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Ensuring accurate measurement of precision components is critical in the
automotive industry. This study investigates measurement challenges
for screw shaft components at the Teaching Factory of Politeknik STMI
Jakarta. The initial measurement system performed poorly, with 100%
total variation attributed to measurement error and a Number of Distinct
Categories (Ndc) of 1, indicating an inability to distinguish product
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Automotive part variations. To address this, a Measurement System Analysis (MSA) using
Case study the Gage Repeatability and Reproducibility (GRR) method was
Metrology conducted. Improvements, including operator training, regular
MSA calibration, and a custom jig fixture, were implemented. As a result, the
Quality GRR value decreased to 26.27%, with repeatability contributing 25.40%
Teaching factory and reproducibility 6.74%. The Ndc value increased to 5, reflecting
o improved capability to differentiate product variations. These outcomes
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demonstrate that MSA is an effective strategy for evaluating and
enhancing measurement systems. It is particularly valuable in vocational
education settings to ensure measurement reliability, maintain quality
standards, and support industry-relevant skill development.

1. Introduction

In the automotive industry, consistent product
quality and compliance with precision standards are
absolute requirements to meet the needs of an
increasingly = competitive global market [1]-[5].
Automotive components, such as screw shafts, require
high measurement standards to ensure optimal
functionality and safety [6], [7]. Accuracy and precision
in the measurement of these components is essential to
avoid product defects that can cause losses to
manufacturers and customers [8]-[12]. Therefore, the
application of Measurement System Analysis (MSA) in
automotive product measurement becomes very
relevant in identifying and controlling sources of
variation in the measurement system [13]-[15].

Measurement System Analysis (MSA) aims to assess
the reliability and accuracy of the measurement system
to ensure that each component produced meets the set
quality standards [8], [16]-[21]. MSA allows the
industry to evaluate the measurement system's
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performance, identify = elements that cause
inconsistencies, and provide the correct information in
making decisions related to product quality [16], [22]. In
the context of the automotive industry, MSA plays an
essential role in ensuring that every production and
measurement process takes place with an acceptable
level of accuracy, especially for high-precision
components such as screw shafts. This improves
product quality and reduces the potential for warranty
claims or customer complaints [2], [16], [23]-[25].
Several studies have demonstrated the effectiveness
of Measurement System Analysis in manufacturing
industries, particularly within precision-driven sectors
such as automotive. Guleria et al. highlighted the
effectiveness of combining Gage R&R and Six Sigma
tools to improve dimensional stability and reduce
measurement variation in gear cutting processes [20].
This is reinforced by research from Pop and Elod who
emphasized MSA's importance in improving
measurement reliability in ISO/TS 16949-certified
environments [27], and Guleria et al., who applied MSA
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within a Lean Six Sigma framework for gear
manufacturing [26]. Saikaew [8] applied MSA to assess
lathe machine variability and part measurement errors
in turning operations, revealing substantial gains in
consistency and dimensional control. Similarly, Cepova
et al. validated MSA-based gauge control methods in
industrial metrology [28], while Sharma et al. [22] and
Almeida et al. [15] showcased the use of Gage R&R for
evaluating resistance spot welding quality and
production measurement reliability. These studies
underline the growing relevance of MSA as a core
quality assurance technique, especially in highly
regulated, precision-demanding sectors like the
automotive and aerospace industries [8], [15], [28], [29].

Teaching Factory, one vocational education method
connecting education and industry significantly
improves students' technical skills. The application of
the MSA method to the screw shaft measurement
process aims to provide a practical understanding of
quality standards and the importance of a reliable
measurement system in the automotive industry. This
approach allows students to become familiar with the
challenges in quality control of automotive components
while understanding the analysis and improvement
process required to ensure product quality.

While MSA has been widely adopted in industrial
settings to validate and improve measurement systems,
there remains a lack of research that applies MSA in
educational production environments such as Teaching
Factories. Most existing studies focus on large-scale
manufacturing  contexts, leaving a gap in
understanding how MSA performs in simulated real-
industry settings designed for vocational training. This
study addresses that gap by evaluating the
measurement system of screw shaft components in a
Teaching Factory environment using a structured Gage
R&R approach.

This research aims to identify weaknesses in the
measurement system of screw shafts in the Teaching
Factory through the application of MSA and implement
improvements to enhance measurement reliability and
accuracy. The results of this research are expected to
improve measurement quality and product consistency
and provide practical recommendations that can be
applied in an automotive industry environment to
ensure better measurement standards.

The MSA approach, particularly the Gage R&R
technique, was selected due to its proven capacity to
quantify and decompose sources of measurement
variation, repeatability, and reproducibility into
actionable components. Technically, Gage R&R offers a
robust statistical framework to assess measurement
error, identify inconsistencies, and guide improvement
strategies.  Practically, it is well-suited for
implementation in vocational education settings
because it can be performed using commonly available
tools such as Vernier calipers and statistical software.
The method’s diagnostic value makes it ideal for
training environments where both measurement
precision and operator learning outcomes are equally
prioritized.
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2. Material and method
2.1. Material

This research was conducted at the Teaching Factory
of Politeknik STMI Jakarta, Indonesia, with the main
object being screw shaft components used in the
automotive industry. The screw shaft is a critical
component that requires high accuracy and
dimensional consistency to function according to set
quality standards. For the measurement of this
component, a Vernier Caliper measuring instrument
with an accuracy level of 0.02 mm is used. The selection
of this tool is based on its reliability in meeting the need
for high precision in the production process [28], [30]-
[32]. Measurements were carried out by several
operators who had received introductory training in the
use of the measuring instrument, allowing for a more
comprehensive analysis of variations in measurement
results that operator skills may influence.

2.2. Method

This research method uses a MSA approach focusing
on repeatability and reproducibility (R&R) tests. This
MSA approach aims to evaluate how much variation
appears in the measurement system, which can impact
the quality and consistency of production results [16],
[26], [27], [29], [30], [33]. This approach aligns with
methodologies applied by Sharma et al. in evaluating
resistance spot welding and by Cepova et al. using
gauge control methods [22], [28]. In this study, the Gage
R&R method is used to measure the consistency of
measurement results when performed by the same
operator (repeatability) and between different
operators (reproducibility).

The first stage of the method involves repeated
measurements of the same screw shaft samples (Fig. 1)
by the same operator. Each operator takes
measurements on the same sample multiple times
under identical conditions [8], [16], [29], [30]. The data
collected from these measurements is then analyzed to
identify repeatability or the extent to which the
measurement results remain consistent when
performed by the same operator. In the next stage, a
reproducibility test is conducted to see the differences
in measurement results between operators [8], [34].
Measurements are taken on the same sample by several
different operators under the same conditions to
evaluate the level of consistency between operators.
Through this test, inter-operator variations can be
identified and used as a reference to understand how
operator differences affect the overall measurement
results [27], [29], [35].

The measurement results from these two R&R tests
are then statistically analyzed to determine the
contribution of variation caused by the measurement
system compared to the total variation [8], [16], [29].
This analysis provides an overview of the reliability of
the measurement system used in producing screw
shafts.
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Fig. 1. Engineering drawing of screw shaft.

Table 1
Border value of % GRR and NDC [6], [7], [15], [16], [27]-[29], [35]

Value Description

% GRR <10%

10% < % GRR < 30%
% GRR > 30%

Ndc =5

2<Ndc<4

Ndc=1

The measuring system is acceptable and provides reliable information about process changes.

The measuring system is conditionally acceptable and can be used for several applications.

The measuring system is unacceptable and does not provide reliable information about process changes.
The measuring system is acceptable and provides reliable information about process changes.
Unacceptable for estimating process parameters; gives rough estimates. Requires more sensitive equipment.
The measuring system is unacceptable and does not provide reliable information about process changes.

Based on the results of the analysis, improvement
recommendations can be developed to improve
measurement accuracy and consistency so that the
quality of screw shaft components can meet the
standards set in the automotive industry. Measurement
data from the GRR test were statistically analyzed using
Minitab® Statistical Software [6], [16], [35]. This
analysis involves calculating the value of repeatability
(EV), reproducibility (AV), variation between parts
(PV), total variation (TV), and the Number of Distinct
Categories (Ndc) (Table 1) value using the following Eq.
(1) to (7).

Repeatability - Equipment Variation (EV):

EV =RxK, @
Reproducibility - Appraiser Variation (AV):
AV = ’(XDIFF X K;) — (EV?/(nr)) )

where, n denote the number of samples, r denotes the
number of trials,

Repeatability & Reproducibility (GRR):

GRR = JEV% 4+ AV? ®)
Part Variation (PV):
PV = R, xK; (4)
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Total Variation (TV):

TV = GRR? + PV?

% Total Variation (TV):

®)

% EV = 100[EV /TV]
% AV = 100[AV /TV]
% GRR = 100[GRR/TV]
% PV = 100[PV /TV]

Q)

ndc = 1.41(PV /GRR) (7)

2.3. Rationality of Measurement Design

The measurement design used in this study (3
operators, 10 parts, 3 trials) adheres to the guidelines in
the AIAG Measurement Systems Analysis Manual (4th
Edition) and aligns with ISO 22514-7 standards for
gauge studies. These guidelines recommend 2-3
operators, 10 parts, and 2-3 repetitions to provide
sufficient data for calculating meaningful estimates of
repeatability and reproducibility while maintaining
practical feasibility in educational or production
settings.

The selection of 10 parts ensures adequate part-to-
part variability, capturing dimensional differences
typical in real-world manufacturing. Additionally,
three operators simulate realistic measurement
variation across personnel, a critical component of
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reproducibility. Three repetitions per measurement
enable robust estimation of consistency within
individual operators (repeatability). This design
balances statistical rigor with operational efficiency,
rendering it suitable for a Teaching Factory
environment, where both training value and industrial
representativeness are prioritized. Senol similarly
proposed optimizing repeatability and reproducibility
(R&R) study designs by balancing a and {3 error risks
for industrial applications [30].

3. Results and discussions

3.1. Result

The initial stage of data collection focused on
collecting quantitative data related to the dimensions
and tolerances of the Screw Shaft. Measurements were
taken using precision gauges, particularly to the critical
dimensional point at 18 mm with a tolerance of +0.06
mm. This process was repeated for multiple Screw Shaft
samples to capture variations across the part. This
quantitative data helps identify product variations and
potential sources of measurement uncertainty (see Fig.
1).

Three raters measured 10 Screw Shafts in three trials,
and the data from each trial was recorded for further
analysis (Table 2). This table shows the measurement
data taken by each rater for each part, which provided
an essential basis for the subsequent Measurement
System Analysis (MSA). The MSA data were processed
using specialized software, Minitab® Statistical
Software, which produced results for Gage R&R,
including  Repeatability = (Equipment Variation),
Reproducibility (Ratio Variation), and Part-to-Part
Variation. This data is critical for identifying sources of
variation and ensuring the measurement system's
reliability in capturing accurate Screw Shaft
dimensions.

Table 3 shows the results of the two-way analysis of
variance (Two-Way ANOVA) with the interaction
between parts and operators. This table analyzes four
sources of variance: Parts, Operators, interaction
between Parts and Operators, and Repeatability. From
the analysis results, the source of variance for Parts

Table 2
Measurement data before improvement

shows a free degree (DF) of 9 with a sum of squares (SS)
of 0.013040 and a mean square (MS) of 0.0014489. The
resulting F value is 3.86180, with a P value of 0.007. This
indicates a significant difference in quality between the
parts tested, as the P value is less than a = 0.05.

Meanwhile, for the Operators' source of variance,
the DF is 2, with SS of 0.000780 and MS of 0.0003900. The
F value obtained is 1.03949, with a P value of 0.374. This
indicates no significant difference in measurement
quality between operators, as the P value is greater than
a = 0.05. The interaction between Parts and Operators
was also analyzed, with a DF of 18, SS of 0.006753, and
MS of 0.0003752. The F value for this interaction was
0.16816, with a P value 1.000. This indicates that the
interaction between parts and operators is insignificant,
meaning that the operator's influence is independent of
the tested parts. For Repeatability, the DF was 60 with
an SS of 0.133867 and MS of 0.0022311. The total free
degree for this analysis was 89, with a total SS of
0.154440. These results indicate that the effect of
variation in measurement (repeatability) has also been
considered but not presented in the form of F and P
values. Overall, this analysis shows that the parts factor
contributes significantly to variation in measurement
quality, while the operator and its interaction do not
significantly contribute.

Table 4 presents the results of the two-way analysis
of variance (Two-Way ANOVA) without considering
the interaction between Parts and Operators. This
analysis evaluated three sources of variance: Parts,
Operators, and Repeatability. The results for the Parts
source of variance showed a free degree (DF) of 9, with
a sum of squares (SS) of 0.01304 and a mean square (MS)
of 0.0014489. The resulting F value is 0.803679, with a P
value of 0.614. This indicates no significant difference in
quality between the parts tested, as the P value is
greater than the significance level a = 0.05.

Furthermore, for the Operators' source of variance,
the DF is 2, with SS of 0.00078 and MS of 0.0003900. The
F value is 0.216328, with a P value of 0.806. This
indicates no significant difference in measurement
quality between operators, as the P value is greater than
a = 0.05. Repeatability, which serves as a measure of
variability in measurement, showed a DF of 78 with an
SS of 0.14062 and MS of 0.0018028.

Parts
Appraiser Trial
1 2 3 4 5 6 7 8 9 10
18.10 18.02 18.00 18.01 18.05 18.12 18.01 18.03 18.02 18.00
1 2 18.00 18.11 17.99 18.10 18.00 18.08 18.05 17.98 18.12 18.03
3 18.02 18.00 18.10 18.00 18.01 18.05 18.00 18.12 17.98 18.05
2 1 18.11 17.99 18.05 18.02 18.00 18.10 18.02 18.01 18.10 18.00
2 18.05 18.08 18.00 18.10 18.03 18.00 18.11 18.02 18.00 18.05
3 18.02 18.00 18.08 18.01 18.01 18.05 18.00 18.05 18.03 18.00
3 1 18.12 18.00 18.02 18.10 18.05 17.98 18.05 18.00 18.03 18.01
2 18.00 18.10 18.01 18.02 18.00 18.08 18.02 18.11 18.01 17.99
3 18.01 17.98 18.05 18.00 18.03 18.10 18.00 18.02 18.00 18.05
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Table 3
Two-Way ANOVA table with interaction before improvement

Source DF SS MS F P
Parts 9 0.013040 0.0014489 3.86180  0.007
Operators 2 0.000780  0.0003900 1.03949 0.374
Parts* Operators 18 0.006753  0.0003752 0.16816  1.000
Repeatability 60 0.133867 0.0022311

Total 89 0.154440

Table 4

Two-Way ANOVA table without interaction before improvement

Source DEF SS MS F P
Parts 9  0.01304 0.0014489 0.803679  0.614
Operators 2 0.00078 0.0003900 0.216328  0.806
Repeatability 78  0.14062 0.0018028

Total 89 0.15444

Table 5

Variance components of screw shaft for measurement before
improvement.

Source VarComp % Contribution of VarComp
Total Gage R&R  0.0018028  100.00

Repeatability 0.0018028  100.00

Reproducibility ~ 0.0000000  0.00

Operators 0.0000000  0.00

Part-To-Part 0.0000000  0.00

Total Variation 0.0018028  100.00

Table 6
Gage evaluation of screw
improvement (Ndc = 1).

shaft for measurement before

Source SD SV (6 x SD) % SV
Total Gage R&R  0.0424596 0.254758 100.00
Repeatability 0.0424596 0.254758 100.00
Reproducibility ~ 0.0000000 0.000000 0.00
Operators 0.0000000 0.000000 0.00
Part-To-Part 0.0000000 0.000000 0.00
Total Variation 0.0424596 0.254758 100.00

Note: SD = standard deviation, SV = standard variation

The total free degree for this analysis was 89, with a
total SS of 0.15444. Overall, this analysis shows that
neither parts nor operators contribute significantly to
the variation in measurement quality. This implies that
all the parts and operators tested performed similarly,
and any variation is more likely to be caused by other
factors, including repeatability.

Table 5 presents the variance components of the
screw shaft measurement, focusing on the Gage
Repeatability and Reproducibility (Gage R&R) analysis.
Total Gage R&R shows a variance component value of
0.0018028, which includes all wvariations in the
measurement, with a contribution of 100%. This
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indicates that all variations in the measurement can be
considered part of Gage R&R. The variance component
for repeatability is also recorded as 0.0018028, which
means that variations due to internal factors (such as
measuring instruments) fully contribute 100% to the
measured variance. Meanwhile, the variance
component for reproducibility, which relates to
variation caused by operators, was recorded at
0.0000000, indicating no significant contribution from
this variable.

The variance components for Operators and Part-
To-Part were also recorded at 0.0000000 each, indicating
that no variation resulted from differences between
operators or the parts tested. With a total measured
variation of 0.0018028, all the values obtained indicate
that the variation in the measurement is entirely due to
the repeatability of the measuring instrument. At the
same time, the factors of reproducibility, operators, and
part-to-part differences do not contribute to the
variation. This shows that the measuring device has
good consistency in providing results, but it should be
noted that other factors do not contribute to the
measurement uncertainty.

Table 6 presents the Gage evaluation for the screw
shaft measurement, highlighting the components of
variation in the measurement process. The Total Gage
R&R shows a standard deviation (StdDev) of 0.0424596,
which results in a study variation (Study Var) of
0.254758. The contribution of this variation to the total
variation is 100%, which indicates that all the variation
measured in the measurement can be considered as part
of the Gage R&R. For the Repeatability component, the
StdDev value is also the same at 0.0424596, resulting in
an identical Study Var and 100% contribution. This
indicates that all variation in the measurement can be
attributed to factors related to the repeatability of the
gauge, and no variation comes from the consistency of
the measurement.

On the other hand, the Reproducibility component,
which includes variations caused by the operator and
part-to-part differences (Operators and Part-To-Part),
all recorded StdDev and Study Var values of 0.0000000.
This indicates that there is no significant contribution
from these factors, meaning that neither operators nor
part-to-part differences add to the variability in the
measurements. As such, the Number of Distinct
Categories (Ndc) value is 1, indicating that only one
measurement category was identified. Overall, the
results of this evaluation show that the repeatability of
the measuring instrument entirely determines the
variation in the screw shaft measurement. At the same
time, other factors do not contribute to the variation,
indicating that the measuring instrument performs well
in terms of the consistency of its measurement results.

Based on Fig. 2 of the Gage R&R (ANOVA) Report
for Measurement Data, an understanding of:

a. Components of Variation

Gage R&R: The most significant component of
variation comes from the measurement itself, indicating
that the variation is significant.
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Fig. 2. Result of GAGE R&R analysis of screw shaft before improvement.

Repeatability and Reproducibility: Both contribute
almost equally to total variation. This indicates that the
measurement system has problems with repeatability
consistency and inter-operator variation.

Part-to-Part: The contribution of part variation to the
total variation is minimal, which indicates that the
differences between parts are insignificant compared to
the variation from the measurement.

b. R Chart by Operators

The R chart shows the measurement range between
trials by each operator. The fluctuating range values
indicate that operators have considerable variability in
measurements on some parts but are still within the
control limits (UCL = 0.2145). However, the presence of
some significant fluctuations indicates a problem in
repeatability.

c.  Xbar Chart by Operators

The Xbar chart shows the average measurement
results of each operator. There is a slight fluctuation in
the average measurement between operators, but it
remains within the control limits (UCL = 18.1206, LCL
= 17.9501). However, these minor variations may
contribute to reproducibility issues, as each operator
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may not consistently use the measuring instrument in
the same way.
d. Measurement Data by Parts

This graph shows the distribution of measurements
for each part. The data shows minimal differences
between parts, which aligns with the low NDC results.
The differences between the parts are not significant
enough to be clearly distinguished by the measurement
system.

e. Measurement Data by Operators

This box plot shows the distribution of
measurements from each operator. Although the
measurement ranges between operators are relatively
similar, there are slight differences that indicate the
variability between operators in taking measurements.
This is an indication of problems in reproducibility.

f. Parts * Operators Interaction

This graph shows the interaction between parts and
operators. Ideally, the lines between operators should
be consistent for each part, but this graph shows
apparent differences between operators on some parts,
indicating poor reproducibility. Especially in parts 4
and 7, the measurements have significant differences
between operators.
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Fig. 3. Design of tools to assist measurement.

Fig. 2 shows that the measurement system prior to
improvement was heavily dominated by equipment
variation (repeatability). The Xbar and R charts indicate
inconsistencies between repeated measurements by the
same operator, with several points fluctuating but
remaining within control limits. Additionally, the
interaction plot between parts and operators
demonstrates overlapping lines, indicating poor
reproducibility. The overall low number of distinct
categories confirms that the system could not reliably
differentiate between parts.

Based on the results, the measurement system has
poor repeatability and reproducibility, reflected by the
significant contribution of gage R&R and fluctuations
between trials and operators. Part-to-part variation is
very low, which results in low NDC and indicates that
the measurement system cannot distinguish variations
between parts well. This indicates that improvements
need to be made in the measurement method to
improve consistency between operators and
repeatability in measurement. Suggested
improvements include retraining operators, selecting
more precise measuring instruments, or improving the
measurement procedure. A jig is proposed for the
measurement procedure.

Table 7
Measurement data after improvement

In the improvement stage, a jig and fixture for a 150
mm vernier caliper (Fig. 3) have been made. This is a
supporting tool for using the vernier caliper, especially
for novice users. This tool has several essential
functions: Holding the Vernier Caliper and Holding the
Workpiece. However, these tools have measurement
limitations because they can only take measurements in
the size range of 5 mm to 150 mm. This limitation needs
to be considered when choosing a tool for the
measurement process.

After implementing the improvement, a re-
measurement is carried out with the same scenario to
validate the improvement results. Table 7 shows the
measurement data after the improvement. Table 8
shows the results of the Two-Way ANOVA with the
interaction between the factors “Parts” and “Operators”
to evaluate the variation in the measurement system.
The Parts factor has a high F-value (181.623) and a
significant P-value (0.000), indicating significant
variation between the measured parts. This indicates
that the measuring instrument can distinguish parts
from each other well, and the variation between parts is
a major component of the total variation. The Operators
factor is also statistically significant with a P-value of
0.029, indicating differences between operators in
measurement. However, the variation contribution
from operators is much smaller than that of parts, which
is evident from the low SS.

The interaction between Parts and Operators is
insignificant, with a P-value of 0.831. This indicates that
the way operators measure parts has no significant
interaction; in other words, there are no consistently
different measurement patterns for different operators
on specific parts. Repeatability represents the variation
in repeated measurements of the same part by the same
operator. With very small SS and MS, repeatability is
quite good, indicating that the variation in
measurements by operators on the same part is low. The
total variation (SS Total) is 0.0906, mostly from
differences between parts, followed by a small
contribution from differences between operators, and
parts-operators interaction does not make a significant
contribution.

Parts
Appraiser Trial
1 2 3 4 5 6 7 8 9 10
1 1 18.12 18.04 18.01 18.05 18.09 18.13 18.06 18.09 18.07 18.03
2 18.11 18.06 18.00 18.07 18.08 18.11 18.05 18.10 18.08 18.04
3 18.10 18.05 18.02 18.06 18.07 18.12 18.06 18.09 18.09 18.03
2 1 18.13 18.05 18.02 18.06 18.08 18.10 18.05 18.09 18.07 18.03
2 18.12 18.07 18.01 18.08 18.09 18.11 18.06 18.10 18.08 18.04
3 18.11 18.06 18.03 18.07 18.08 18.12 18.05 18.09 18.09 18.05
3 1 18.12 18.04 18.01 18.05 18.09 18.10 18.05 18.08 18.07 18.03
2 18.11 18.06 18.00 18.07 18.08 18.11 18.06 18.09 18.08 18.04
3 18.10 18.05 18.02 18.06 18.09 18.12 18.05 18.08 18.09 18.03
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Table 8
Two-Way ANOVA table with interaction after improvement.

Source DF SS MS F P
Parts 9 0.0845556  0.0093951  181.623  0.000
Operators 2 0.0004467  0.0002233  4.317 0.029
Parts * 18  0.0009311  0.0000517  0.665 0.831
Operators

Repeatability 60  0.0046667  0.0000778

Total 89  0.0906000

a to remove interaction term = 0.05

Table 9
Two-Way ANOVA table without interaction after improvement

Source DF SS MS F P
Parts 9 0.0845556  0.0093951 130.912 0.000
Operators 2 0.0004467  0.0002233 3.112 0.050
Repeatability 78 0.0055978  0.0000718

Total 89 0.0906000

Table 10

Variance components of screw shaft for measurement after
improvement

Source VarComp  %Contribution of VarComp)
Total Gage R&R  0.0000768  6.90

Repeatability 0.0000718  6.45

Reproducibility 0.0000051 0.45

Operators 0.0000051 0.45

Part-To-Part 0.0010359 93.10

Total Variation 0.0011127 100.00

Table 9 shows the Two-Way ANOVA results after
removing the interaction between the factors "Parts"
and "Operators." These results were used to evaluate
the contribution of each factor to the total variation in
the measurement system. The Parts factor has a high F-
value (130.912) and a high significant P-value (0.000).
This indicates that the variation between parts is highly
significant. This means that the measuring instrument
can distinguish parts from one another well, and this
variation is a significant component of the total
variation. The Operator factor is also close to the
significance level, with a P-value of 0.050. This suggests
that the differences between operators may be
statistically significant, although the contribution to
variation from operators is much smaller than that from
parts. In other words, operators have slight differences
in taking measurements, but they are not significant
enough compared to the variation between parts.

The variation from repeatability, representing the
repetition of measurements on the same part by the
same operator, is very low. This is reflected in the small
MS, indicating that the measurement system has good
repeatability. The total variation (SS Total) is 0.0906,
most of which comes from variation between parts.
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While variation from operators exists, its contribution is
relatively small compared to that of parts. The
repeatability variation is also tiny, indicating the
operators' consistent repetition of measurements. Thus,
most of the variation in this measurement system comes
from parts, while the influence of operators is
negligible, and the repeatability of measurements
shows consistent results.

Table 10 shows the results of the Variance
Components analysis in screw shaft measurement
broken down into several sources of variation,
including Gage R&R, Repeatability, Reproducibility,
and Part-To-Part. Total Gage R&R is the total
contribution to variation from the measurement system
itself, including repeatability and reproducibility. 6.90%
of the total variation comes from gage R&R, indicating
that the measurement system contributes relatively
little to the overall variation, which is desirable in an
effective measurement system. Repeatability is the
ability of a measurement system to produce consistent
results when measurements are taken repeatedly on the
same part by the same operator. A contribution of 6.45%
of the total variation comes from repeatability, which
means the measurement system is relatively consistent
and has good repeatability. Reproducibility measures
the variation in measurement results when different
operators measure the same parts. Only 0.45% of the
total variation comes from reproducibility, which
shows that the differences between operators are
minimal and hardly contribute significantly to the total
variation.

The variation between operators also accounts for
only 0.45% of the total variation, indicating that the
influence of operators on the measurement results is
minimal. This reflects that the measurement system is
quite good regarding reproducibility, where different
operators hardly cause any variation in the
measurement. Most of the variation, 93.10%, comes
from part-to-part variation, which means that
differences between parts are the primary source of
variation. This is a desirable result as the measurement
system should be able to detect significant differences
between parts. The high contribution from part-to-part
variation indicates that the measuring instrument does
an excellent job distinguishing parts. The total variation
measured in the measurement system is 0.0011127, with
the majority coming from variation between parts
(93.10%), while variation from the measurement system
(gage R&R) only accounts for 6.90%. This shows that the
measuring instrument is accurate because most
variation comes from the measured product, not errors
in the measuring system itself. Based on this, the
measurement system has good repeatability and
reproducibility, with total gage R&R only accounting
for 6.90% of the total variation. Part-to-part variation is
the primary source of variation, indicating that the
measuring instrument can distinguish parts well. The
operator's influence is minimal, with a low
reproducibility (0.45%), meaning that measurements
between operators are consistent.
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Table 11
Gage evaluation of screw shaft for measurement after improvement
(Ndc =5)

Source StdDev (SD) Study Var (6 x SD) % Study Var
Total Gage R&R  0.0087646 0.052588 26.27
Repeatability 0.0084715 0.050829 25.40
Reproducibility ~ 0.0022477 0.013486 6.74
Operators 0.0022477 0.013486 6.74
Part-To-Part 0.0321857 0.193114 96.49

Total Variation ~ 0.0333578 0.200147 100.00

Table 11 shows the gage evaluation using several
parameters such as Standard Deviation (SD), Study
Variation (6 X SD), %Study Variation (SV), and Number
of Distinct Categories (Ndc). Total Gage R&R is a
combination of repeatability and reproducibility. A
StdDev value of 0.0087646 results in a study variation of
0.052588, with 26.27% of the total variation coming from
the measurement system. The Number of Distinct
Categories (Ndc) is 5, indicating that the measurement
system can distinguish five distinct categories within
the measured parts. Although NDC >= 5 is generally
considered good, 26.27% %SV is still relatively high for
exact applications.

Repeatability indicates the consistency of the
measurement system when repetitions are performed
by the same operator on the same part. The lower
StdDev of 0.0084715 results in a study variation of
0.050829, and 25.40% of the variation comes from
repeatability. This indicates that most of the variation in
the measurement system comes from repeatability.
Reproducibility measures the difference between
operators when using the measuring instrument. With
a smaller StdDev of 0.0022477, study variation of only
0.013486, and %Study Var of 6.74%, the variation caused
by operators is relatively low. This indicates that the
differences between operators in taking measurements
are minor so that the measurement system can be used
by various operators with relatively consistent results.
Similar to reproducibility, the variation caused by
operators is minimal (6.74%), confirming that different
operators produce similar measurement results,
indicating consistency between operators in the use of
measuring instruments.

Most of the variation comes from part-to-part
differences. With a StdDev of 0.0321857, a study
variation of 0.193114, and a %Study Var of 96.49%, the
measurement system can effectively distinguish
differences between parts, which is the primary goal of
good measurement. The high percentage of variation
between parts indicates that the variation in parts is
more significant than the variation in the measurement
system. Total variation incorporates all sources of
variation, with a StdDev of 0.0333578 and a study
variation of 0.200147. This value covers 100% of the
measured variation, a combination of measurement
system variation and variation between parts.

Fig. 4 shows the Components of Variation,
Measurement Data by Parts, Measurement Data by
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Operators, R Chart by Operators, Xbar Chart by
Operators, and Parts * Operators Interaction. The bar
chart on Components of Variation shows the
contribution of variation from each source, both in the
form of percentage contribution (% Contribution) and
percentage of Study Variation (% Study Var). Most
variation comes from part to part, which is desirable as
it indicates that differences between parts are more
significant than variations caused by the measurement
system. Total Gage R&R, Repeatability, and
Reproducibility have much lower contributions,
indicating that the measurement system variation is
slight and the measurement system is quite precise.

As shown in Fig. 4, the measurement system after
improvement demonstrates a significant shift. Most of
the variation now originates from part-to-part
differences, indicating effective measurement of real
product variation. The Ndc increased to 5, showing the
improved capability to  distinguish  product
characteristics. The Xbar and R charts reflect greater
measurement stability within operators, and the
operator interaction lines show more consistent
behavior across parts, which reflects better
reproducibility.

The line diagram in Measurement Data by Parts
shows the measurement data for each part.
Measurement data fluctuates between parts, which
indicates significant variation between parts. This
apparent variation demonstrates the measurement
system's ability to distinguish between different parts,
indicating that the system is working well.

This boxplot diagram (Measurement Data by
Operators) shows the distribution of measurement data
by operator. All three operators gave similar results
with almost the same measurement range, indicating
that none of the operators gave very different
measurement results (low reproducibility). This means
that the variability between operators is minimal. The R
chart monitors the range of variation of measurements
by each operator. The average value of the
measurement range (R) is small, indicating that the
measurement variation between operator trials is
relatively consistent. The range of values is below the
upper control limit (UCL), indicating that the variation
is within acceptable limits.

Meanwhile, the Xbar chart monitors the average
measurement by each operator. The data shows that all
measurements are within the control limits (between
the UCL and LCL). This indicates that none of the
operators provided highly deviated measurement
results. The Parts * Operators Interaction diagram
shows the interaction between parts and operators. This
chart shows that each operator provides consistent
results for each part, although there are minor
differences in measurement patterns between
operators. However, overall, the measurement results
from all operators follow the same pattern, indicating
good reproducibility.
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Fig. 4. Result of GAGE R&R analysis of screw shaft after improvement.

These findings align with the results reported by
Saikaew, who applied MSA in turning operations and
found that systematic operator training and equipment
calibration significantly reduced measurement error, as
well as Abhilash & Thakkar who applied DMAIC to
reduce defects in manufacturing operations using MSA,
confirming its role in process control [36]. Additionally,
Down et al. in the AIAG MSA 4th edition manual
recommend thresholds and methodologies reflected in
this study, while Almeida et al. emphasize the
multivariate GR&R approach for capturing deeper
instrument variability [15], [29]. Similarly, Setyabudhi
et al. [17] demonstrated that the application of Gage
R&R on base plate magazine measurement improved
the consistency and interpretability of the data across
multiple operators. Compared to those studies, the
present research also confirms that structured MSA,
even in an educational production setting, can yield
performance improvements comparable to industrial
environments. The increased Ndc and reduced GRR
percentage after improvement validate the effectiveness
of using jigs and operator retraining in reducing both
repeatability and reproducibility errors.

Furthermore, the post-intervention GRR value of
26.27 % falls within the “conditionally acceptable” range
defined by AIAG, indicating practical usability in low-
volume or training-based production environments.
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These parallels strengthen the study’s contribution to
the broader discourse on measurement system
evaluation in applied and educational contexts.

Based on Fig. 4, the MSA results show that the
improved measurement system provides reliable and
precise results in measuring screw shafts. This result is
obtained from:

a. Most of the variation occurs from part to part,
which means that the measuring instrument can
distinguish the differences between parts very well.

b. The variation of Gage R&R, which includes
repeatability and reproducibility, is slight,
indicating that the measurement system is stable
and accurate.

c. There was no significant variation between
operators, indicating that all operators could take
measurements consistently.

d. The measurement system can distinguish between
parts with an Ndc value of at least 5.

3.2. Discussion

Occur in the measurement of screw shaft
components can be caused by several factors that affect
measurement quality [8]. One of the main factors
affecting repeatability is the precision level of the
Vernier Caliper measuring instrument [6], [16].
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Although this tool has an accuracy of 0.02 mm, external
factors such as measurement technique, operator stress
during measurement, and environmental conditions
can significantly affect measurement results. Mohamed
and Davahran support this by stating that instrument
performance is often degraded by lack of operator
consistency, as evidenced in simple R&R studies [7].
This highlights the importance of improving standard
operating procedures in the use of measuring
instruments and training for operators to ensure
consistency.

Reproducibility factors that show inter-operator
variation indicate the need to standardize skills and
measurement techniques between operators. This inter-
operator variation could potentially result in non-
uniformity of production results, which in turn could
affect the overall quality of the screw shaft product.
Therefore, increased training and certification for
operators in measuring instruments is crucial to
reducing inter-operator variation.

The implementation of MSA results also shows that
the measurement system needs to be improved
regarding tools and procedures. Using measuring
instruments with higher precision and regular
calibration can help reduce variations in measurement
results. In addition, regular implementation of MSA
procedures can be an integral part of quality control in
the Teaching Factory, ensuring that measurement
results are always within the desired quality standards.

Overall, this research demonstrates the importance
of Measurement System Analysis as an evaluation tool
in the measurement system of the automotive industry.
By making improvements based on MSA findings, the
Teaching Factory is expected to improve the quality and
consistency of screw shaft components, which in turn

contributes  positively to the reputation and
competitiveness of products in the automotive
industry.

The use of advanced GR&R methods has also been
explored by Cepova et al. , emphasizing the importance
of properly quantifying measurement system
performance using standard guidelines [28]. Integrating
such approaches in Teaching Factory settings could
further improve training effectiveness and system
robustness.

4. Conclusion

This research has successfully evaluated and
improved the measurement system of screw shaft
components at the Teaching Factory of Politeknik STMI
Jakarta using the Measurement System Analysis (MSA)
method, specifically Gage Repeatability and
Reproducibility (GRR). The purpose of this study is to
identify and improve the measurement system's
weaknesses to achieve a better level of accuracy and
precision according to automotive industry standards.
The analysis results before and after improvement
showed significant changes in measurement variation
and consistency of results.
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Before the improvement, the GRR results showed a
less-than-ideal value, with measurement variation
contributing 100% to the total variation. This was due to
low repeatability, which showed significant variation in
repeated measurements by the same operator with no
measurable reproducibility. The Number of Distinct
Categories (Ndc) value is only 1, indicating that the
measurement system in the initial condition can only
distinguish one product category, which is very limited
in detecting variations in the product.

After improvements were made through operator
training, more routine calibration of measuring
instruments, and implementation of more standardized
measurement procedures, the measurement results
showed significant improvement. GRR was reduced
from 100% to 26.27%, with the primary contributions
coming from repeatability at 25.40% and
reproducibility at 6.74%. Interoperator variation also
started to become measurable, showing an
improvement in the consistency of the measurement
results. In addition, Ndc increased from 1 to 5,
indicating an improvement in the measurement
system's ability to distinguish more product variations
more accurately. Part-to-part variation also became
more dominant, at 96.49%, indicating that the measured
differences in the product represent more variation
from the product than from the measurement system.

This improvement proves that the application of
MSA serves as an evaluation and a measurement
system improvement strategy. This conclusion aligns
with recent findings from who reported that continuous
MSA implementation improves reliability and
customer satisfaction in manufacturing environment.
These findings emphasize the importance of applying
MSA in maintaining product quality, particularly in the
automotive industry, to reduce the risk of products not
meeting specifications. For future research, exploration
of more advanced measurement technologies, such as
Coordinate Measuring Machine (CMM), can further
improve the accuracy and precision of the measurement
system while ensuring consistent product quality and
compliance with industry standards.
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