SCIENTIFIC PAPERS

________________________________________________________________________________

A CASE STUDY ON GAGE R&R IN AUTOMOTIVE INDUSTRY
Carmen SIMION1*
ABSTRACT In quality improvement projects it is a standard practice to assess the reliability of measurements before
doing any analyses. In particular, in the measure phase of a Six Sigma program the measurement procedures need to be
validated. A very important aspect is the measurement system variation, that should be small compared to the product
variation or the specification interval (tolerance). The measurement variation can be characterized by accuracy and
precision. Usually, to assess any measurement system used in the production environment, many companies use
Repeatability & Reproducibility (R&R) studies. Such analyses allow to estimate the contribution of variation
attributable to the measurement system itself. If these estimates indicate that the recorded measurements may be
unreliable, this may impact all subsequent analyses, e.g. control charts, capability analyses and so one. It is the aim of
this paper to address such issues presenting a case study from a major local automotive company. Minitab software was
used to calculate the Repeatability & Reproducibility of the analyzed measurement system.
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1. INTRODUCTION
Measurement data are used more often and in
more ways than ever before; for instance, the
decision to adjust a manufacturing process is now
commonly based on measurement data [1]. So, when
one bases decisions on measurement data, the
quality of that data is critical because it will affect
the ability to make the right decision.
The quality of measurement data is defined by
the statistical properties of multiple measurements
obtained from a measurement sysem operating
under stable condition. A measurement system (MS)
is the collection of instruments or gages, standards,
operations, methods, fixtures, software, personnel
(operators, appraisers, inspectors), environment and
assumptions used to quantify a unit of measure or
fix assessment to the feature characteristic being
measured; a MS is the complete process used to
obtain measurements [1].
Any time one measures the results of a
process he will see variation. The observed (total)
process variation comes from two sources,
illustrated in figure 1 [1]: actual process variation
(product
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Fig. 1 Observed process variation [1].
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variation or part to part variation) which refers to
differences between parts/products
made by the process and measurement variation
(measurement system variation or production gage
variation) i.e. imperfections in taking measurements.
The relationship between the total, part and
measurement variation is:
2
σ2𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = σ𝐴𝑐𝑡𝑢𝑎𝑙
+ σ2𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑆𝑦𝑠𝑡𝑒𝑚

(1)

where σ2Observed is total variance of the product
measurements, σ2Actual is the variance of the product
and σ2MeasurementSystem is the variance of the
measurement system.
According to David C. Crosby, “If you don’t
know the capability of your measurement system,
you don’t know if your measurements or your
products are good or bad” [2]. So, to be confident
about what any process delivers, it is important to
determine if the measurement system is capable to
consistently measure the process output. To assess
the adequacy of a measurement system by the
variation introduced by the act of measuring (the
measurement process), a mathematical procedure
named Measurement Systems Analysis (MSA) may
be used.
Measurement System Analysis is important
[2], [3] to:
 Study the % of variation that is caused by MS
 Compare measurements between operators
 Compare measurements between two (or more)
gages
 Provide criteria to accept new gage, before being
placed in a production environment
 Evaluate a suspect gage
 Evaluate a gage before and after repair

ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL. 13, ISSUE 3/2015

SCIENTIFIC PAPERS

________________________________________________________________________________
 Determine true process variation
 Evaluate effectiveness of a training program
It is recommended that MSA studies be
peformed on part characteristics deemed safety
critical or critical, part characteristics that contain a
poor customer or in-house history record, low
capability indeces (Cpk) and part characteristics that
are difficult to measure or that have very tight
tolerances.
The major components of the measurement
process are illustrated in figure 2. The item to be
measured can be a physical part, document or a
scenario for customer service; operator refers to a
person measuring the same products; reference is a
standard that is used to calibrate the equipment;
procedure is the method used to perform the test;
equipment (gage) is the device used to measure the
product (frequently, any device used on the shop
floor) and environment is the surroundings where
the measures are performed [3].
2. THE SUBJECT:
REPRODUCIBILITY

REPEATABILITY

Fig. 2 Components of the measurement process
[3].

Fig. 3 Components of measurement variation [4].

&

Measurement systems, like any other process,
are subject to variation. The measurement system
variation can be characterized by its location
(accuracy) and width (precision) (Fig. 3) [4], [5].
Accuracy shows how accurate the
measurement system is and describes the difference
between the measurement and the part’s actual
value. Typically, it is broken into three components:
stability, bias and linearity.
Precision shows how precise the measurement
system is and describes the variation one sees when
he/she measures the same part repeatedly with the
same device. Typically, it is broken into two
components: repeatability and reproducibility.
For any measurement system, there is always
one or both of these problems. For instance, it may
measures parts accurately but not precisely; or it is
precise accurate but not accurate or it is neither
accurate nor precise.
Repeatability is the inherent variation or
capability of the equipment itself. Repeatability is
the variation in measurements obtained with one
measurement equipment used several times by one
appraiser
while
measuring
the
identical
characteristic on the same part. Repeatability is
usually called as the “within appraiser” or "within
system" variation.The concept of repeatability and
its “bulls-eye” perspective are presented in figure 4
[4], [5].
The range chart is used to show the
consistency of the measurement process through the
repeatability concept.

Fig. 4 Repeatability concept [4].
Reproducibility is usually referred to as
appraiser variation (influence of appraisers on
variability, for example their competence,
perceptions, skills discipline and vigilance), so it is
called as the “between appraisers” variation. This is
often true when the manual equipments are
influenced by the operators’ skill. However, it is not
true when the measurement processes (i.e.,
automated systems) is used where the operator is not
a significant source of variation. Because of this
reason, reproducibility is considered as the average
variation between-conditions or between systems of
measurement and it is called as the "between
system" variation.
Reproducibility is the variation in the average
of the measurements made by different appraisers

ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL. 13, ISSUE 3/2015

47

SCIENTIFIC PAPERS

________________________________________________________________________________
using the same measurement equipment when
measuring the identical characteristic on the same
part.
The X-Bar chart is used to show the
consistency of the measurement process through the
reproducibility
concept.
The
concept
of
reproducibility and its “bulls-eye” perspective are
presented in figure 5 [4], [5].

In a good measurement system, repeatability
and reproducibility (R&R) should be as small as
possible and the part-to-part variation should be as
large as possible, meaning that the measurement
system can effective distinguish differences between
parts.
Gage R&R is the variance equal to the sum of
within appraiser and between appraisers variances
and appraiser-by-part variation - only under the
ANOVA method:
2
(2)
σ2𝑅&𝑅 = σ2𝑅𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 + σ𝐴𝑝𝑝𝑟𝑎𝑖𝑠𝑒𝑟
2
+ σ𝐴𝑝𝑝𝑟. 𝑥 𝐴𝑐𝑡𝑢𝑎𝑙
In order to decide whether a measurement
system is useful for a certain goal, some rules of
thumb are necessary. According to AIAG [1], four
acceptability criteria must be assessed for variable
gage R&R study (Fig. 6). Ideally, the values (in
percentage) of all these categories should be in the
green zone for acceptance; examining the visual aids
below shows commonly used judgement criteria for
each category:
 % Contribution represents the percent
contribution to the overall variation made by each
variance component (each variance component
divided by the total variation, then multiplied by
100); these percentages add to 100

Fig. 5 Reproducibility concept [4].
Gage repeatability and reproducibility (Gage
R&R) is an estimate of the combined variation of
repeatability and reproducibility. Gage R&R studies
determine how much of the observed process
variation is due to measurement system variation.
Variable gage R&R is a well known
procedure for evaluating measurement systems. A
typically study [1] utilizes 2-3 operators/inspectors
for one equipment that is measuring a single
characteristic. Each appraiser measures 5-10 parts
selected from a process 2-3 times. Depending on the
cost and time involved one can add more appraisers
and measurements and replications.
There are various methodes to conduct R&R
studies. From all these, “Average and Range” and
“Analysis of Variation, ANOVA” methods are the
most prevalent and important. They compute the
total measurement system variability, and allows the
total measurement system variability to be separated
into:





48

part-to-part variation or process variation (σ2Actual)
gage variation (σ2Repeatability)
appraiser variation (σ2Appraiser)
appraiser-by-part variation (σ2Appraiser x Actual) or
operator stability, only under the ANOVA
method

 % Study Variation represents the percent of the
study variation for each component (the standard
deviation for each component divided by the total
standard deviation). These percentages do not add
to 100.

Fig. 6 General rules for gage R&R
acceptability.
 % Tolerance is based on upper and lower
specification limits (USL and LSL); it is used to
compare the measurement system variation with
the tolerance
If the measurement system is used for process
improvement such as reducing part-to-part variation,
then % Study Variation may be a better measure; if
the measurement system is used to evaluate parts
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relative to specifications, then % Tolerance variation
may be a better measure.
 The number of distinct categories is based on
process variation and tells how many separate
groups of parts the system is able to distinguish;
to distinguish a higher number of distinct
categories, it is necessary a more precise gage.
A statisical software program will produce
these values once the data is properly entered.
3. CASE STUDY
This gage R&R study was made in a major
company from Sibiu county, a private company
working mainly for the automotive industry. The
company is a strong partner for some of the most
important players in the automotive industry and is
constantly upgrading its business relations in other
industries also. Its products are assembled on cars
like BMW, Mercedes, Peugeot, Renault, Audi, Ford,
Fiat, Citroen and Kia and the main groups of
products are: components for injection systems;
blades, arms and arm heads for windshield wipers;
turbo charger components (nozzle ring; central
housing; rollers); steering gears and column
components; pinions for steering gears; cold and hot
coiled springs; stamped parts; drive shafts and
components; mechanically welded assemblies;
components for air conditioning installations;
industrial equipment, tool shop parts, tooling,
progressive stamping dies.
The company had intended to install a new
gage to measure an internal diametre of the central
housing for turbochargers (Fig. 7). The specification
for the diameter is 4.2 ± 0.1 mm.
Before being placed the new gage – a digital
caliper with a resolution of 0.01 mm (Fig. 8) in the
production environment, the company had decided
to use measurement system analysis by doing a
basic gage R&R study to evaluate if the
measurement system measures consistently and
accurately, and adequately discriminates between
parts.
Three aprraisers (A, B and C) were selected;
they randomly sample 10 housings across all major
sources of process variation (machine, time, shift,
job change) to represent those typically produced.
They code the housings to identify the
measurements taken on each housing. The first
aprraiser measures the 10 housings in random order.
Then, the second and the third aprraiser measures
the 10 housings in a different random order. Each
appraiser measure each part three times.

Fig. 7 Turbo charger components: nozzle ring and
central housing

Fig. 8 The Gage: Digital caliper
The measurements with digital caliper are
given, partially, in figure 9.
Minitab 16 computer software [6] was used to
calculate Repeatability & Reproducibility for the
analyzed caliper, with both “Average-Range” and
“ANOVA methods. The results for Caliper R&R
study, session window output and graph window
output, are presented from figure 10 to figure

Fig. 9 Measurement results
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window output. Minitab breaks down the
Variation in the measurement system into specific
sources; each cluster of bars represents a source
of variation. For the housing data, the difference
in parts accounts for most of the variation.

Fig. 10 Session window output for Caliper / Xbar-R
method

Fig. 11 Session window output for Caliper /
ANOVA method
If we look in the session window output for
caliper (Fig. 10) at the percent contribution from
Part-To-Part (81.70) we see that it is larger than that
of Total Gage R&R (18.30). This is considered very
good and tells us that much of the variation is due to
differences between parts.
But if we look at the %Contribution, %Study
Variation, %Tolerance (often informative) columns
and at the number of distinct categories we see that
for all of these, the acceptability criteria are not in
the acceptance zone, so it is required a further
analysis to find the sources of measurement error.
The supposition was that the digital caliper was not
adequate to measure this internal diametre (hole).
The two-way ANOVA table, shown in figure
11, includes terms for the part, appraiser, and
appraiser-by-part interaction. Because the p-value
for the appraiser-by-part interaction is less than 0.25
(p=0.002), Minitab does not remove the interaction
term from the model and does not generates a
second ANOVA table [6], [7].
Figure 12 shows the graph window output for
Caliper R&R study, generated by Minitab [6], [7]:
 The Components of Variation chart graphically
represents the Caliper R&R table in the Session
50

Fig. 12 Graph Window Output for Caliper
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any points on the R-chart fall above the upper
control limit (UCL), the operator is having difficulty
consistently measuring the parts. The UCL takes
into account the numberof times each operator
measures a part. If operators measures consistently,
the ranges are small relative to the data and the
points fall within the control limits.
In this case, the R-chart shows that the
appraisers recorded the values for each part with a
similar amount of variability.
 Measurements by Part chart shows all
measurements in the study arranged by part. The
measurements are represented by empty circles
and the averages by solid circles. A line connects
the average measurements for each part. Each
point represents at least one measurement of that
part by at least one operator (one point may
represent more than one measurement).
Differences in the scatter of the points may
indicate part bias. Ideally, multiple measurements
for each part show little variation (the empty
circles for each part are close together) and
averages vary enough so that differences between
parts are clear.
In this case, in the by Part graph there are
large differences between parts, as shown by the
nonlevel line.

Fig. 12 Graph Window Output for Caliper continued

The x-Bar Chart by Appraiser compares the
part-to-part variation to the repeatability component.
Control limits represent measurement error and each
point on the X-bar chart is the average of the
measures made on the same part by the same
operator. Ideally, this graph should show lack of
control (points above or below the control limits)
because the parts chosen for a gage R&R study
should represent the typical part-to-part variability.
It is desirable to observe more variation between
part averages than what is expected from
repeatability variation alone.
For these data, a lot of the points in the Xbar
are outside the control limits, indicating variation is
mainly due to differences between parts.

The R Chart by Appraiser is a control chart of
ranges that graphically displays operator
consistency. Each point on the R chart is the range
(difference between the highest and lowest) of all
measures on the same part by the same operator. All
of the points should be within the control limits; if

 Measurements by Appraiser chart help to
mdetermine whether the measurements and
variability are consistent across operators. The by
operator graph shows all study measurements
arranged by operator. Dots represent the
measurements; black circles represent the means.
Each point represents at least one measurement of
a part by one operator (one point may represent
more than one measurement). A line connects the
average measurements for each operator; if the
line is parallel to the x-axis, the operators are
measuring the parts similarly and if it is not
parallel, the operators are measuring the parts
differently. Differences among the operators may
indicate operator bias.
In the by Appraiser graph there are small
differences between operators (they measure the
parts with approximately the same variation), as
shown by the level line. Operator C appears to
measure slightly lower than the others.

Each point on Part by Appraiser Interaction
charts represents the average measurements taken by
each operator on each part in the study. A line
connects the averages for a single operator. Ideally,
the lines will follow the same pattern and the part
averages will vary enough that differences between
parts are clear: lines are virtually identical means
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operators are measuring the parts the same;
one line is consistently higher or lower than the
others means that operator is measuring parts
consistently higher or lower than the others; lines
are not parallel or they cross means the operators
ability to measure a part depends on which part is
being measured (an interaction between operator
and part)
In this case, the divergence in the points
indicates an operator by part interaction.
The conclusion of this first study was that this
new measuring system is not acceptable and the
decision was to replace the digital caliper by a three
points internal micrometer with a resolution of 0.001
mm (Fig. 13) and another Gage R&R study was
made (Fig. 14, 15 and 16).

If we look in the session window output for
micrometer (Fig. 14) at the percent contribution
from Part-To-Part (99.58) we see that it is larger
than that of Total Gage R&R (9.11). This is
considered very good and tells us that much of the
variation is due to differences between parts and
very little to the measurement system.
If we analyse the values for %Contribution,
%Study Variation, %Tolerance and the number of
distinct categories we see that for all of these, the
acceptability criteria are in the acceptance (green)
zone.
So according to AIAG guidelines, this system is
acceptable because the variation due to the
measuring system, either as a percent of study
variation or as a percent of tolerance, is less than
10%, contribution is less than 1% and and the
number of distinct categories is more than 10%.
Figure 16 shows the graph window output for
Micrometer R&R study, generated by Minitab [6],
[7]:
 The Components of Variation chart - the
difference in parts accounts for most of the
variation.

Fig. 13 The Gage: Digital three points internal
micrometer

 The x-Bar Chart by Appraiser - most of the
points in the Xbar are outside the control limits,
indicating variation is mainly due to differences
between parts.
 The R Chart by Appraiser - the appraisers
recorded values for each part with a similar
amount of variability.
 Measurements by Part chart - there are large
differences between parts, as shown by the
nonlevel line.

Fig. 14 Session window output for Micrometer /
Xbar-R method

Fig. 16 Graph Window Output for Micrometer (1)
Fig. 15 Session window output for Micrometer /
ANOVA method
52
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 Measurements by Appraiser chart – appraisers
measure the parts with approximately the same
variation, as shown by the level line
 Part by Appraiser Interaction chart - the lines
follow one another closely and the differences
between parts are clear. The operators seem to
measure parts similarly.
The new housing measuring system contributes
very little to the overall variation, as confirmed by
both the session window output and graphs window
output.

4. CONCLUSION
Regarding to the Raffaldi and Kappele [8] “If
measurement variation can be reduced and gauge
repeatability and reproducibility ratios improved, it
is easier to differentiate between parts that are in or
out of specification, allowing parts to be accepted or
rejected with greater confidence”. Hence, the gage
R&R (GR&R) could use as an auditing tool which
gives feedbacks on the improvement of
measurement methods.
A successful quality improvement or
statistical process control program needs good
measurement systems. Measurement equipments
which are functioning properly are critical for
quality assurance, process control and process
optimization activities.
The use of Gage R&R is a useful component
in a measurement system analysis program.
Usually,
the
gauge
repeatability
and
reproducibility (GR&R) study needs to be
conducted prior to the process capability analysis for
verifying the precision of measuring equipments and
helping organizations improve their product quality.
Therefore, how to ensure the quality of
measurement becomes an important task for quality
practitioners.
The efficiency of a measurement system is
with exact relation to the accuracy of measurement
instruments. Usual measurement tools such as
calipers and micrometers are the ones that could
cause the most anxiety with their wrong usage. The
reason is that equipment and process measurements
have to be controlled appropriately to obtain data of
high quality for correct a analysis.
Identifying and reducing measurement
variation is the whole reason for doing gage R&R
study.
Fig. 16 Graph Window Output for Micrometer
(2,3,4,5)
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