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Abstract

With the rise of Industry 4.0, digital manufacturing and smart measuring technologies are
enabling the development of zero-defect manufacturing strategies, which leads to less ma-
terial waste and lower energy consumption, moving from off-line metrology and dedicated
measuring equipment to in-line measurements and automated inspection systems. This is
especially important for the production and manufacturing of large-scale parts, because of
the high component cost and long delivery cycle. However, establishing traceability for
measurement systems is often complicated due to both the measurement technology and
the objects being measured. Traceability of measurement in the manufacturing environ-
ment is not ensured yet, and uncertainty evaluation for in-process measurement remains a
complex and active research challenge. This work introduces a new uncertainty modelling
and evaluation framework for traceable measurement of the large-scale components in
‘shop floor’ conditions. The framework is verified using real data obtained from various
instruments for in situ measurement of a large artefact. Experimental results demonstrate
that uncertainty evaluation for large-scale metrology is crucial for precision manufacturing
on the production floor. The methods can be extended to the evaluation of measurement
uncertainty of components with a smaller size and off-line inspection.

Keywords: large-scale metrology; uncertainty evaluation; traceability; precision manufac-
turing; shop floor environment; Industry 4.0

1. Introduction

Industry 4.0 promotes a concept for the future development of industrial produc-
tion [1], which has already started to change the manufacturing industry. Under such
circumstances, the shift toward digitization is revolutionizing high-value manufacturing
sectors [2]. Digital manufacturing and smart measuring technologies are enabling the de-
velopment of zero-defect manufacturing strategies, which leads to less material waste and
reduces energy consumption, moving from off-line metrology and dedicated measuring
equipment to in-line measurements and automated inspection systems. In addition to “in-
line’, the terms ‘on-machine’, ‘in-process’, ‘in situ” and ‘in-line/on-line” are frequently used
to describe the condition of a measurement activity in manufacturing metrology. A detailed
classification of these terms for surface measurement was introduced by Gao et al. [3].

On-machine/in-process inspection [4-8] is one of the promising approaches that offer
the potential for measurement and error compensation during a sequence of machin-
ing operations. It can enable workpiece geometrical verification against the design and
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manufacturing standards to guarantee the designated tolerance of finished parts in the man-
ufacturing process. This is particularly beneficial to large-scale high-value manufacturing,
such as aerospace, nuclear, shipbuilding, and heavy machinery, where it is highly desirable
to measure in situ or in-process [9]. The integrated measurement process can significantly
reduce manufacturing time and cost, mitigate the risk of the component being damaged
during transportation or incorrectly manufactured in the manufacturing process (achieving
so called ‘zero-defect manufacturing’) [10], lead to less material waste and reduced energy
consumption for sustainable manufacturing, and prevent personal safety-associated issues
during transportation. However, the traceability of the measurement process in shop floor
conditions is not ensured yet and measurement results are still not fully trustworthy for
the process control or product validation [11]. Furthermore, uncertainty in coordinate
measurement remains a complex, open research question.

2. Measurement Uncertainty Contributors

Previously, measurement solutions were generally employed for post-manufacturing
inspection of a manufactured workpiece, which is typically carried out in an environ-
mentally well-controlled metrology room, e.g., using a coordinate measuring machine
(CMM), to determine whether the dimension parameters of the workpiece meet the de-
signed requirements for the purpose of quality control of the workpiece [12]. In recent
decades, due to innovations of measurement technologies, the role of metrology inside
the manufacturing flow has significantly changed [13]. In-process/on-machine tool mea-
surement is expected to be integrated into a holistic manufacturing system [14], from fast
workpiece setup, machine geometry error monitoring, and in-process measurement for
flexible manufacturing to post-process measurement for product validation.

In general, there are two types of technologies that can be used for in-process/on-
machine measurement: contact method and non-contact method [15]. The former is
generally a contact probing system integrated into the machine tool head, while the latter
generally refers to optical sensors which are usually independent measurement systems
and offer non-contact, high-speed inspection, enabling real-time quality monitoring and
faster production cycles. The measurement uncertainties on the shop floor are influenced by
different factors, including measurement technologies, the objects being measured and the
complex manufacturing environment, which can be displayed by an Ishikawa diagram [16]

Measuring/processing Qnstrument user)
software

Measurement strategy ~ Sampling strategy
Data process algorithm, e.g.,

Operation principle simplification, filtering,
) segmentation,

Wear of probe tip and registration

(Figure 1).

Operator expertise

Calibration and
measurement

setup
Measurement
Uncertainty

Dust in the air

R ted cl i
Working principle epeatec camping

Tool and fixture
Sensor resolution inaccuracy

Vibration and shock

Lighting conditions
Temperature

Air refractive index

Calibration methods Thermal expansion
during machining

C Component )CEnvironmental)

Figure 1. Error contributors for the shop floor measurement.
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For in-process measurement of large components, there are more factors to consider,
such as the effect of inhomogeneous temperature distributions for large-scale parts, which
could be more significant, and the part deformation caused by gravity, etc. The term large-
scale metrology (LSM) or Large-Volume Metrology (LVM), as defined by Schmitt et al. [17],
is the discipline concerned with the measurement of massive objects, typically ranging from
one to hundreds of metres in linear dimension, in accordance with geometrical product
specifications (GPSs).

For the tactile probing system on a machine tool, a key limitation is that the measuring
system and machining processes suffer the same geometric errors, as both are performed
using the same machine. Consequently, errors may not be detected by the measurement if
the machine tool accuracy has not been verified [11]. As for LSM using optical technologies,
multiple uncertainty contributors related to the shop floor conditions, such as temperature
and humidity variation, the surface of the object being measured, vibrations, ambient light
and air refractive index, are not fully understood yet [13,18,19]. In many cases, users choose
instruments to measure features based on experience and parameters from brochures
provided by the manufacturers. Therefore, such information does not give users enough
confidence, especially when the measurements are performed in the harsh environmental
conditions of the industrial shop floor.

3. Developments of LSM and Measurement Uncertainty Evaluation

The uncertainty evaluation approaches for coordinate measurements can be classified
into two categories, based on whether the methods belong to published international
standards or not.

3.1. International Standards
(1) Calibrated artefact method

The first approach is based on ISO 15530-3 [20] and substitutes the workpiece with one
or more calibrated reference artefacts, then evaluates the uncertainty by means of similarity
between the dimension and shape of the workpiece and artefact. The manufacturing
environment and measurement procedure shall be similar during calibration process and
actual measurement in this case.

(2) Numerical simulation method

The second approach introduced by ISO 15530-4 [21] to determine the task-specific
uncertainty of coordinate measurements is based on a numerical simulation of the mea-
surement process. This method considers uncertainty influences and assesses the influence
quantities. The adaptive Monte Carlo method (MCM) [22] can be applied for the estimation
of measurement uncertainty.

(3) Uncertainty budget method

This type of method is based on the guide to the expression of uncertainty in measure-
ment (GUM) [23] and VDI 2617-11 [24]. In this case, the evaluation is assessed using an
uncertainty budget method where the budget comprises the uncertainty sources that affect
the measurement process and the correlation between them.

The first approach is reliable for serial production and suitable for small- and medium-
size components. However, it may be expensive and cumbersome for large components.
The second and third methods require understanding of the significance of each uncertainty
contributor, which is not guaranteed yet in shop floor conditions at present.
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3.2. Other Research Work

Many researchers have worked towards measurement uncertainty evaluation and
traceability. Estler et al. [25] reviewed developments in large-scale engineering metrol-
ogy since the 1978 report of Puttock [26]. They described techniques for high-accuracy
straightness measurement, precision levelling, and absolute distance metrology, together
with approaches to compensate for the effects of atmospheric refraction. In addition,
methods for uncertainty evaluation were also discussed and several illustrative examples
were presented. Muelaner et al. [27] provided an overview of the important selection
criteria for LSM. They introduced typical measurement processes and presented some
novel selection strategies. And metrics that can be used to assess measurability were
also discussed. Schmitt et al. [17] reviewed state-of-the-art technologies for LSM and the
continuing evolution. They pointed out that measurements using a laser tracker for radial
distances are usually much more accurate than angle measurements. This means that
the uncertainties associated with distances cannot be summarized by a simple (A + %)
formula (as used for the case of CMMs), and the estimates of the target locations can
exhibit strong statistical correlation. Wen et al. [28] established the mathematical model of
flatness error minimum zone solution and proposed an improved genetic algorithm (IGA)
to implement flatness error minimum zone evaluation. And flatness error uncertainty was
evaluated using the GUM and MCM. Similarly, Wen et al. [29] introduced a method for
the evaluation of measurement uncertainty of cylindricity error. The authors established
the mathematical model of cylindricity error based on the minimum zone condition and
proposed a quasi particle swarm optimization algorithm (QPSO) for finding the cylindricity
error. Then, the MCM and GUM were exploited to estimate the uncertainty. Cuypers
et al. [30] reviewed the development of optical measurement techniques for LSM. They
concluded that three elements should be kept in mind—task requirements, part restrictions
and environmental restrictions—when selecting the most suited measuring system for a
specific measurement task. Galetto et al. [31] proposed a cooperative approach for data
fusion of distributed multi-sensor LSM systems. Preliminary simulations and experimental
results concerning the application were presented and discussed in their work. Gayton
et al. [32] proposed a virtual-instrument calibration method for fringe projection systems
based on Monte Carlo simulation. Their approach mirrors methods of uncertainty evalua-
tion that are well established in contact coordinate metrology. Song et al. [33] performed
an uncertainty analysis based on the binocular vision model of a digital fringe projection
(DFP) system. And the uncertainty of DFP measurement caused by structural parame-
ters was evaluated using the adaptive Monte Carlo method. Gaska et al. [34] presented
a methodology for implementing a Virtual CMM model, which was capable of correct
uncertainty determination for measurements performed in industrial conditions. And
results obtained under varying ambient conditions were used to verify the correctness of
the proposed methodology. Mutilba et al. [35] performed an on-machine tool measurement
uncertainty assessment for a medium-size machine in shop floor conditions and presented
the significance of each uncertainty contributor. The artefacts used in the experimental test
were designed according to the ISO 15530-3:2011 standard. Zhao et al. [36] discussed the un-
certainty sources for a structured blue-light scanner measurement system. An uncertainty
evaluation was performed based on the black-box evaluation model. The experimental
results show that the uncertainty components introduced by the point cloud stitching
and point cloud registration are the main components of the entire measurement system.
Muralikrishnan et al. [37] surveyed the literature in all areas of laser trackers as applied
to large-scale dimensional metrology, with emphasis on error modelling, measurement
uncertainty, performance evaluation and standardization. Hughes et al. [38] presented
a novel coordinate measurement system based on a combination of frequency scanning
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interferometry and multilateration. Initial experimental comparison with a commercial
laser tracker has shown that the proposed system can achieve coordinate uncertainties of
the order of 40 um within a measurement volume of 10 m X 5m X 2.5 m. Their system
is self-calibrating and computes rigorous coordinate measurement uncertainty estimates.
Mutilba et al. [11] reviewed the existing technologies and methodologies for traceability
assessment of machine tool measurement. In their work, uncertainty error sources that
affect the measurement were analyzed in depth and a quantitative approach-based error
budget was suggested for determining major error sources. Wiemann et al. [39] developed
a novel involute gear measurement standard with a diameter of about two metres. After
conducting the first calibration process of a large-scale gear worldwide, the measurement
standard was used for an intercomparison between seven participants. The fundamental
role of measurement standards and calibrated workpieces in the establishment of the trace-
ability chain was presented by Carmignato et al. [40]. The paper examines dimensional
artefacts, discussing their characteristics, availability and role in supporting production by
establishing metrological traceability, and provides guidelines for their selection, use and
development. In Icasio-Hernédndez et al.’s work [41], five National Metrology Institutes
worked together to validate the assessment of a laser tracker’s uncertainty for large-scale di-
mensional metrology using the ‘network method’. More recently, Zhao et al. [42] reviewed
optical metrology techniques from the perspective of precision manufacturing applications
and highlighted its essential contribution to advanced manufacturing. Schmelter et al. [43]
and Marschall et al. [44] discussed the possibility of determining the measurement un-
certainty using virtual metrology, especially in cases where other methods of uncertainty
determination were not applicable or were too cost-intensive.

Overall, the research for uncertainty evaluation methodologies for LSM is not abun-
dant. In particular, there is a lack of a universal framework for uncertainty evaluation
of LSM in shop floor conditions, and their importance in the manufacturing context is
seriously overlooked. Additionally, many instruments for LSM today, such as advanced
machine tools and optical measuring systems, are equipped with temperature sensors
and even humidity sensors, but equipment manufacturers are reluctant to disclose their
compensation mechanisms and algorithms. This further increases the difficulty for un-
certainty evaluation, especially when evaluating different devices while using the same
methodology or framework.

4. Our Proposed Methodologies

In this work, we propose a novel uncertainty modelling framework flow chart for
LSM in shop floor conditions, which is based on the integration of the GUM [23], MCM [22]
and ISO 14253-3:2011 [45]. The diagram can be described as follows (Figure 2).

First, the workpiece is measured on the machine tool or on the shop floor, then
the part is measured using traceable instruments, and the uncertainty of measurement
can be evaluated using the GUM framework and MCM. By comparing the tolerances
of the features and uncertainty, it can be determined whether the instrument meets the
measurement requirements for this specific measurement task. If the instrument meets the
accuracy requirement, then the measurement results can be used to assess whether the part
meets the designed requirements, based on ISO 14253-3:2011 [45].
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Figure 2. Uncertainty modelling framework diagram.

4.1. Measurement Uncertainty Characterization

Three types of major uncertainty contributors should be considered in the uncertainty

budget for the on-machine tool measurement [20]:

(1) wus—standard uncertainty associated with the systematic errors of the measurement

process.

(2) wup—standard uncertainty associated with the random errors of the measurement

process.

(3) wuc—standard uncertainty associated with the uncertainty of the workpiece calibration.

Different approaches can be used to assess the systematic errors. In our work, system-

atic error is defined as the difference between the calibration value (the measurement results

using a CMM) and the mean value of the measurement results using other instruments.

Different error sources that affect these three types of major contributors are characterized

in Table 1.

Table 1. Uncertainty characterization for on-machine measurement.

Error Sources

Uncertainty
Contributors Contact Probe Optical Sensor
Geometric error of the machine tool Resolution of the optical sensor
Systematic error of the probing system Sampling strategy
U Errors induced by the procedure Data processing methods
Errors induced by measurement strategy Working principle
Probe operating principle Surface of the workpiece
Repeatability of the machine tool Repeatability of the optical sensor
Random errors of the probing system Random errors of the optical system
Error induced by dirt Ambient light
" Geometric drift of the machine tool Air refractive index
P Temperature gradients of the machine tool Inhomogeneous temperature distributions
Inhomogeneous temperature distributions of of the workpiece
the workpiece Geometric drift of the workpiece
Geometric drift of the workpiece Error induced by dirt
U Calibration uncertainty of the workpiece Calibration uncertainty of the workpiece
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4.2. Uncertainty Evaluation by GUM Framework

The GUM framework [23] estimates the overall uncertainty by identifying, quantifying
and combining all the uncertainty sources associated with the measurement. In most
cases, a measurand Y is not measured directly and is determined by n other quantities
X1, X2, ..., Xy through a functional relationship f:

Y = £(X1, X2, Xn) 1)

An estimate of the measurand Y, denoted by y (its expectation), is obtained by sub-
stituting the input estimates xq, xy, ..., x,, for the values of n quantities X1, Xp, ..., X; in
Equation (1). Thus, the output estimate y, which is the result of measurement, is given by

y = f(x1,%2,..., Xn) 2)

The first-order Taylor series approximation of Y = f (X1, X3, ..., Xy) for the small
deviation of y about Y in terms of small deviations of x; about X is expressed as

y-Y= Ela Xi) 3)

where all higher-order terms of the Taylor series are assumed to be negligible. The square
of the deviation (y — Y) is then given by

(y—Y)* = {27 1 i{ (xi — Xi) 4)

Equation (4) can be rewritten as

n o of o
w-Y)?=3", <a£> ) A ZJ i 89{ aJ{ (xi = Xi) (xj = X;) ~ (5)

If the combined standard uncertainty of the estimate y is denoted by u(y), from
Equation (5) we can have

- 5 (3L 0 O s Y,

where p;; is the correlation coefficient between x; and x;.
If the input quantities X; are independent or uncorrelated, p;; = 0 in this case and
Equation (6) is expressed as

2
) = T (5 ) ) %

When the nonlinearity f is significant, high-order Taylor series expansion approxima-
tion must be included, or other numerical methods (such as the MCM) may be required.

4.3. Uncertainty Evaluation by Adaptive MCM

The MCM [46] has been used to estimate the uncertainty of F under complex as-
sumptions about the relationships between F and the input quantities X;, and the dis-
tributions of the quantities. This method provides a consistent Bayesian approach to
evaluate the uncertainty. The MCM combines and propagates distributions rather than
propagating uncertainties as in the GUM uncertainty framework. Uncertainty evaluation is
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calculated using the probabilistic distribution of the factors, rather than their means and
standard deviations.

The core of the MCM approach is repeated sampling from the probability density
function (PDF) for the X; and evaluating the model in each case, to obtain an approximate
numerical representation G. The MCM can be performed as follows [22]:

(1) Select the number m for the Monte Carlo trials to be carried out.

(2) Generate m vectors, by sampling from the assigned PDF of X;, as realizations of the
input quantities Xj.

(3) For each such vector, form the corresponding model value of F, yielding m
model values.

(4) Sort these m model values into strictly increasing order, using the sorted model values
to form G.

(5) Use G to form an appropriate coverage interval for F for a given coverage probability p.

If the trial m is selected adaptively as the trial number, this procedure becomes a
so-called adaptive MCM [22].

5. Uncertainty Assessment Experimental Exercise
5.1. Task-Specific Uncertainty Evaluation

The “task-specific uncertainty’ is the actual reliability statement for a particular mea-
surement [47]. In coordinate measurement, it is the measurement uncertainty that is
calculated according to the uncertainty evaluation methods (e.g., GUM, MCM, etc.), when
a specific feature is measured using a specific inspection plan.

The presented research work is focused on assessing the measurement uncertainties
in the shop floor condition, using different instruments and calibrated afterwards using
a CMM. By evaluating fitness-for-purpose for dimensional measurements of workpieces,
it will determine whether a metrology instrument meets tolerance specifications and is
capable of inspecting features on a part with the required accuracy, enabling smarter, risk-
based decisions in manufacturing and quality control. If the instruments meet the tolerance
requirements, the decision of whether a workpiece feature meets its design criteria within
the specified tolerance must be based on ISO 14253-3:2011 [45].

5.2. Experiment Setup

An artefact, made from low-alloy steel, with dimensions of 1779.8 mm in diameter
and 577 mm in height, was selected for the trials. Figure 3, taken from a workshop of the
AMRGC, shows a real image of the workpiece (weight 2100 kg). The measured features and
the specified tolerance of the workpiece are depicted in Table 2.

(a) Workpiece measured on the machine tool - (b) Workpiece calibrated using CMM

Figure 3. Workpiece for the test.
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Table 2. Measurement features and specified tolerance for the workpiece.

Feature No. Name (Unit: mm) Nominal Value Tolerance

A 1 Outside diameter of the ring 1769.800 +0.100

B 2 Inside diameter of the ring 1649.800 £0.100
3 X position of concentricity of the ring 0.000 0.125

¢ 4 Y position of concentricity of the ring 0.000 0.125

D 5 Flatness of top plane 0.000 0.100
6 Diameter of the hole—Hole 1 29.950 +0.020

. 7 Diameter of the hole—Hole 2 29.950 +0.020
8 Diameter of the hole—Hole 3 29.950 £0.020
9 Diameter of the hole—Hole 4 29.950 +0.020

First, the machine tool selected to perform the experimental test was a Dorries Con-
tumat 470 VTL large-scale machine tool manufactured by the Starrag Group (Figure 4),
which is a very large vertical turning /milling lathe, and the specifications below provide a
description of its capabilities:

Maximum workpiece of 5 m in diameter and 3 m in height;
A 4/4.5 m rotary table;

Max table load—350 tonnes;

Max spindle speed—14,250 rpm.

Figure 4. Dorries Contumat VTL turning/milling lathe in AMRC, University of Sheffield.

The VTL is operated by a controller from Siemens AG (Munich, Germany). An OMP
600 tactile probe (Renishaw, Gloucestershire, UK) was employed on the VTL machine tool to
execute the on-machine tool measurement. The probe was calibrated before measurement,
and the temperature was compensated for during measurement process.

Then the Leica Absolute Laser Tracker AT960 (Hexagon, Cobham, UK, Figure 5),
which enables the delivery of six-degrees-of-freedom (6 DoFs) measurement data with a
measurement volume of up to 160 metres in diameter, was exploited to measure those
features again. The laser tracker ran for 1.5 h for warm-up before measurement.

https://doi.org/10.3390 /metrology6020042
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3

SMR T-Probe

Figure 5. Leica Absolute Tracker AT960 with SMR, T-probe and AS1 scanner.

Features (group A, B, C and D, No. 1-5) were measured by VTL, the Leica Absolute
Laser Tracker AT960 with a spherically mounted retroreflector (SMR), and the Absolute
Scanner AS], separately. Due to the accessibility of the sensors, the holes (group E) were
measured by VTIL and Leica T-Probe (Hexagon, UK). The selected contact points on the
part surface for measurement (using VIL, SMR and T-probe) were marked to ensure
that each measurement was taken in approximately the same location. Based on the
recommendations in the literature [35], all the measurements were repeated ten times and
temperature was compensated for during the measurement process.

The types of sensors used in the work, their basic working principle and their operating
mode are listed in Table 3.

Table 3. Sensor types.

Sensor Working Principle Operating Mode
VTL OMP 600 Probe Physically touching a workpiece with a stylus Contact
Laser Tracker with SMR Laser tracking (X, Y, Z position) Optical and contact

Laser Tracker with T-probe

Laser tracking (X, Y, Z position) and infrared

B . tical and tact
camera monitoring (Rx, Ry, Rz rotation) Optical and contac

Laser Tracker with AS1 scanner

Laser tracking and infrared camera monitoring,

optical triangulation for scanner Optical and non-contact

The machine tool was placed in the workshop with roughly controlled temperature,
which mainly varied between 19 °C and 24 °C annually. To prevent double counting, we did
not include the uncertainties introduced by temperature in the uncertainty modelling, since
all measurement instruments (CMM, VTL and laser tracker) are equipped with temperature
sensors for compensation. As recommended by [20], the environmental conditions during
evaluation of measurement uncertainty and calibration process should be similar when
conducting uncertainty assessments. Three temperature sensors were used to monitor the
temperature: one was close to the part, one for the workshop ambient temperature, and
one for the machine tool probe. The temperature was recorded at least 48 h before the test
and covered the full measurement process (see Figure 6).
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Figure 6. Temperature records.

Then the Hexagon DEA Delta gantry CMM (working volume: X-axis 3000 mm, Y-axis
6000 mm, Z-axis 2000 mm; maximum load: 15,000 kg—see Figure 7), which was placed in
a dedicated metrology room with standard reference temperature (20 °C), was used for the
calibration of the workpiece.

Figure 7. Hexagon DEA Delta gantry CMM setup in AMRC, University of Sheffield.

5.3. Experimental Uncertainty Contributors

The three major uncertainty contributors (see Section 4.1) are characterized in shop
floor conditions and the uncertainty budget for the assessment is presented below.

5.3.1. Calibration Uncertainty (u,)

The CMM is well maintained and undergoes regular annual calibration and servicing.
The Maximum Permissible Error (MPE) specification of the CMM is £:(4.70 um + 3.50 pm/m).
The measuring accuracy using the CMM is mainly determined by its MPE.

The indication uncertainty u; caused by CMM can be calculated:

MPE  0.0047 +0.0035 x L
V3 V3

where L is the dimension of the feature in metres.

®)

u; =

During the measurement of the part, the temperature difference between the CMM
and the part is observed to be a maximum of 0.1 °C during the measurement process. The
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linear coefficient of thermal expansion « is assumed to be 1.2 pm /(100 mm x °C) for the
CMM and the part. The influence can be calculated:

1.2

uct:AszxmeOxL:O.lxmxlOOOxL 9)
The U-distribution is assumed and the uncertainty component u; which is introduced

by temperature difference is

ot
Uy = —— 10
‘=7 (10)
Each feature is measured five times, and the estimated standard uncertainty u, can be
calculated using

" (x i —x 2
"y = Yi—1(xcmmi — Xcmm) (1)
nn-—1)
where xcpp is the ith measurement value and Xcpp is the average value.
All the above components are considered as uncorrelated (p;; = 0), and the expanded
calibration uncertainty for the measurement of each feature can be calculated [48]:

ue =k x \Ju? +u? + u? (12)

The artefact is measured five times using the CMM and the measurement results show
excellent consistency, and the repeatability for measurement of all features is less than
1 pm. The measurement results using the CMM are shown in Table 4, which also lists
the expanded calibration uncertainties for each feature (95.45% measurement confidence,
k=2).

Table 4. Expanded calibration uncertainty for features using CMM.

Feature No. Name (Unit: mm) Value

A 1 Outside diameter of the ring 0.0136

B 2 Inside diameter of the ring 0.0132
3 X position of concentricity of the ring 0.0068

¢ 4 Y position of concentricity of the ring 0.0068

D 5 Flatness of top plane 0.0068
6 Diameter of the hole—Hole 1 0.0068

E 7 Diameter of the hole—Hole 2 0.0068
8 Diameter of the hole—Hole 3 0.0069
9 Diameter of the hole—Hole 4 0.0068

5.3.2. Systematic Error Uncertainty (us)

Temperature variation was recorded for 48 h during the measurement process. The
maximum variation in the ambient temperature during the measurement was 0.3 °C when
using the VTL machine tool and 0.4 °C when using the SMR, AS1 and T-probe.

The averages of measurement results using the CMM, VTL machine tool, SMR, AS1
and T-probe are shown in Table 5; ‘'N/A’ indicates the sensor is not applicable for the
feature (feature group E because of the depth of the holes).

The results measured from the CMM are used as a datum, and the systematic errors
(us) of the measurement results for the VTL machine tool, SMR, AS1 and T-probe are shown
in Figure 8, showing the mean systematic error of each measured feature.
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Table 5. Measurement results using CMM, VTL, SMR, AS1 and T-probe.

Feature No. Name (Unit: mm) CMM VTL SMR AS1 T-Probe
A 1 Outside diameter of the ring 1769.787 1769.788 1769.809 1769.887 1769.813
B 2 Inside diameter of the ring 1649.838 1649.833 1649.820 1649.817 1649.874

3 X position of concentricity of ;¢ 0.050 —0032 0023 —0.006
C the ring
4 Y position of concentricity of ) ;5 0.091 0.020 0007 0014
the ring
D 5 Flatness of top plane 0.078 0.038 0.069 0.162 0.071
6 Diameter of the hole—Hole 1  29.974 29.970 N/A N/A 29.999
E 7 Diameter of the hole—Hole2  29.974 29.971 N/A N/A 29.997
8 Diameter of the hole—Hole 3  29.971 29.971 N/A N/A 29.995
9 Diameter of the hole—Hole4  29.979 29.978 N/A N/A 30.005
Systematic errors
0.120
0.100
0.080 °
0.060
g 0.040
< 0.020 = e
g 0.000 ° = N ~ . ° °
1 2 3 4 s 6 7 8 9
-0.020 9
-0.040 ( ]
-0.060 n

-0.080
Feature no.

OVTL MSMR @®AS1 A T-probe

Figure 8. Systematic errors of the measurements using different instruments.

The results indicate the measurement of dimensions (diameters of rings and holes)
using VTL achieves good consistency with the CMM, but there are significant deviations
in the positional measurements (positions and flatness). In addition, the functions of on-
machine inspection software are far less rich than those of CMM software (PC-DMIS 2024.1).
The position measurement results and flatness results cannot be obtained directly using
software, which comes with the machine tool. And the inspection results were calculated
using original data and our own developed software.

Meanwhile, the measurement results using SMR, AS1 and T-probe exhibit irregular
properties; for example, the measurement for the outside diameter of the ring (Feature 1)
using SMR is 22 um larger than the measurement using the CMM, and the measurement for
the inside diameter of the ring (Feature 2) is 18 um smaller. A similar situation also occurs
when using the AS1 scanner and T-probe. As pointed out by [17], the uncertainty behaviour
can be very anisotropic for LSM. Our experimental results corroborate their conclusions.
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5.3.3. Measurement Procedure Uncertainty ()

The measurement procedure uncertainties using the VIL, and SMR, AS1 and T-probe
are shown in Figure 9.

Measurement procedure uncertainties

0.040
0.035
0.030

. 0.025

€
£ | |
< 0.020 -
(_:; ]
| |

= 0015

0.010

0.005

o o L]
0.000 ° S ° o o L] o
1 3 4 5 6 7 9

Feature no.

®VTL mSMR ¢ AS1 T-probe

Figure 9. Measurement procedure uncertainties using different instruments.

In general, the results show a very good repeatability (less than 5 um) when using
the VTL machine tool but poor repeatability when using the SMR, AS1 and T-probe. In
particular, when using the AS1 scanner to measure the X position of concentricity of the
ring (Feature 3), the standard deviation exceeds 35 um. Although the trials were carried out
by the same skilled metrology engineer and all points on the workpiece were taken from
the same positions (as far as possible), significant random errors are observed on the same
feature after repeated measurements. Since the measurements were carried out the same
day and the environment had not changed much, we reasonably assume manual operation
errors caused large discrepancies in the results, when manually measuring features using
the SMR and T-probe. Human manipulation, such as shaking caused by breathing and
variations in the pressure applied when holding the T-probe, can affect the measurement
repeatability. The measurement errors caused by manual operation are difficult to quantify
and avoid. Our current approach is to mitigate this impact by having an experienced
operator perform multiple measurements and then taking the average from the results to
reduce the uncertainty. Therefore, when using the laser tracker SMR and T-probe, especially
when measuring key features with tight tolerance, it is necessary to measure multiple times
to mitigate the impact of random errors introduced by manual operations.

5.4. Uncertainty Evaluation Results Using GUM and Adaptive MCM

The measurement uncertainty contributors are used as input variables, and the mea-
surement uncertainty can be evaluated using the GUM uncertainty framework and Monte
Carlo method, separately. It is worth mentioning that, since the measuring instrument
itself has already compensated for the measurement results introduced by the tempera-
ture variation, and instrument manufacturers are reluctant to disclose the compensation
algorithms, we did not include the uncertainty caused by temperature variations in the
calculation to avoid double counting. The measurement uncertainty evaluation and prob-
ability density distribution histogram (for Features 1 and 6, with coverage probability
p = 95%) are shown in Figure 10 (the x-axis is the value for results and the y-axis is the
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Probability distribution for the measurement

number of iterations x 10%). The approximation to the probability distribution obtained
from the GUM is displayed as a red continuous curve. And that obtained from the MCM
is displayed as a blue histogram (scaled frequency distribution). Between the dashed red
lines is the confidence interval evaluated using the GUM and between the solid blue lines
is that evaluated using the MCM.
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Figure 10. Probability density and distribution histogram—evaluation using GUM and MCM.

A common rule is that the uncertainty when measuring using the CMM should be
at least five times smaller (more accurate) than the part’s tolerance (a 1:5 uncertainty-to-
tolerance ratio), which is a widely recognized industrial practice. As stated by Knapp [49],
the measurement uncertainty should be less than 10% to 20% of the tolerance. However,
the above methods are not practical for large-scale measurements, especially in shop
floor conditions. ISO 14253-1:2017 [50] and ISO 230-1:2012 [51] clearly state that any
measurement uncertainty reduces the tolerance zone to the so-called zone of conformance,
if the conformance with the specification has to be proved. In this work, this rule was used
to decide whether the instruments can satisfy tolerance requirements. If this rule is not met,
it means that the instrument cannot meet the tolerance requirements.
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5.5. Part Conformance Assessment

After uncertainty evaluation, a decision can be made on whether the measurements
of parts are accepted or rejected, based on ISO 14253-3:2011 [45]. Figure 11 shows an
example of the result of error verification. If the tolerance of the feature is 0.100 mm, and
the uncertainty confidence interval is [-0.013 mm, 0.013 mm], then the green area is the
conformance zone, red is for the non-conformance zone and amber is the uncertainty zone.

Conformance Zone Uncertainty Zone Non-conformance Zone
(Green) (Amber) (Red)

0.087 0.113

Specification
0.100

Figure 11. Conformance assessment using ISO 14253-3:2011.

In other words, if the measurement results fall in the conformance zone (green), the
feature of the part is accepted; if the measurement results fall in the red area, the feature
of the part must be rejected; if the measurement results fall in the amber area, it must be
negotiated between the manufacturer and the customer whether the part is accepted or
rejected, according to ISO 14253-3:2011.

The final inspection results for all features are listed in Table 6. ‘G’ denotes that the
result is evaluated using the GUM framework and ‘M’ for the MCM. ‘N’ indicates the
instrument is not applicable for the measurement of the feature. Green represents that
the feature of the part is accepted, red is used for rejection, and amber means the decision
needs to be made between the supplier and the customer. If manufacturers encounter the
‘amber’ situation, they may have two choices: they can decide whether to accept the feature
or not, or they can choose another sensor whose measuring results fall into the green area.
Grey indicates the uncertainty is greater than the tolerance, which means the instrument
does not meet tolerance requirements for the measurement.

Table 6. Final inspection results after uncertainty evaluation.

Feature No. Name CMM VTL SMR AS1 T-Probe
A 1 Outside diameter of the ring
B 2 Inside diameter of the ring

3 X position of concentricity of the ring
C > — .

4 Y position of concentricity of the ring - G
D 5 Flatness of top plane

6 Diameter of the hole—Hole 1
E 7 Diameter of the hole—Hole 2

8 Diameter of the hole—Hole 3

9 Diameter of the hole—Hole 4

In general, we can see the uncertainties and the coverage intervals are slightly different
when using the GUM and MCM; overall, the two evaluation methods achieved good con-
sistency. And the only exception is the evaluation of Feature 5 using the AS1 scanner; this
is due to the different statistical and computational methods used by the GUM and MCM.
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6. Discussions and Conclusions

With the increasing adoption of Industry 4.0, there has been a significant evolution
in the manufacturing shop floor, and the role of metrology has changed accordingly.
In recent years, zero-defect manufacturing strategies have been made possible because
of the application of on-machine measurement and in-process monitoring. Reliable on-
machine/in situ measurements for manufacturing of large-scale components are highly
desired by the industry for effective process control and quality assurance. However, the
traceability of the measurement process in shop floor conditions is not ensured yet. To meet
this challenge, a novel generic uncertainty modelling and evaluation framework for the
LSM is introduced for traceable measurement of large-scale parts in situ, and the framework
is verified using real data obtained in the manufacturing environment. Experimental results
demonstrate that uncertainty evaluation for LSM is crucial for precision manufacturing,
and the following conclusions can be obtained:

(1) This work presents a complete methodology for the uncertainty evaluation of LSM in
the manufacturing environment. It can be used not only for uncertainty evaluation
of large components, but also for parts with small and medium sizes. It can also be
exploited for the evaluation of other types of technologies, such as structured light
scanners, photogrammetry, etc. It can be used for in-process uncertainty evaluation,
and of course, it can also be used for off-line inspection as well.

(2) The methodology can not only assess the true performance of the instruments, but also
help determine whether the instrument meets tolerance requirements and whether
the final measurement results are accepted or rejected.

(3) The methodology provides theoretical support for instrument selection in terms of
specific features. The experimental data indicates that the instrument may meet the
tolerance for certain features but may not meet them for another feature; therefore,
task-specific uncertainty evaluation must be carried out, especially for key features
with tight tolerances.

(4) Asrecommended by [20], the manufacturing environment and measurement proce-
dure should be similar to the calibration environment during actual measurements.
And the uncertainty evaluation results can be considered consistent if the dimensional
difference between the calibrated artefact and workpiece does not exceed (a) 10% if
the feature is larger than 250 mm or (b) 25 mm if below 250 mm.

(5) The calibration instrument should be traceable; if the calibration process is carried out
on the shop floor (e.g., using a large micrometre), more complex factors need to be
taken into account, e.g., thermal extension and vibrations in some cases.

(6) The uncertainty results evaluated using the GUM and MCM show good consistency;
therefore, users can decide which evaluation method to use or both.

(7) Experimental results show that systematic error (u;) is the main contributor to the
VTL on-machine tool measurement, and size measurement results are more accurate
than position measurements. Continuous improvements of machine tool software
are very necessary, in order to provide more convenient operations and reliable
measurement results. When using a laser tracker, especially when measuring large-
scale components and features with tight tolerance, multiple repeated measurements
are strongly recommended.

Within the next decade, there is an expectation that methods of traceability and
calibration will be incorporated into on-machine or in-line measurement in manufacturing
environments, which depends on continuous development in sensor technologies for
traceable measurements, new calibration methods for the equipment, and standardized
methods and procedures.
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