen prior to
collection of the next set of measurements. The purpose of the procedure
was to ensure that the effects of accepted temperature variations within
the stated range are equally distributed among all probe hit categories.

5. The scheduling of data collection during time frames when other
machines within the lab were not in operation. The purpose of this
procedure was to minimize the effects of vibration on gage repeatability.

6. The setting of the multi-positional touch-trigger probe head in
the vertical position (O degrees) for the XY plane, the horizontal position
(90 degrees) for the XZ, and the horizontal position (90 degrees) for the
YZ plane. The purpose of this procedure was to minimize cosine error

and its potential effects on measurement data.
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7. The use of the automatic circle (AUTO/CIR) measurement option.
The purpose of this program option was to ensure that probe movement
toward the surface, once the probe approach distance had been reached,
was aligned with the center of the circular feature and the designated
contact point. This program option also divides the angular vectors
between probe hit contacts into equal parts.

Data Collection Analysis

In this study, diameter data were collected from three repeated
baseline inspections and twelve optimization programs. In each of the
baseline inspections (two on the XY plane, two on the XZ plane, and two
on the YZ plane), 10 diameter measurements were collected from each
test specimen in each of the eight probe hit categories. In all, 1,840
diameter measurements were collected in each baseline inspection for a
total of 11,040 diameter measurements from all six baseline inspections.
Once the baseline data was collected, it was entered into a statistical
software package where descriptive and inferential analyses was
performed to determine the structure of the planar optimization
programs.

With respect to the twelve optimization programs, six of the
programs assessed gage repeatability using a single baseline approach to
repeatability assessment and optimization. The single baseline
assessment was used to replicate and/or validate the resuits of the 1993
study. The remaining six optimization programs also assessed gage
repeatability using repeatability assessment and optimization with one
noted exception; the optimization programs were structured on a multi-
baseline repeatability assessment. The multi-baseline assessment were
used to assess the stability in repeatability associated with diameter and
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probe hit variations. The multi-baseline assessment was also used to
determine if gage repeatability improvements can be achieved using this
approach. To analysis the diameter data collected from the baseline and
optimization programs, the following procedures were used: (a)
repeatability determination, (b) correlation analysis, (c) repeatability
optimization, (d) inferential statistical analysis, and (e) benefit analysis.
Re ility Determination

Two methods of repeatability determination were used in this study,
the ASME B89 Range Method and the Standard Deviation Method. Both
of these methods utilized the single operator approach to Gage R&R
analysis. In other words, the variability a single operator brings into a
gaging system was considered part of equipment variability and reported
along with other gage variability factors as one value, repeatability. The
decision to incorporate both methods into this study was based on
current literature in which a lack of standardization in the use of a
particular repeatability testing method was indicated. In short, the use of
a particular repeatability assessment method is based solely on
manufacturer preference. Once base repeatability values for each test
specimen were determined in each probe hit category and baseline
program, average probe hit repeatability values for each probe hit category
and average baseline repeatability values were determined.

lation Analysi

Once repeatability values were calculated, correlational analyses
using Pearson’s product moment correlation coefficient were performed to
determine the direction and magnitude of the relationship between
average probe hit repeatability and probe hit variation within each

baseline inspection. In addition, comparisons were made to determine
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the extent of similarity or difference between the correlations of all
baseline programs.
Ri ili on

In this assessment, the repeatability values of each test specimen,
taking into account all probe hit categories within a given planar
baseline program, were compared to identify the particular probe hit
categories with the "best" repeatability. The term "best” implies the
smallest numeric value. Once these values were identified for each test
specimen on a given plane, the probe hit measurement routines
associated with the selected values were incorporated into planar
optimization programs. Repeatability information from these programs
were assessed in a similar manner as the baseline inspections. The
purpose of the optimization programs was (a) validate or invalidate the
results of the 1993 study and (b) test the hypothesis that multi-baseline
repeatability assessment and optimization, regardless of planar
orientation, would maximize stability in gage repeatability and yield
significant improvements in diameter measurement repeatability.
Infe An i

Inferential analyses were conducted to determine if significant
improvements can be achieved in diameter measurement repeatability
using multi-baseline repeatability assessment and optimization. In the
first inferential analysis, single sample t statistic tests were conducted to
make inferences about the degree of confidence that can be placed in the
results of the multi-baseline (3-10) and multi-baseline (3-6) optimization
programs in comparison with counterpart baseline results. Simply stated,
the null hypothesis indicates that no significant improvement in average
gage repeatability can be achieved using multi-baseline repeatability
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assessment and optimization. The alternate hypothesis, on the other
hand, indicates that a statistically significant improvement in average
gage repeatability can be achieved using multi-baseline repeatability
assessment and optimization (i.e., the repeatability mean of each multi-
baseline optimization program would be less than the repeatability mean
of the "best” baseline probe hit category within their stated probe hit range
and plane). It should be noted that the term "best" implies the probe hit
category with the smallest numeric repeatability value. To provide
additional support for the multi-baseline approach, an identical t statistic
test was also performed on the results of the single baseline (3-10) and
single baseline (3-6) optimization programs. All null and alternate
hypotheses associated with this inferential analysis were also tested using
a significant level of 0.05. The specific null and alternate hypotheses
associated with this inferential statistical analysis are detailed in

Chapter III.
Benefit Analysis

In this analysis, the potential benefits derived from the optimization of
diameter measurement repeatability were assessed. In the first benefit
analysis, a determination of the mean number of probe hits for each
optimization programs was made. Once determined, the time required to
make one inspection pass of all test specimens in each of the optimization
programs were compared to the inspection time of the respective baseline
inspection indicated by the mean values. The purpose of this assessment
was to enable percent difference comparisons of average repeatability and

inspection time relative to each plane.
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Timeline of the Study
A Gantt chart was developed to show the time frames of the activities
involved in this study.
1995 1996

Aug Sept Oct Nov Dec Jan Feb Mar Apr May
Develop Proposal eescccsecscascscscs
Review of Literature ®eescccccccccseces
Submit Proposal cese
Collect Data cesecee
Prepare Findings seces
Formulate Conclusions seces

Submit Dissertation cocee

Terminology

Various sources were used in the formulation of this section. To
permit ease of identification between specific terms and their related
sources, references have been placed at the end of each definition.

1. Accuracy. Several definitions for this term exist all of which have
equal value in the description of accuracy. These definitions are:

a) a quantitative measure of the degree of conforrnance to

recognized national or international standards (Busch, 1989, p. 19).

b) a qualitative term used to relate the output to the true value of

the input with declared probability limits. It is normally specified as

an inaccuracy (uncertainty) and is the sum of errors contributed by a

number of factors such as non-linearity, hysteresis, temperature,

vibration, and drift (Wrightman, 1972, p. 10).

2. ASME. American Society of Mechanical Engineers
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3. Average repeatability. The repeatability value calculated by
averaging the probe hit repeatability values within a specific baseline or
optimization program.

4. Average probe hit repeatability. The repeatability value calculated
by averaging the probe hit repeatability values within a specific probe hit
category.

5. Baseline. A group of diameter/probe hit repeatability values
considered together because of planar or inspection run similarities.

6. Diameter measurement repeatability optimization. A method or
technique that compares the repeatability values of various diameters and
probe hit categories to identify the particular probe hit category with the
"best" repeatability.

7. Cosine error. The error that is induced by a lack of squareness
between the feature of the part and the measurement instrument (Busch,
1989, p. 708).

8. Discrimination. The fineness of the scale divisions of an
instrument. In other words, the smallest division of the scale that can be
read reliably (Salvendy, 1982, p. 8.2.4).

9. Error. The difference between the measured value and the true
value. Error always exist and in many cases be measurable (Busch, 1989,
p. 709). The measure of error may be expressed in specific units of
measurement, as a percentage of the true value, or as a percentage of
some specified value, usually full scale (Wrightman, 1972, p. 10). The
most common types of errors, according to Busch, are:

a) observational error - the error that is formed during the reading

of an instrument.

b) parallax error - the error that is caused by apparent shifting of

objects when the viewing position is changed.
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c) manipulative error - the error that is caused by the handling of

the instrument and the part.

d) bias error - the error that forms through the conscious or

unconscious influencing of measurement.

10. Gage. A mechanical artifact used either for checking a part or
for checking the accuracy of a machine, or a measuring device with a
proportional range and some form of indicator, either analog or digital
(ASME B89.1.12M-1990, p. 9).

11. Multi-baseline repeatability assessment. An assessment method
that compares the measurement repeatability values from two or more
baseline inspections.

12. Outliers. Observations with residuals that are extremely large in
comparison to the majority of the collected data. In more specific terms,
outliers are collected data with residuals that are greater than 3
standard deviations from zero or values that are larger than the limits of
a six sigma (60) spread (Mendenhall & Sincich, 1989, p. 289).

13. Precision. Three definitions for this term exist, all of which have
equal value in the description of precision. These definitions include:

a) a measure of the fineness of readings or the dispersion of results

(Busch, 1989, p. 19).

b) a measure of how closely identical values are obtained when

repeating the same measurement at various intervals, or duplicating

them by means of different instruments. In other words, precision
expresses the degree of repeatability within a measuring process

(Farago, 1982, p. 4).

c) the degree of agreement among the individual measurements of

the sample ordinarily summarized by the standard deviation of the

measurement process (Salvendy, 1982, p. 8.2.3).
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14. Probe. With regards to a CMM, the probe is a device which is
used to establish the location of the movable component relative to a
measurement point. In the ASME B89.1.12M-1990 standard, four types
of probes were defined:

a) nulling probe - a probe which, when referenced to a workpiece,

gives a signal which causes the machine to be driven to a position

that will null the probe reading.

b) passive (solid or hard) probe - a probe which mechanically fixes

the movable component relative to the workpiece. Within this

category, there are two types of probes, seating probes and

nonseating probes. Seating probes are hard probes that retain their

location with respect to a measurement point without operator

contact. Nonseating probes, on the other hand, are hard probes that
require force applied by a machine operator to maintain their

position with respect to a measurement point.

c) proportional probe - a probe which gives a signal proportional to

the displacement of the probe from its free position.

d) switching probe - a probe which gives a binary signal as a result

of contact with or in proximity to the workpiece.

15. Probe hit category. A term used to differentiate between the data
collected from specific probe hit measurement routines.

16. Random error. The error that results from erratic malfunction of the
gaging system. This type of error is often found through discrepancies within
repeated measurement activities (Busch, 1989, p. 712).

17. Repeatability. Several definitions for this term exist all of which
have equal value in the description of repeatability. These definitions are:
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a) a measure of the ability of an instrument to produce the same
measured value when sequentially sensing the same quantity under
similar measurement conditions (ASME B89.1.12M- 1990, p. 9).

b} measurement variation resulting from limitations of CMM

accuracy, the gaging environment, the probing system, the fixturing

method. and CMM programs (Ray, 1992, p. 22).

c) the closeness of agreement of a group of measurements of the

same measured quantity made by the same observer, using the same

conditions, methods and apparatus (Wrightman, 1972, p. 10).

d) the variation among several measurements taken with one

instrument on one part feature. It is a test of precision, not of

accuracy (Busch, 1989, p. 423).

18. Reproducibility. Measurement variation resulting from different
gage operators who sometimes work with different models of a similar
measuring instrument in monitoring the same characteristic from a
common process (Ray, 1992, p. 23).

19. Single baseline repeatability assessment. An assessment method
that compares the measurement repeatability values from one baseline
inspections.

20. Special cause. A source of variation that is intermittent,
unpredictable, or unstable and affects only some of the individual values
of the process output being studied. Sometimes called assignable cause.
A quality problem manifested by a non-random source of variation in a
process (Process Control Chart Tool Kit: Reference Manual for the
Macintosh, 1990, p. 175).

21. Stability. The absence of special or assignable causes of
variation; the property of being in statistical control. The characteristic
of remaining within the limits of expected variation over time (Process
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Control Chart Tool Kit: Reference Manual for the Macintosh, 1990,
p. 175).

22. Systematic error. The error that occurs in all readings uniformly
and can be caused by any element in the measurement system, including
the observer. Systematic errors are not revealed by repetition as are most
other errors (Busch, 1989, p. 714).
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CHAPTER II
REVIEW OF LITERATURE

The purpose of this chapter is to examine the literature relevant to
the growth coordinate measuring machines (CMM), their integration into
manufacturing, various methods that are used to evaluate their
performance, and past performance evaluation studies. Consequently,
this chapter is organized around four distinct sections: (a) Growth and
Development of CMMs, (b) Operation and Design Considerations, (c)
Performance Testing and Evaluation, and (d) Overview: 1993 CMM
Repeatability Study. The first section gives an historic overview of CMMs
and describes their roles in quality and productivity improvements. The
second section focuses on CMM design and operational considerations
and their linkage with flexible inspection systems (FIS). The third
section identifies various performance testing methods that are
commonly used to evaluate CMMs and the significance associated with
past repeatability studies. The final section gives an overview of a related
CMM repeatability study that was conducted in 1993. It not only
highlights relevant findings of this study and its relationship to this
study but other studies as well.

Growth and Development of CMMs

Success in manufacturing today requires a commitment to a
philosophy of manufacturing excellence. This philosophy, commonly
termed World-Class Manufacturing (WCM), is characterized by several
strategies, three of which are continual and rapid improvement, improved
flexibility, and variability reduction. Changes in manufacturing

practices due to the implementation of these strategies have been among
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the driving forces behind the evolution of CMMs. According to Bosch
(1991), manufacturers see in CMMs the means to improve production
efficiency by moving the inspection process closer to the machines that
produce the parts. The net effect of this transfer is a shift in inspection
emphasis from post-process detection to on-line prevention and process
correction. The evolution of coordinate measurement technology can
best be understood through an historic overview of CMMs and the roles
they have played in manufacturing, quality control and assurance, and
productivity improvements.
Historic Qverview of CMMs

Although various terms have been used to describe CMMs, Bergstrom
(1990) summed it up best by stating that the CMM is "an automated,
programmable, highly productive, high technology three dimensional
height gage with the flexibility to verify the various dimensions of almost
any object” (p. 67). Stevens (1991) augmented Bergstrom's description of
CMMs by describing them from an historical perspective. According to
Stevens, CMMs are about to embark on their third major incarnation.
When first introduced in the 1950s, CMMs were awkward to use and
required operators to manually position the probe during measuring
operations. Even though these early machines were primitive when
compared to present day technology, their use helped to stimulate
quality and productivity increases and continued advancements in
coordinate measurement technology. During the 1960s and 70s, second-
generation CMMs utilizing motorized probes and computer numerical
control (CNC) systems ensured the design specifications of manufactured
parts and components through first pieces inspections and hand gage

calibrations. The use of these second generation machines also led to
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further improvements in quality and productivity. With the move toward
world-class manufacturing during the 1980s, these second-generation
CMMs proved to be inadequate for automated process control since most
were located away from manufacturing processes. What was clearly
needed was a measuring system that could accurately monitor
manufacturing processes during production and determine how
production variability was affecting the end-product or final component.

During the 1980s and the rise of third-generation CMMs, many areas
surrounding coordinate measurement experienced rapid advancement.
Many of these advances, according to Stevens (1991), were hardware-
based in areas such as high-speed linear motors and faster computer
speeds while others, according to Inglesby (1989), were software-based in
areas such as temperature compensating algorithms and CAD/CAM
communication programs. In addition to evolutionary changes in
hardware and computer software, the 1980s witnessed full-scale
development of alternative dimensional measuring devices. These new
devices incorporated noncontact sensing technologies and proved their
worth in applications where large amounts of three-dimensional data
were needed quickly.

Even with the development of alternative means of dimensional
measurement gathering, Stevens (1991) envisioned that tactile or
contact-based CMM will remain the most widely used method for post-
process dimensional measurement. With further advancements in
computer technology, artificial intelligence, and sensor technologies, the
decade of the 90s promises to be an exciting period for continued
advancements in coordinate measurement technology and CMMs

specifically.
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The Roles of CMMs in Manufacturing
The importance attributed to the integration of CMMs into

manufacturing can also be seen through an examination of two
important roles they play in helping the manufacturers achieve quality
and productivity improvements: (a) greater manufacturing flexibility and
(b) product variability reductions.

Greater Manufacturing Flexibility

Due to increasing global competition and decreasing product life
cycles, manufacturers are being pressured to incorporate greater
flexibility into their manufacturing operations. One approach most
accepted by manufacturers to achieve greater manufacturing flexibility
has been automation. The word "automation” when applied to
manufacturing conjures up a multitude of images and definitions.
Regardless of whether it is called flexible manufacturing systems (FMS),
computer-integrated manufacturing (CIM) or something else, the goal of
automation, according to Placek (1990), is to improve product quality
and production flexibility while reducing manufacturing costs and
product throughput time.

Huge (1988), on the other hand, considered FMS a viable way to
execute WCM philosophy since it is a subset of CIM and represents the
automated approach to the implementation of the just-in-time (JIT)
concepts that surround cellular manufacturing/group technology
production. Huge also indicated that flexibility increases in
manufacturing operations necessitate the use of inspection systems that
possess the same degree of flexibility as the machine tools that make the
parts and the material handling systems that transport the parts.
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Hugh's support for increased manufacturing flexibility through
CMM-based inspection systems was confirmed when he stated:

The most widely used definition of FMS is a cell of computer

numerically controlled (CNC) machines, with automated material

handling between machines. The FMS cell frequently includes a

coordinate measuring machine (CMM) to provide automatic

inspections on both in-process and finished work. All machine

operations, inspection, and movement of material between machines
is controlled by a host or central computer. (p. 33)

Schonberger (1986) stated that this approach to production has
important applications in plants that have high-variety, low-volume
production and where parts have been divided into production families
based on similar setup times, cycles times, tool and fixture requirements,
and inspection needs. Placek (1990) supplied additional support for
CMM-based inspection systems when he stated that an important
element needed to increase manufacturing flexibility and support CIM
and FMS concepts is real-time process control. Placek also suggested
that one of the vital ingredients in achieving process control is process-
specific data obtained through CMMs that employ either contact or
noncontact measuring techniques during dimensional inspection.
Additional support for the incorporation of CMMs into inspection and
real-time process control applications was given by Gerald Franck,
Product Manager for Flexible Inspection Systems at Sheffield

Measurement, when he stated that:

Today’s CMMs can generate data at rates approaching one per
second. High-speed CMM software automatically records data,
verifies part features against engineering tolerances and reports
results. This makes the CMM an ideal data collection/processing
instrument for automated statistical process control. (p. 32)
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Product Variability Reductions
Product variability is detrimental to improvements in quality and

productivity. One technique used to reduce variability and its related
costs is statistical process control (SPC). The primary goal of SPC is to
determine whether or not a process is operating within defined limits. If
it is determined that a process is not operating within defined limits, an
"out-of-control” situation exists and the cause or causes of the
variability need to be investigated. Once the cause is identified and steps
are taken for its control or elimination, the process will returned to an
"in-control" status. Schonberger (1986) disclosed that Ford Motor Co.
and other manufacturers have been aggressively combating quality
concerns through variability reduction. Their manuals on this subject
have been widely distributed and have helped other companies in other
industries achieve similar results. It should be noted, however, that even
though SPC is an important technique for eliminating product
variability, the operator is still considered an important link in the
prevention of defects.

To combat product variability, increasing numbers of manufacturers
are employing a three-way approach that includes more sophisticated
gaging and inspection systems, SPC, and operator training/control. The
diverse nature of these three areas has helped manufacturers to identify
and separate random causes of variation from what Schmenner (1990)
termed as nonrandom, assignable causes of variation such as operator
error, gage error, faulty setup, or poor materials. Once the assignable
causes of variation are identified and the process is brought under

statistical control, what remains is random or normal variation,
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sometimes referred to as natural tolerance. Shingo (1989) provided
additional support for the use of automated inspections in quality
improvement and variability reduction when he stated that "quality can
be assured reasonably only when it is built in at the process and when
inspection provides immediate, accurate feedback at the source of
defects” (p. 18).

Because of the importance attributed to inspection in variability
reduction, the planning for this function, according to Bosch, Taylor,
and Zipin (1985), must be given the same amount of attention that has
been given to other elements in flexible manufacturing systems (FMS)
such as process planning, material handling, and controlling functions.
Consequently, an important consideration in the selection of an effective
quality control method is the identification and implementation of a
flexible inspection system (FIS) that best satisfies the requirements for a
particular process. The importance of a CMM-based inspection system in
FMS was supported by Hicks (1990) when he stated:

CMMs traditionally have been used for post-process quality control.
But the evolution of quality control, plus advances in computer-
based technology, has led CMM builders to reformulate how their
products operates within the factory system. Now armed with the
right software, the CMM is no longer limited to a passive role.
Instead, it can provide information that helps reduce lead times,
helps determine the best and most efficient way of producing a
product, and aids management in making decisions about capital
equipment needs and product or process development before problems
arise. (p. 32)

A micro example of what is taking place on at the macro level across the
manufacturing sector can be seen by using Caterpillar Tractor Co. as an

example. Caterpillar’s acceptance of the CMM as a means of achieving
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quality improvements through on-line automated inspection as well as
operator involvement in the quality process was indicated by Stovicek

(1990) when he stated:

Restructuring for swifter demand-driven turnaround times makes
zero-defect process control (rather than post-process inspection) a
high priority. To achieve a high level of process control in
metalworking operations, Caterpillar is putting coordinate measuring
machines (CMMs) on the line with machine tools, and under the
control of the operators. (p. 24)

Design and Operational Considerations

Since quality and productivity improvements have close links to the
implementation of flexible inspection systems (FIS), a closer look at the
characteristics and functions of FIS is warranted. In developing this
understanding, the first step is to identify what actually constitutes an
FIS. In this regard, Inglesby (1989) reported that John Bosch, president
of Giddings & Lewis (formerly Sheffield Measurement), defined FIS as
'a system that measures the dimensional characteristics of randomly
presented parts of virtually any configuration or complexity and provide
real-time feedback to the manufacturing process' (p. 22). Inglesby also
noted that the central element in building a flexible inspection system is
a CMM. This contention was supported by Bosch when he stated that
‘for the same reasons CNC is synonymous with production, CMM means
inspection - increased throughput, minimized operator error and
repeatable quality’ (p. 22). Bosch further emphasized that a CMM-based
inspection system must be able to perform several essential functions,

such as:
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1. It must measure parts of virtually any configuration or
complexity with little or no special fixturing,.

2. It must operate unattended or with relatively unskilled operators,
communicate with remote host computers and accommodate automated
material handling.

3. It must tolerate harsh environmental factors such as
temperature, humidity, vibration, oil, dirt, coolants, etc.

4. It must incorporate advanced devices for probes--articulators,
changers, noncontact component--along with part marking and/or pallet
or part recognition systems.

5. It must have fast, comprehensive data base management with
statistical process control as manufacturing moves from a parts
acceptance function to a process auditing function.

It was also reported by Placek (1990) that Bosch stated that it is easy to
justify the cost of a CMM when the real costs of off-line or post process
inspection are considered, such as:

Scrap loss

Rework of salvageable parts

Machining center downtime

Increased staffing costs

Additional material handling

Less in-process inventory

Final assembly problems

8. Warranty and liability claims

A case was also made for bringing in a CMM ahead of other machine
tools during the initial stages of FMS setup. In conversations with
Westinghouse Electric Corp., Placek (1990) noted that the early

N oo s N
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installation of CMMs at Westinghouse's Winston-Salem facility in North
Carolina was difficult for them to justify at first, but eventually proved to
be a worthwhile strategy. The information received by Placek indicated
that the decision to incorporate the CMM ahead of other machine tools
helped mold the inspection process and enhance plant-wide acceptance
of the strategy.

Since the integration of the CMM into flexible inspection systems
(FIS) and flexible manufacturing systems (FMS) are viewed as viable and
realistic options, further enhancements in CMM capabilities would not
only ease the transition to FMS but would also speed up the transition
process. As a resuit, further enhancements in CMM capabilities are
being directed toward two areas: (a) flexibility improvements through
design and (b) operational variability reductions.

Fl Improvements Thr D

Flexibility improves in manufacturing processes necessitate the use
of inspection systems that possess the same degree of flexibility as the
machine tools that make the parts and the material handling systems
that transport the parts. To meet FIS and quality assurance
requirements, the CMM inspection system needs to possess flexibility in
the following areas:

Shop Floor Applications

As manufacturing systems have moved in the direction of real-time
operations, process trend analyses, and quicker process corrections, one
important flexibility requirement that has emerged is the application of
CMMs on the shop floor. When the CMM is moved closer to
manufacturing processes, reliability and stability become important

concerns. Three approaches are being taken to ensure that these
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concerns are not compromised when the CMMs is used in shop floor
applications. According to Genest (1988), these approaches include:
environmental enclosures, shop-hardened CMMs, and error
compensating software. Although these approaches afford CMMs a
greater degree of reliability and stability, further improvements are
needed within each approach to overcome inherent disadvantages.

In the first approach, environmental enclosure, the major
disadvantages are the expense associated with the construction of the
enclosure, the time needed to bring the part to the desired measurement
temperature, and the labor needed to monitor the process. In the second
approach, shop-hardened CMMs, the major disadvantage is the need for
periodic recalibration of the CMM due to temperature variations in the
shop environment. In the third approach, the major disadvantage,
according to Stevens (1991), is that current error compensating methods
do not work well especially when the temperature change is too rapid or
falls outside established limits.

In addition to the three concerns identified above, two other
flexibility issues relating to the use of CMMs on the shop floor have also
surfaced. These additional flexibility issues have concerns in the areas
of micro and portable CMMs.

Micro CMMs. This aspect of shop floor flexibility involves the use of
smaller CMMs. Many of these smaller, PC-based CMMs possess similar
capabilities found on higher-end machines at a fraction of the cost.
According to Bosch (1991), the availability of these entry-level CMMs
have made coordinate measurement practical and affordable for a wide

range of manufacturers seeking to increase productive and quality.
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Portable CMMs. With regards to portable CMMs, Simon (1991)
stated that there are two types, the ones that are moved from one fixed
base to another and the ones that have the ability to be moved through
the shop as a complete unit. Unfortunately, the use of portable CMMs
has been slow to gain widespread acceptance due to the long setup and
alignment times involved with relocation.

Accessibility

The flexibility a CMM needs to possess with regards to accessibility
centers on the selection of a design configuration that best satisfies
inspection requirements. It also has a direct bearing on the type of
production line the CMM can be integrated into and the part
size /measuring volume it can handle. As with machine tools, CMMs are
available in a variety of configurations; each designed for specific needs
and each possessing its own inherent limitations. Three key design
parameters for a CMM in an FMS environment, as reported by Fix (1988),
are high accuracy, high throughput, and larger part size /measuring
volume capability. In most applications, the optimization of
performance in one area necessitates compromises or tradeoffs in other
areas. The various types of CMMs (see Figure 2) and their respective
tradeoffs can be described in the following ways:

Moving table cantilever type. This design is popular for small manual
CMMs since it provides openness and accessibility on three sides.
Although the Y-axis places a size limitation on this configuration, the
small Y-Z assembly is lightweight and can achieve fast measuring speeds
in direct computer control (DCC) applications.

Moving bridge type. This design overcomes the size limitations of the
cantilever design by incorporating a second leg and an extended Y-axis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The limitations of this configuration usually center around walking
problems associated with one legged drive units. For example, higher
operating speeds have a tendency to increase dynamic forces, reduce
machine settling time, and accentuate the walking problem. A variation
of the moving bridge is the fixed bridge CMM. This particular
configuration provides a very rigid structure and allows for a relatively
light-weight and fast moving X-Z structure.

Column type. The column design provides higher accuracy and a very
rigid Z-axis. As with the fixed bridge configuration, part mass and table
considerations can restrict measuring volume and speed.

Moving ram horizontal arm type. With regards to horizontal arm
designs, there are a variety of different configurations. Horizontal arms for
large machines have a lower profile than their vertical arm counterparts.
In some applications horizontal access is desirable; for others, it is too
restrictive and requires the use of a rotary table.

Gantry CMM. This type of configuration provides relatively unrestricted
part access unless utilized in very small machines. If the foundation or
machine base in larger designs of this type are properly designed, larger
axis travels can be obtained and heavy parts can be measured. Although
this design is widely used in large machine applications, it has been shown
to be a disadvantage for smaller CMMs.

Probing Systems

Probe system technology, both contact and noncontact, has an
important impact on inspection flexibility. Consequently, this area has
received a considerable amount of attention. The three general classes of
probes identified by Busch (1989) are hard, soft, and noncontact. Hard
tip probes, normally found on manually operated CMMs, are particularly
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A. MOVING TABLE CANTILEVER ARM TYPE
B. MOVING BRIDGE TYPE
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C. COLUMN TYPE D. MOVING RAM HORIZONTAL ARM TYPE

E. GANTRY TYPE

Figure 2. Comunon Configurations of CMMs. Note. From Fundamentais
of Dimensional Metrology (p. 528). by Ted Busch, 1989, Albany, New York:
Delmar Publishing Inc. Copyright 1989 by Delmar Publishing Inc.
Reprinted with permission.
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well suited for applications involving moderate accuracy requirements,
shapes that require the feel of the operator, and repetitive or specialized
measurements. Soft probes, commonly referred to as touch trigger
probes, provide faster, more accurate results by eliminating much of the
operator feel required with hard probes. According to McMurtry (1991),
most CMMs are equipped with touch trigger probes because they are
simplistic, robust, and easy to understand. He also identifed and
described three types of touch trigger probes.

Standard. This probe is a simple device with a single stylus that can
be changed to permit the use of different size ball or disk tips. This
probe senses part contact by a change in resistance at the kinematic
location contacts.

Piezoelectric. This analog-based probe generates a specific voltage
based on the amount of displacement. This probe can yield greater
accuracy, but is limited by slower speed and higher sensitivity to grease
and dirt on a part.

Strain gage. This type of probe measures the microdeflection of the
probe tip on a continuous basis and is not speed sensitive as with the
other two touch trigger probes. This high performance probe is
commonly used in applications that require high-accuracy deflection
measurement.

Stevens (1991) disclosed that CMM manufacturers may have already
reached, or will soon reach, the limits of speed that can be achieved
using contact-based, touch-probe technology. As a result, developmental
work has been underway to integrate noncontact sensing technologies
onto CMMs. The three areas of noncontact sensing that seem to be the

most promising are optical, laser, and vision systems.
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To provide flexibility for the full range of contact and noncontact
probing systems, automatic probe changing systems have also been
developed. The development of these systems was deemed necessary
because each probing system possesses inherent advantages and
disadvantages and one system alone could not be expected to provide the
CMM with the flexibility it needs for FMS environments. With system
flexibility and accuracy as the primary goals in coordinate measurement,
contact probing, according to McMurtry (1991), will probably remain the
dominant probing system. However, it is expected that noncontact
sensing will eventually play a vital role in CMM-based inspection
systems. McMurtry also believes that CMMs will eventually include
other sensing capabilities such as "component temperature
measurement, surface hardness, eddy current probes for crack detection
together with part marking, and more, all autochangable on the CMM"
(p. 22). This contention was also supported by Placek (1990) when he
stated that:

As automatic probe changers becorme more common and
sophisticated, Hicks [Jack Hicks, president of DEA] thinks other
forms of inspection will be added to CMMs, such as hardness testing,
ultrasonics probes for measuring thickness; eddy current probes for
thickness, coating and flaw detection; and surface finish
measurements. And the CMM soon may be able to build its own
part-holding fixture from a set of modules -- not only to assemble the
fixture but calibrate it at the same time. (p. 38)

Operational Modes
The operational mode used in a CMM has important implications for

system flexibility. Busch (1989) reported that the operational modes
available with CMMs can be divided into four general classes: manual,

manual computer-assisted, motorized computer-assisted, and direct
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computer-controlled (DCC). It should be noted that the only major
distinction between the manual computer-assisted and motorized
computer-assisted categories is the method used for the movement of the
axes. Consequently, these two operational modes will be treated as one
option, the computer-assisted mode. The major modes of operation,
therefore, are manual operation, computer-assisted operation, and direct
computer-controlled (DCC) operation.

Manual operation. The manually-operated CMM has a free-floating
probe that the operator moves along the machine’s three axes to contact
various features. The use of this operational mode has several inherent
disadvantages for manufacturing applications such as lack of measuring
flexibility, inability to be integrated into automated activities, and the
need for an operator to be present at all times. Another disadvantage.
according to Ray (1992), is the inability to achieve stated accuracy
specifications or pass gage R&R studies unless XYZ lockouts and
micrometers heads are used during measuring activities.

Computer-assisted operation. CMMs in this category can be either
manually-operated or motor-driven. In either case, the main advantage
associated with the use of CMMs in this category, according to Busch
(1989), is the time savings the computer provides in minimizing
calculations, obtaining printouts, and converting dimensional units.

Direct computer-controlled (DCC) operation. With respect to this
option, Busch (1989) reported that whenever computer assistance is
integrated into measuring activities versatility, convenience, and
reliability is increased. When the DCC operational mode is used, the
advantages related with computer assistance are enhanced even further.

The main advantage for the use of DCC CMMs, as reported by Placek

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

(1992), was given by Michael Mariani, Brown and Sharpe’s marketing
manager for core products in which he stated that ‘gaging flexibility’ was
the key concern. Mariani went on to stated that ‘right now, the most
common application for these small CNC/DCC models [larger models as
well as smaller models have diverse manufacturing applications] appears
to be gaging support for manufacturing cells’ (p. 47). Ray (1992) stated
that another advantage for the use of DCC CMMs is that gage R&R and
process capability studies will be easier to perform and more repeatable.
Ease of use

When CMMs are moved onto the shop floor and have to be operated
by production workers, ease-of-use becomes an important flexibility
factor. Stevens (1991) supported this assessment when he stated that as
the computer sophistication of the average operator decreases between
the Quality Control (QC) lab and the shop floor, the friendliness of the
software will have to increase. Genest (1993) also supported the
necessity for ease-of-use when he suggested that as steps are taken to
move the CMM closer to the manufacturing environment, analogous step
will also have to be taken to move it psychologically closer to
manufacturing. This transition can be smoother by creating operator
interfaces and measurement and programming software that are not only
more powerful but easier to use and understand.

An additional user flexibility need suggested by Genest (1993) was a
more extensive use of off-line programming. This flexibility aspect,
according to Genest, would ensure maximum utilization of the CMM by
giving the operator the ability to perform part programming while the
machine is involved in inspection activities. Another user flexibility need
offered by Denomme (1988) was the ability of CMMs to be used in reverse
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engineering applications. He stated that the role of CMMs is quickly
expanding beyond simple data documentation. As a result, the use of
CMMs in reverse engineering applications will open up new areas of
application in many various fields of science and engineering. The
benefits associated with CMM-based reverse engineering, according to
Denomme, include, "dramatic reductions in inspection time and cost for
accumulating part profile data, higher accuracy in the data accumulated,
and the ability to easily manipulate that data or apply them to differing
material design principles” (p. Q-22).

Another factor making CMMs easier to use is the increase of
application-specific software packages. These programs, according to
Stevens (1991), reduce the need for programming each shape as is
required in many general-purpose measurement packages. As a result,
new CMM software has been developed that uses symbols keys, icons,
and menus in place of complicated computer syntax. Stevens expects
that future CMM interfacing will eventually incorporate the use of touch
screens, natural language. and voice recognition systems.

Networking Capabilities

The ability to communicate with other computer software programs is
an important concern for flexible inspection systems, regardless if they
are CMM-based or not. If FMS is ever going to become a reality, real-
time information exchange is needed between all levels of the
organization including gaging instruments and machine processes. One
area of FIS development that has been given increased importance is
metrology networking. Campbell (1988) emphasized that the several
goals exist within the area of metrology networking. These goals include
aspects such as providing measurement feedback to maintain part
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quality, increasing throughput, making measurement easier, improving
gage performance, and maintaining a record for process improvement.
Networking systems, in general, and specifically metrology networks
provide interfacing capabilities between measuring gages, desktop
computers, and the central computer. The main role of the central
computer in networked systems is that of network server. Data that are
stored in the server are accessible from any station on the network.
With regards to the integration of CMMs into metrology networks
and network supported FIS, a study of CMM specifications and cost

issues by Lavole (1989), provided the following conclusions:

In sum, there are no nice, pat formulas for determining which CMM to
buy. Nor is there a simple way to prioritize machine characteristics,
since these too depend on the individual’'s application. Buying a CMM
machine is a very personal, company-specific decision, the
ramifications of which can go far beyond the initial purchase price.
However, taking the time to evaluate company needs can dramatically
reduce the risk of making a wrong buying decision. (p. 70)

tional Variability R tions

The changes that are occurring in the manufacturing environment
due to FMS and FIS requirements are driving the CMMs out of the QC
labs and onto the shop floor. A major implication associated with this
movement is that CMMs will be expected to operate in inspection
schemes that require increased speed. They may also be expected to
operate under conditions that can inject variability into the measurement
process. Due to these concerns, CMM manufacturers are actively
pursuing several different methods which can be used to ensure that
CMMs employed in the shop floor applications possess similar degrees of
stability and reliability that are found with CMMs located in QC labs.
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The areas that are currently receiving attention by those concerned with
shop floor stability and reliability are environmental factors, the CMM,
methods and procedures, materials, and the CMM operator.
Environmental Factors

The environment surrounding the CMM is an important concern in
the effort to reduce measurement variability. This variable is composed
of several different factors such as temperature variations, dirt and dust,
and vibrations. While it is possible to minimize the effects of these
factors through careful environmental design and software
enhancements, they remain, according to Lavole (1989), the ultimate
limit to accuracy and the most expensive elements to control. As a
result, purchasers of CMMs must realistically assess their needs in terms
of the parts the machine will be inspecting and the environmental
conditions the machine will be required to operate under. To overcome
the influences presented by temperature changes and dirt and dust-filled
environments, Gazdag (1988) suggested three basic approaches:
enclosures, error compensating software, and CMM constructed with
materials that have thermal stability.

Enclosures. According to Koelsch (1992), temperature change is the
biggest enemy of accuracy since it possesses the ability to distort
machine components and the measured part. To overcome the variability
caused by temperature changes, some users have decided to sheltered
their CMMs from temperature changes by surrounding them with
environmental enclosures. Most of these enclosures incorporate internal
air pressure controls to maintain a constant air flow from the enclosure,
thus prevent preventing dirt, dust, and oil from collecting on the

machine.
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Error compensating software. Gazdag (1988), on the other hand,
suggested that a less expensive approach in neutralizing the effects of

temperature change is to "tune out” the environment by using
temperature sensors and temperature compensating software. One
drawback of current temperature compensating software noted by
Stevens (1991) is its inability to effectively deal with temperature changes
are too rapid or fall outside of established limits (normally 60 to 90
degrees).

Thermally stable materials. Deller (1988) stated that the most
effective approach in neutralizing the effects of temperature change is to
construct CMMs with materials that are harder, more thermally stable,
and impervious to deterioration and water absorption. The materials
presently being used on thermally sensitive areas of CMMs include
granite, aluminum, and ceramics.

Vibration is another environmental factor that needs to be addressed
when variability reductions are being considered. According to the ASME
B89.1.12M- 1990, Methods for Performance Evaluation of Coordinate
Measuring Machines, it is the user’s responsibility to provide not only an
acceptable environment for on-site performance testing of the CMM but
also to conduct all environmental tests at the site of installation. Since
the nature of floor vibrations are constantly changing and a vibration
analysis is only valid for the "window of time" in which the measurements
are recorded, Hegarty (1991) recommends the selection of the worst case
scenario for vibration analysis and evaluation. Hegarty went on to state
that a properly designed vibration isolation system can be critical in
ensuring expected CMM performance. Knowing what natural frequency

and damping rates are needed to bring vibration levels to acceptable
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limits is only half the battle. The other half of the battle is designing a
vibration damping system that is compatible with the CMM design. In
addition to the previously mentioned factors, other environmental factors
need to be monitored and closely controlled to reduce measurement
variability. These additional factors, according to Hobson and Majlak
(1987), include barometric pressure, humidity, gaseous and particulates,
lighting, and seismic activity.
The CMM

An essential requirement for on-line operation is high throughput.
In this regard, CMMs need to possess the capability to keep pace with
high production rates. Driving conventional CMMs at higher speeds to
meet throughput requirements adversely affects measuring accuracy. To
achieve high accuracy at faster operating speeds, it is necessary to
construct CMMs with exceptional stiffness and damping characteristics.
Fix (1988) stated that greater stiffness and damping capabilities will not
only help the CMM to withstand the forces of acceleration and
deceleration but also provide it with quicker stabilization. The design
characteristics that have an influence on speed of operation and
measurement variability are:

1. High stiffness-to-weight structure

2. Material symmetry

3. Workpiece mass/table design
4. Bridge design

5. Machine drive

6. System architecture

7. Accuracy
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Since these factors are established during the design and construction of
the CMM, any measurement variability due to these factors need to be
addressed by the manufacturer of the CMM.

Methods and Procedures

Variations in the methods and procedures used during setup and
operation have an influence on measurement variability. Although there
are a number of concerns that should be addressed, two areas that
should receive initial consideration for procedural standardization are
calibration and fixturing.

Calibration. Ford (1992) stated that calibration can be defined as
"the comparison of a piece of a equipment with an unknown accuracy to
a measurement standard of known accuracy” (p. 73). Ford stated further
that calibration serves two vital functions. One, it is used to determine
the difference, or amount of error, between unknown and known
readings. Two, it is used to adjust the output of the measured
equipment to bring it to a desired value. Proper calibration not only
helps to keep materials and products within specification but also helps
to reduce the cost associated with errors, scrap, and rework.
Consequently, the procedures used to perform machine and probe
calibrations as well as the time frames between calibrations are
important aspects in variability reduction.

Fixturing. Cole (1989), on the other hand, suggested that the right
fixturing method is an essential element for the control of measurement
variability. For example, the force applied during clamp fixturing can
cause distortions in the part being inspected. These distortions can
influence gage repeatability. An addition problem associated with clamp
fixtures is lengthy setup and increased inspection times. To eliminate
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the problems associated with clamp-based fixturing, universal fixturing
systems have been developed to hold parts firmly in position without part
distortion. An added advantage associated with these vacuum-based
systems is unrestricted probe path movement. Additional support for
universal fixturing was provided by Ray (1992) in which he stated that "a
better solution would be a universal fixture that uses controlled force to
avoid clamping distortion, enables faster and more flexible setups, and
puts the CNC CMM’s capabilities to better use” (p. 23).
Materials

Another area that has been given consideration for variability
reduction pertains to the characteristics of the workpiece being measured.
Lavole (1989) depicted this variable as one of the largest sources of CMM
error because it involves variations in the measured workpiece that have
an influence on the repeatability of measurements. Workpiece
characteristics that should be given consideration in this area include:
surface finish, roughness, straightness, roundness, and parallelism.
CMM Operator

According to Ray (1992), CMM programmers can contribute, next to
fixturing, the most to measurement variability. In his opinion, CMM
programmers (operators) need to possess measurement and computer
background as well as familiarity with the fit and function requirements
of the parts being measured. An additional area of concern for variability
reduction is operator training. In this regard, companies that employ
CMM programmers (operators) must be willing to supply the necessary
training. Lavole (1989) suggested that CMM training should be
concentrated in four areas: part programnming, machine operations,

blueprint interpretations, and preventive maintenance procedures.
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One operator/software area that needs to be given greater emphasis
during training is the potential influence operators can have on gage
repeatability due to the programming methodology he or she uses to
measure various features; one such example is circular measurement. In
the case of circular measurement, the majority of DCC/CMMs possess
the capability to measure circular features with a multitude of probe hit
options, usually somewhere between 3 to 50 and 3 to 100.
Consequently, time and cost constraints placed on the inspection
process by the manufacturing environment influence not only the
selection of a particular probe hit measurement pattern but also gage
repeatability as well.

Performance Testing and Evaluation

In a recent study of first-time CMM buyers, Lavoie (1989) reported

that:

Many were disappointed with their purchases. Reasons varied and
were not focused on any particular manufacturer but on overall
performance. Some buyers felt they had not gotten the level of
accuracy they required, others that they had paid for accuracy they
didn’t need. Some felt their machines were too slow, that they
required too much time to program and set up, that they were too
complicated to operate, or that their software was too limited for
their application. In none of these cases, however, did the machine
fail to meet advertised specification. Instead, they failed to meet
their new owner’s expectations. And the bottom line, the study
showed, was that, despite all the investigations, analysis, and
discussion that went into the purchase of such high-ticket items as
CMMs, many buyers simply did not understand what they were

buying. (p. 67)

Lavole further reported that one of the biggest problem people have in
purchasing CMMs is a lack of understand of the terminologies used to
define CMM specifications. Although most buyers of CMMs are engineers
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and possess a basic understanding of technical terminology, few are well
versed in the subtle differences in metrological terms surrounding CMM
terminology. According to Lavole, three terms were particularly
troublesome. One was resolution--the finest incremental reading of an
instrument; the second was repeatability--the ability of the machine to
duplicate identical measurements; and the third was accuracy--the
expected error from known standards. While resolution and repeatability
are important components of accuracy, they are not indicators of it.
According to Busch (1989), a good analogy of the relationship
between these three terms can be seen in rifle shots at a bull’s eye target.
If a person fires six shots and gets a tight cluster of hits in the upper
right, the shooter has good precision, but does not have accuracy. On
the other hand, if the entire cluster is tightly packed and located in the
bull's eye, the shooter has both precision and accuracy. Increasing the
number of rings around the target increases the resolution of the target,
but has no effect on the shooter’s basic marksmanship. A useful
illustration that demonstrates the relationship between precision and

accuracy and reinforces the previous statements can be seen in Figure 3.

Performance Testing Methods
Coordinate measuring machines are becoming a mainstay in many

manufacturing environments. Companies both large and small have
used them for inspection to the point of unquestioned reliance. This
unquestioned reliance, according to Watts and Prout (1991), is often
expressed by users through the following statement: "It must be right, I
checked it on the CMM" (p. 25).
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Figure 3. The relationship between precision and accuracy. Note. From

Fundamentals of Dimensional Metrology (p. 18), by Ted Busch, 1989,
Albany, New York: Delmar Publishing Inc. Copyright 1989 by Delmar

Publishing Inc. Adapted with permission.

Even though CMM data is relied on for the acceptance and rejection
of various products, many users have no formal method of checking the
validity of their CMM data other than annual or semi-annual
evaluations by the CMM manufacturer. The failure to establish formal
in-house monitoring practices could be attributed to a lack of
understanding of the performance testing methods currently used to
evaluate CMMs. Although the authors of ASME B89.1.12M-1990 list
several methods for CMM performance testing, Lavole (1989), simplified
the process by stating it in terms of three basic components: linear

displacement accuracy, volumetric accuracy, and repeatability.
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Linear Displacement Accuracy
The measurement of linear displacement accuracy is conducted on all

three axes, using either either a step gage or a laser interferometer. The
purpose of this test is to assess the conformance of the machine scales
to the international standards of length. When the test is performed
using a step gage, the measurement line must be along three orthogonal
lines through the center of the working envelope parallel to the three
axis directions. When the test is performed using a laser interferometer,
attention needs to be given to alignment such that cosine error is less
than 10% of the working tolerance of the axis under test. According to
the authors of ASME B89.1.12M-1990,

Linear displacement accuracy for a given axis at a step position shail
be the difference between step gage calibration and the mean
corrected machine reading for that position. Displacement accuracy
is determined by taking the difference between the step gage
calibration and the mean corrected machine reading at each step,
and then determining the maximum displacement error from any
point to any other point in the full travel. This is equivalent to
determining the maximum range of the mean differences. (p. 27)

When the laser interferometer is used instead of the step gage, the
displacement accuracy is calculated by determining the maximum spread
of the mean difference of the individual points. Of the three performance
tests, Lavole (1989), considered linearity one of the weakest measure of
performance since only 3 of the 21 machine motion variables are linear.
Variables such as straightness and perpendicularity (squareness), which
are considered critical to overall accuracy, do not normally show up in
linear performance tests.
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Volumetric Accuracy ,
According to Lavole (1989), volumetric accuracy is probably the best

all around test of CMM accuracy. In this test, commonly called a ball
bar test, the length of a metal rod equipped with precision balls at either
end is measured by the CMM at various positions within the working
envelope. The manner in which the ball bar test is conducted is
dependent on the design characteristics of the CMM. When the working
area of the CMM is cubic in shape (1:1:1), the ball bar is measured in 20
different positions. When the CMM possesses a single long axis and two
smaller axes (2:1:1), the ball bar is measured in 30 different positions.
When the CMM has two long axes and one short axis (2:2:1), the ball bar
is measured in 35 different positions.

After the position number is determined and the measurements have
been taken, the data from the ball bar measurements are analyzed by
preparing a simple plot or table of the deviation in the ball bar length
without regard to measurement location. From this plot or table, the
working tolerance of the CMM is determined by the range of data in the
plot or the total range in the values in the table.

e Re ili Reproducibili

Gage Repeatability and Reproducibility (Gage R&R) is a widely used
method for assessing gage stability and operator differences. In a Gage
R&R analysis several different methods can be employed. According to the
authors of Measurement Systems Analysis (1985), the appropriateness of a
particular method is initially based on whether one or more operators are
involved in the study. When one operator is involved in the study, the
variability the operator brings into the system is considered part of the
equipment variability. This variability is reported along with the other

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

gage variability factors as one value, repeatability. Consequently, total
measurement error (T.M.E.) in single operator gage studies is equal to
repeatability. When two or more operators are involved in the gage study,
the measurement error is broken down into two separate components:
repeatability, or equipment variability (E.V.) and reproducibility, or
appraiser variability (A.V.). Once calculated, these two components are
combined using the least square method and reported as total
measurement error [ TM.E. = vV (E.V.2 + A.V.2) ]. With the advent of
electronic and computer-controlled gaging systems, Gage R&R is gradually
being reduced to Gage R (Gage Repeatability).

Repeatability (E.V.) is a widely used measure of machine and gage
performance. Its primary purpose is to indicate inherent variability
within the equipment. In short, it is an indicator of the amount of
random error inherent within the gaging system. ASME Report No.
B89.1.12M-1990, Methods for Performance Evaluation of Coordinate
Measuring Machines, described repeatability as "a measure of the ability
of an instrument to produce the same indication (or measured value)
when sequentially sensing the same quantity under similar measurement
conditions” (p. 10). According to the authors of the B89.1.12M-1990
report, repeatability tests should be structured to evaluate the compiete
system including the effects caused by machine characteristics,
operators, and computer algorithms. They also suggested that
repeatability performance tests should be performed in a manner that
closely represents the way in which the gage is normally used. In
contrast to the B89 standard, Ray (1992) described repeatability as
measurement variation resulting from limitations in accuracy, gaging
environments, data collection methods, fixturing methods, and software
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measurement programs. His use of repeatability analysis has led to a
new and innovative approach to part fixturing for CMMs. The
significance of repeatability analysis was indicated by Lavole (1989) when
he stated that: "you can have good repeatability without good accuracy,
but you cannot have good accuracy unless you also have good
repeatability” (p. 68).

In quantitative-based measurement processes precision and
repeatability go hand in hand, precision being the standard deviation of
the measurement error (O g vy ) and repeatability being the extent or
spread of measurement variability (error) that can be expected within a
specified level of confidence. Some of the most widely recognized sigma

spreads (o) and respective levels of confidence are shown in Figure 4.

Sigma Spread (o)

I 1 ] i 1
-3 -2 -1 0 +1 +2 +3

P,

Confidence Levels Sigma Spreads SD (o)
90.00% 3.29 + 1.644
95.00% 3.92 + 1.960
99.00% 5.15 +2.575
99.73% 6.00 1 3.000

Figure 4. Confidence levels and sigma spreads.
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In short, the methods used to determine gage rep_eatability are dependent
on three factors:

1. The number of sample measurements to be collected and
analyzed during each measurement routine.

2. A single operator study versus a multiple operator study.

3. The use of an automated, computer-controlled gaging instrument
versus a manually operated instrument (e.g., a coordinate measuring
machine versus a vernier caliper).

Reproducibility (A.V.) is the measurement variability due to the effect
of different operators using the same equipment. It, along with accuracy,
are the principal generators of systematic error. In the past, manually-
operated gaging instruments were extensively used to gage parts. Gaging
processes that utilized these instruments were subjected to measurement
variability resulting from differences in the "feel” of each individual
operator. As more electronic and computer-controlled gaging systems
find their way into manufacturing environments, the measurement
variability individual operators bring into gaging activities will gradually
be eliminated.

Single Operator Repeatability Assessment

Within the single operator category four methods for repeatability
testing were identified: the ASME B89 Range Method, the Standard
Deviation Method, the British BS6808 Method, and the CMMA Standard.
The first two methods, the ASME B89 Range Method and the Standard
Deviation Method, are the most commonly used methods in the U.S.
while the British BS6808 Method and the CMMA Standard are primarily

used in England and other European countries.
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ASME B89 Range Method
Throughout ASME B89.1.12M-1990, the concept of range is used

extensively as the measure of machine performance. In this method 10
measurement samples are taken and the range or spread between the
largest and smallest value is calculated. Once calculated, the range
value is reported as repeatability. This method of repeatability testing
was chosen by ASME because they concluded that "the dominant errors
in coordinate measuring machines are not random but rather systematic.
In such cases, no generally accepted statistical procedures currently
exist” (p. 2).

In reporting repeatability, the authors of ASME B89.1.12M-1990
stated that either the largest range in coordinate values measured or the
range in coordinate values on a per axis basis should be used. They also
indicated that in the event an outlier is obtained, the point cannot be
discarded: rather the test and subsequent range evaluation must be
repeated. Algebraically, the procedures involved in the analysis of total
measurement error (TME) are:

1. Range (R) = X jargest - X smallest-

2. Repeatability = Range.

3. Total Measurement Error (TME) = Repeatability.

Standard Deviation Method

The determination of standard deviation, according to Gravetter &
Wallnau (1991), is the most widely used and most important measure of
variability. As a measure of variability, the general purpose of the
standard deviation value is to describe the extent to which a set of scores
is spread out or clustered together. Gravetter and Wallnau stated
further that:
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If a sample comes from a population with low variability, you can be
reasonably confident that the sample provides a good representation
of the general population. But when the standard deviation is large.
extreme samples are possible, and any single sample may not
accurately reflect the population. (p. 95)

In the standard deviation method five or more measurements are
collected from the gaging instrument. Once calculated, the standard
deviation value is multiplied by a selected sigma spread and reported as
repeatability. The use of this formula in repeatability analysis was
supported by Griffith (1989), Groover (1987), and Shay (1988).
Algebraically, the procedures involved in the analysis of TME are:

1. SD of Measurement Error (M.E.) =Y [} (X; - M sample 2 /n-1].

2. Repeatability = ( Sigma Spread ) x ( SD of M.E. ).

3. Total Measurement Error (TME) = Repeatability.

The sigma range or confidence level associated with the determination of
repeatability can vary depending on the manufacturer’s reporting
methods. The confidence levels associated with the most common sigma
spreads can be seen in Table 2.

One approach recommended by the authors of the British BS6808
standard with respect to the assessment of unidirectional repeatability is
to calculate the standard deviation values from ten repeated
measurements on each CMM axis. The repeatability of each axis is
calculated by multiplying the respective standard deviation value by 0.72.
The largest recorded standard deviation value is CMM unidirectional
repeatability.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2
Widely-Used Level and Si reads
Confidence Sigma Standard

Interval Spreads Deviation
68.26% 2.00 + 1.00
90.00% 3.29 +1.64
95.00% 3.92 + 1.96
95.44% 4.00 +2.00
99.00% 5.15 +2.58
99.73% 6.00 +3.00

Muiti-Operator Repeatability Assessment
Within the multi-operator category, three methods for the

determination of total measurement error (TME) were identified. These
methods, as identified by Electronic Data System (EDS) in their manual
Measurement Systerns Analysis (1985}, are range, the average and range,
and analysis of variance (ANOVA). In the first two methods the range
value is used as the primary means for calculating TME. According to
Griffith (1989), the use of range as an estimator of population standard
deviation is biased unless multiplied by the factor (1/dy) appropriate to
the sample size. Griffith also reported that ". . . because the range tends
to be inefficient, it is not recommended that ranges be used for large
sample sizes. A rule of thumb suggests a maximum sample size of 10"
(p. 154). The suggestion to limit the sample size to 10 when using the
range as an estimator of population standard deviation was also
supported by the authors of Measurement Systemns Analysis
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(1985). The following is an analysis of the three methods that are
currently used to perforn multi-operator repeatability assessment.
Range Method

According to the authors of Measurement Systems Analysis (1985),
this method is a modified variable gage study that provides a quick,
approximation of the total measurement variability. It does not,
however, decompose the total variability into the separate repeatability
and reproducibility components. Both the authors of Measurement
Systemns Analysis (1985) and Griffith (1989) reported that the range
method uses two operators and a minimum of five parts (test specimens)
for the study. In this method both operators measure each part once.
The difference between the individual readings of the two operators is
recorded. Onc