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Abstract: Touch probes are commonly employed in new machine tools (MTs), and enable
machining and measuring processes to occur on the same MT. They offer the potential to measure
components, either during or after the machining process, providing traceability of the quality
inspection on the MT. Nevertheless, there are several factors that affect measurement accuracy on
shop-floor conditions, such as MT geometric errors, temperature variation, probing system,
vibrations and dirt. Thus, the traceability of a measurement process on an MT is not guaranteed
and measurement results are therefore not sufficiently reliable for self-adapting manufacturing
processes. The current state-of-the-art approaches employ a physically calibrated workpiece to
realise traceable on-MT measurement according to the ISO 15530-3 technical specification, but it
has a significant limitation in that it depends on a physical workpiece to understand the
performance of the systematic error contributor (uv). To this end, the aim of this paper is to
propose an alternative methodology for on-MT uncertainty assessment without using a calibrated
workpiece. The proposed approach is based on a volumetric error mapping of the MT prior to the
measurement process, which provides an understanding of how the systematic error contributor
(uv) performs. An experimental exercise is performed for a medium-size prismatic component
according to the VDI 2617-11 guideline, and the results are compared with the ISO 15530-3
technical specification.

Keywords: uncertainty budget; on-machine tool measurement; traceability; uncertainty

1. Introduction

The development of flexible manufacturing processes for high-quality products at low cost is
one of the main research objectives in the field of production technology [1]. The quality inspection
of high-value components usually takes place on coordinate measuring machines (CMMs), either
beside the production line or in an isolated measurement room, so the manufacturing process is
interrupted and transportation, handling and the loss of the original manufacturing setup influence
the workpiece quality [2] and the overall equipment effectiveness (OEE). The high investment
required for a CMM and the above-mentioned limitations show the need for a machine tool (MT)
integrated traceable measuring process.

Although on-MT measurement can provide advantages for more flexible and intelligent
manufacturing processes, there are also some limitations. The main limitation is that MT time is
more expensive than CMM time, so measurements that are executed on an MT should clearly add
value to the manufacturing process. Here, it is particularly relevant to determine critical component
dimensions and measure them on the MT in order to ensure zero-defect manufacturing processes

[3].
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The current manufacturing scenario shows that dimensional measurements are already being
employed for on-MT measurements at different stages of the manufacturing cycle, mainly because
the technology to perform a measurement, either touch-trigger probes (TTPs) or measurement
software, are already available on the MT side. There are four potential measurement scenarios
where on-MT measurement adds value to the manufacturing process: a) monitoring of the MT
geometry performance by employing a calibrated standard; b) workpiece set up on the MT
coordinate system; c) in-process measurements to provide correction values for the manufacturing;
and d) the performance of a final metrology validation of the finished product for final quality
inspection as well as statistical trend analysis of the manufacturing process. Nowadays, depending
on the size of the component, traceable on-MT measurement technology readiness levels (TRLs) are
at different stages: While large-scale manufacturing processes employ on-MT measurements to
reduce the setup time of large components on the MT bed, medium-size aeronautic manufacturers
are already performing on-MT measurement for the in-process measurement of high-value
components such as aircraft engines and components, close to realising a traceable on-MT
measurement.

From a technology point of view, the aim is to use an MT as a CMM, but there are some key
differences between a CMM and an MT, mainly because CMMs are designed for measurement
purposes and MTs are focused on manufacturing production. The main problem when executing a
measurement on an MT is that the machining and measuring processes are performed using the
same machine, and some error sources therefore cannot be distinguished if a calibration process is
not realised before the measurement execution [4]. This is currently the main limitation to close the
calibration chain for on-MT measurement.

Over the years, several standards and guidelines [5-10] have been developed in order to verify
the accuracy of either MTs [11-16] or CMMs [6,7], but measurement traceability assessments for on-
MT measurements are not as developed as is the case for CMMs. In this scenario, owing to the
similarity between CMMs and MTs, some of the methods employed for a correct assessment of
uncertainty in CMMs are being adopted for MTs. The general guide for a suitable evaluation of
measurement data is given in the ISO Guide 98-3: 2008, on the expression of uncertainty in
measurement (GUM) [17]. Three different approaches are considered for an uncertainty assessment
on an MT [3]: a) an experimental technique according to ISO 15530-3 technical specification [8]; b) a
numerical simulation-based approach, as described in the ISO 15530-4 technical specification [9];
and c) an uncertainty budget method based on the VDI 2617-11 guideline [10].

Several research works have focused on the idea of converting an MT into a CMM. In 2010,
Schmitt et al. proposed that a large MT should be employed as a comparator to measure the
geometry of large scale components during the manufacturing process [18]. In 2013, Schmitt et al.
also presented a study in which a specific workpiece was manufactured and calibrated on a CMM
for several on-MT measurement experimental tests [1]. In this regard, Mutilba et al. reported that a
research work where a calibrated workpiece was employed to assess the on-MT measurement
uncertainty on a real manufacturing process for a medium-size prismatic component [4]. In 2015,
Schmitt et al. went a step further, presenting an approach to determine the uncertainty assessment
for on-MT measurements according to the VDI 2617-11 guideline; they defined a maximum
permissible error (MPE) [7] for MTs to assess the systematic error of the on-MT measurement error
budget [2]. Recently, Holub et al. presented a capability assessment for on-MT measurement
assisted by an external laser interferometer [19]. Similarly, Sladek et al. reported an interesting
approach for the systematic error assessment of a CMM based on the use of a laser tracer for the
volumetric error mapping and compensation of geometric errors. It is an online accuracy-estimation
solution based on the virtual coordinate measuring machine (VCMM) concept for CMMs [9,20-22].

In this context, this paper presents a methodology to perform traceable on-MT measurements
without using a calibrated workpiece, performing the VDI 2617-11 guideline [10]. The approach
aims to perform the systematic error (uv) assessment of on-MT measurements by means of a
previous volumetric error mapping of the MT using laser tracer technology.
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Finally, an experimental exercise was performed on a three linear-axis medium-size MT. It
shows that the uncertainty assessment for a medium-size prismatic component can be performed
without using a calibrated workpiece. Results have been compared to the ISO 15530-3 technical
specification [8].

2. On-machine tool measurement uncertainty budget

Before presenting the new approach, it is interesting to understand those uncertainty
contributors that should be considered for on-MT measurement uncertainty budget. The ISO 15530-
3 technical specification explicitly presents four uncertainty contributors that consist of all the
systematic and random errors comprising the uncertainty budget for on-MT measurement [8]:

e up: Standard uncertainty associated with the systematic error of the measurement
process.

e up: Standard uncertainty associated with the measurement procedure.
¢ uan Standard uncertainty associated with the uncertainty of the workpiece calibration.
e uw: Standard uncertainty associated with material and manufacturing variations.

Thus, the standard uncertainty of the measurement system (ums) is given by the quadrature
sum of every uncertainty contributor, according to the formula expressed in Equation 1. In
addition, the expanded measurement uncertainty of the measurement system (Uws) is assessed by
Uwms = k x uwms for a coverage factor of k=2, as expressed in Equation 2. For the systematic error (uv)
contributor, different approaches are employed to assess it. If the measurement result is not
corrected by the systematic error (b), the error fully contributes to the uncertainty, so u» =b. Thus:

Uys = [ud+uly +b (1)

cal
Uwms= k * ums ()

With respect to the ISO 15530-3 technical specification, the uncertainty up is given by the
maximum standard deviation of every measurement performed on the workpiece; therefore, it uses
the experimental (type A) approach. The systematic error is defined as the difference between the
mean value of the on-MT measurement and the calibrated value, and the calibration uncertainty is
given by the workpiece’s features calibration on a CMM. Both contributors are evaluated using the
type B method. Further, if variations of form errors and roughness owing to fluctuating
manufacturing processes and material properties are considered within their required limits, the uw
contribution is considered as insignificant [8]. In this case, uw is considered negligible, so it is not
introduced in Equation 1.

For the VDI 2617-11 guideline, the determination of the on-MT measurement uncertainty is
determined using an uncertainty budget. Here, each uncertainty source and its magnitude on the
measurement result is considered. In this case, the error sources are as follows [2]:

e The geometric error of the MT and its repeatability.

e Probing system.

e Temperature: MT structure, surroundings, and workpiece.

e  Workpiece under measurement: Temperature and clamping.
e Measurement procedure.

e Geometric error mapping technique.

Those error sources comprise systematic and random errors for the on-MT uncertainty budget
[23]. The result is the on-MT measurement uncertainty for a 95% confidence level.
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Similar to the ISO 15530-3 technical specification, the systematic error contributor (uv) on the
VDI 2617-11 guideline is affected by the following error sources: geometric error of the MT, probing
system, workpiece under measurement, measurement procedure, and geometric error mapping
technique. The random contributor (up) comprises the MT repeatability, touch probe repeatability,
and temperature variation for the measurement scenario. For the experimental approach presented
below, the measurement procedure and the workpiece under measurement have not been
considered for the uncertainty budget because an easy-to-measure medium-size prismatic
component was measured. Moreover, negligible deformations occur during the clamping process.
In addition, the probing system characterisation and the uncertainty of the MT volumetric error
mapping technique are within 2 um. Thus, the uncertainty budget exercise focuses on major
uncertainty contributors. In this manner, the geometric error of the MT is considered as the main
error source within the systematic contributor (uv), and the effect of the temperature on the
measurement scenario and MT repeatability are highlighted as the main random error contributors

(up).

Considering those major uncertainty error contributors, this study adopts the random error
characterisation, which performed on the ISO 15530-3 technical specification and which does not
require a calibrated workpiece to understand how (up) performs. For the systematic error
contributor (uv), Schmitt et al. presented an approach where an MPE value was defined for an MT.
Their approach was validated within stable temperature conditions, but they proposed further
research for unstable conditions because an unstable status causes gradients inside the structure,
and the induced deviations are hard to simulate or predict [2]. Considering such limitations, a
volumetric error mapping of the MT is performed immediately before the on-MT measurement
process execution for the systematic error characterisation. Thus, the geometric error of each contact
point is known, and the systematic error contributor (u») can therefore be assessed. This research
work does not apply the systematic error value correction, so the error fully contributes to the
uncertainty budget, as in Equation 1.

3. Methodology for on-MT uncertainty assessment without a calibrated workpiece

A new methodology is proposed to perform the on-MT uncertainty assessment without a
calibrated workpiece:

e For the systematic error contributor (uv), a volumetric error mapping of the MT is
performed immediately before the on-MT measurement. Thus, the geometric error of each
point is known for the working volume of the machine, which is the main contributor to the
systematic error of the on-MT measurement. Once the on-MT measurement is performed,
measurement contact points are registered, and the geometric error of every point is
obtained from the volumetric error mapping. Thus, every measured feature is fitted again
while considering the geometric error of each contact point. The difference between the
feature characteristics before and after the second fitting exercise is the systematic error to
be considered on the error budget. Figure 1 shows the flow chart for the systematic error
characterisation.

e The systematic error originating from the tactile probe could also be considered for the
systematic error contributor (uv). Thus, as explained by Mutilba et al. [4] if a reliable
calibration of the probing system is performed every time the tactile probe is mounted on
the MT spindle, this contributor becomes negligible. However, if the calibration process is
not executed correctly or if the uncertainty contributor is not sufficiently small (< 1 um for
small MT and < 3 um for large MT) the tactile probe systematic error should be added to
the ub value according to the square root of the sum of squares.

e The measurement procedure uncertainty (up) is performed on the workpiece to be
measured on the MT, similar to the ISO 15530-3 technical specification [8]. Thus, the
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187 repeatability of the on-MT measurement is performed within the temperature range of the
188 measurement scenario, considering that the temperature variation is critical for this
189 uncertainty contributor. Therefore, several on-MT measurement cycles shall be performed
190 within the complete temperature range of the measurement scenario. For example, consider
191 an eolic hub being machined in a large MT, where the temperature variation on the
192 surrounding air is between 18 °C and 23 °C. The up contributor should be assessed by
193 means of repeated measurement cycles (every 15 min) on the workpiece within the
194 working temperature range. Equation 3 shows how to calculate the up contributor.
195 e The u contributor is considered as the standard uncertainty associated with the
196 measurement uncertainty on the systematic error characterisation process.
197 vo1s 19 o 3)

=Yy u- LSy

i=1 n-1=

198 where:
199 ey =mean value of the measurement result.
200 e y=measured value.
201 e n=number of measurement results.

202  Figure 1 shows the flow chart for the systematic error characterisation.

Volumetric error

mapping of the I Yes
MT is performed

The measurement result is
corrected by the systematic
error (b)

Systematic error (b) is No Systematic erro
On-MT introduced into the < (b) is corrected
measurement is uncertainty budget on the budget?
executed
Geometric error Features are fitted The difference between
On-MT contact S < e S
3 , ; of contact points again considering |—| feature characteristics is
points registration _ A " < .
203 is obtained geometric errors obtained by substraction (b)
204 Figure 1. Systematic error assessment methodology.
205 For the geometric fitting of the measured plane and diameters, three dimensional (3D) and two

206  dimensional (2D) fitting equations have been employed in MATLAB [24]. This fitting exercise
207  considers the geometric error information of each contact point obtained in this case from the
208  volumetric error mapping measurement. Results obtained on each fitted feature are compared to
209  the initial fitting value obtained by the on-MT measurement software, so the difference between
210  both fittings is the systematic error to be considered on the error budget according to the VDI 2617-
211 11 guideline. Equation 4 shows the employed algorithm for circumference fitting; the variation of
212 the radius shows the roundness error.

213 r=y(X=%)" +(y~¥.)° @)
214 where:

215 e r=circumference radius.

216 e X,y =measured contact points (geometric error in each point is considered).

217 ®  Xqyc = circumference centre coordinates (to be obtained).
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For the 3D fitting of the plane, Equation 5 shows the algorithm which was employed in this
experimental exercise. The least-squares fitting algorithm was employed to compare the flatness
error before and after considering the geometric error of the contact points [25].

f(xi,yi,2i) = pixi + p2yi + pszi+1=0 (5)
where:
e p=plane feature parameters.

*  Xiyi,zi = measured contact points (geometric error in each point is considered)

4. Technology adoption on a machine tool

The presented methodology requires a volumetric error mapping of the MT before performing
the on-MT measurement to characterise the geometric error of the MT as the main error source to
the systematic error (uv) of on-MT measurement. In this context, as explained by Nisch et al. [18],
there are two main approaches to enable a traceable measurement on MTs: a) the MT geometric
error is known at the moment when the measurement is performed through a volumetric error
mapping of the MT; and b) an external high precision metrological frame is employed to measure
and compensate for the geometric error of the MT in real time [21,22,26,27].

Figure 2 shows the above-mentioned two alternatives a) an MT volumetric error mapping
exercise. It shows an integrated multilateration approach reported by Mutilba et al. [30], and b) an
external high-precision metrological frame comprised of four tracking interferometers in
simultaneous mode.

a) b)

Figure 2. Multilateration approaches for MT error mapping a) integrated approach , and b) external
high-precision frame with four tracking interferometers (Both measurements were performed by
IK4-TEKNIKER on a ZAYER large MT)

The first approach increases the process capability by a volumetric verification and
compensation of the MT, as shown in Figure 2(a). Currently, there are different options for the
volumetric error mapping of MTs [28], but they are time-consuming, mainly for large-scale MTs. In
this regard, the multilateration approach is suitable for realising such a fast performance. Schwenke
et. al. reported an approach to continuously monitor the geometric variation of a large MT on shop
floor conditions [29], and recently, Mutilba et al. reported an integrated and automatic volumetric
error mapping solution for large MTs which is executed within 30 min [30]. For the proposed
experimental approach, a volumetric error mapping of the MT under research was performed using
laser tracer NG technology in sequential mode.

The second approach applies an external high precision metrological frame to monitor the tool
centre point (TCP) position in real time. This option requires a line of sight between the measuring
tracking interferometers and the TCP, which cannot be ensured when the workpiece is on the MT.
The current cost of the solution is very high because four interferometers are required
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simultaneously. However, it offers the possibility of being self-calibrating and represents a scalable
measuring solution.

Currently, the first approach is under research, and according to the latest studies, with the
continued development of interferometer-based non-contact measuring technology to realise more
accurate absolute distance measurements, it will be incorporated into MTs, allowing traceable
CMM measurements in MTs [31].

5. Uncertainty budget assessment experimental exercise

An experimental exercise of the proposed methodology was performed using a workpiece
replica standard. The obtained results were compared to the ISO 15530-3 technical specification.
The workpiece replica standard selected for the experimental uncertainty assessment exercise is
defined at the ISO 10791-7:2014 standard [32], and it is referred as a "Test piece ISO 10791-7, M1-
160°". A description of the measured geometry is illustrated in Figure 3.

Figure 3. Workpiece replica standard with measured geometry on the experimental test.

A medium-size KONDIA MAXIM MT equipped with a RENISHAW OMP 400 tactile probe
and POWER INSPECT on-MT measurement software was selected to run the on-MT measurement
experimental test. The MT cutting stroke is: X = 750 mm, Y = 1000 mm and Z = 500 mm. The
computer numerical control (CNC) is a 16i-type FANUC controller. For the tactile probe calibration
on the MT spindle, a 50 mm-diameter calibrated ring was employed immediately after it was
mounted on the MT spindle. Figure 4 shows a) the measured contact points for the experimental
on-MT measurement test and b) the measurement scenario on the MT.

a) b)

Figure 4. On-MT measurement contact points, a) General overview of the measurement strategy (contact

points in green), and b) the measurement scenario where the workpiece and the calibrated ring are shown.
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For the systematic error contributor (u») assessment, a volumetric error mapping of the MT
was performed immediately before the on-MT measurement. To do this, laser tracer technology
from ETALON AG was employed [33]. It employs a kinematic model which enables to calculate the
geometric error of any point within the measured volume from the volumetric error mapping
information, so the geometric error of the on-MT measurement contacts points was assessed in this
manner. Figure 5 shows the volumetric error mapping exercise and the measured point grid (in
black) of the MT. The laser tracer NG, which is placed on the MT table, measures the distance to the
reflector, which is fixed to the spindle, for every point comprising the point grid under the
multilateration scheme [33]. It demonstrates the technology adoption of the above-mentioned first
approach where a unique tracking interferometer is employed in sequential mode for the MT
volumetric error mapping.

Figure 5. Volumetric error mapping of MT and measured point grid (in black).

The volumetric error mapping measurement was performed under a no-load condition when
the temperature on the MT side was 20 °C, with a temperature variation within 0.5 °C.

5.1 On-MT measurement results according to ISO 15530-3 technical specification

The experimental on-MT measurement exercise according to the ISO 15530-3 technical
specification is explained in detail in the article: "Traceability of on-MT measurement: Uncertainty
budget assessment on shop floor conditions” which was reported by Mutilba et al in 2018 [4]. Here,
the approach is to employ a CMM-calibrated workpiece replica standard to assess the on-MT
measurement uncertainty. Figure 6 shows the absolute value of the systematic error contributor (uv)
assessed using the calibrated workpiece. All of the results are within 8 pm.

0.004 e
*

[=]
[=]
=1
@

‘ * Systematic error (ub) - 1ISO 15530-3

Deviation (mm
o
o
o
N
»*

0.001 * * * * -

*
*
*

Flatness Pin A
@108 mm*
Roundness @108 mm
X pos. (@108 mm) -
Y pos. (@108 mm)
@28-1 mm —
X pos. (@28-1 mm)
Y pos. (228-1 mm) - *
@28-2 mm*-
X pos. (@28-2 mm) -
Y pos. (@28-2 mm)— *
228-3 mm*
X pos. (228-3 mm) -
Y pos. (228-3 mm)
228-4 mm
X pos. (228-4 mm)
Y pos. (228-4 mm)*

Features

Figure 6. Systematic error (uv) according to ISO 15530-3 technical specification. [4]

The uncertainty budget of the task-specific uncertainty assessment on shop floor conditions
according to the ISO 15530-3 technical specification [4] is shown in Figure 7. The measurement
procedure uncertainty (up) is on average a few micrometres larger on than the systematic error (uv)
uncertainty, which is within 8 um for every measured feature. The calibration uncertainty
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contributor (uci) is within 2 um for each feature. Expanded measurement uncertainty results are
obtained by Equation 2 for a coverage factor of k = 2, where uwms is given by Equation 1. As
previously mentioned, it should be considered that the systematic error (uv) contributor is not
corrected on the uncertainty budget, which significantly increases the expanded measurement
uncertainty (Uwms) result.

Figure 7. Uncertainty budget according to ISO 15530-3 technical specification. [4]

5.2 On-MT measurement results according to VDI 2617-11 guideline

The main difference for the VDI 2617-11 approach is that a calibrated workpiece is not
employed to assess the systematic error uncertainty contributor (uv) on the uncertainty budget.
Thus, a volumetric error mapping of the MT was performed immediately before the on-MT
measurement exercise, and the TRAC-CAL software from the company ETALON AG, which
includes kinematic models for point-error determination, was used to calculate the geometric error
of each contact point for the on-MT measurement process. Figure 5 shows the volumetric error
mapping setup on the MT, and Figure 8 shows the 3D deviation result of each measured point
comprising the point grid. The simple ETALON kinematic model was employed, and was
performed by 17 components of the error, and the results are depicted in a 3D deviation-type plot.
The uncertainty for the geometric error mapping measurement is within 1 um. The volume of the
point grid depicted in Figure 8 is similar to the MT cutting stroke, i.e. X =750 mm, Y = 1000 mm and
Z =500 mm.

Y

X Figure 8. MT volumetric error mapping results.

The MT volumetric error mapping exercise demonstrates that the geometric error is within 20
pum for almost the entire volume of the machine. Moreover, the workpiece replica standard size is
160 mm x 160 mm, which means that the geometric error on the MT side that applies to the on-MT
measurement is within 5 pum. The volumetric error mapping process also measures the MT
volumetric repeatability; in this case, the MT volumetric repeatability is within 2 um. This means
that either the backlash error or the repeatability itself are within this value.
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For the systematic error contributor (uv) assessment, the proposed methodology depicted in
Figure 1 was applied. In addition, a reliable tactile probe calibration was performed prior to the on-
MT measurement exercise to avoid systematic errors due to the probe set-up process. The
repeatability of the calibrated ring measurement is within 1 um, which is similar to the MT
repeatability. In this manner, it was considered to be within the measurement procedure
uncertainty (up) on the uncertainty budget. Figure 9 shows a comparison of the systematic error
assessment for the ISO 15530-3 technical specification and the VDI 2617-11 guideline. The difference
between both approaches is within 1.5 um.

Figure 9. Systematic error (uv) assessment according to ISO 15530-3 technical specification and VDI
2617-11 guideline.

For the measurement procedure uncertainty (up), results obtained from the ISO 15530-3-based
experimental test were considered because they do not require a calibrated workpiece. Here, it is
crucial to understand the effect of temperature gradients on the results. Thus, the experimental test
suggests on-MT measurements immediately after the machining process of the workpiece replica
standard and measurements under a no-load condition when the temperature on the MT side and
workpiece side is constant at 20 °C. The temperature variation on the on-MT measurement scenario
is within 3 °C, and the workpiece temperature increases to 22.5 °C (on average) immediately after
the machining process, after which it stabilises to 19.5 °C (on average) after an on-MT measurement
acquisition time of 2h. Figure 10 shows the measurement procedure uncertainty (up) for each
measurement feature, both for measurements executed immediately after the machining process as
well as measurements executed under no-load conditions [4].

Figure 10. Measurement procedure uncertainty (up) results for both approaches. [4]

The measurement procedure uncertainty results (up) show differences between the
measurement executed under the no-load condition and the measurements executed immediately
after the machining process. All of the results show repeatability within 6 um for the no-load
condition, while the maximum repeatability values for the measurements immediately after the
machining process are within 10 pm. The form error feature measurement (flatness and roundness)
shows better measurement procedure uncertainty results than the scale-related feature
measurement (diameter and positioning values) because these features are more sensitive to the
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measurement scenario temperature variation [34]. Here, factors such as the swarf or dirty surfaces
should affect the up uncertainty result.

For the uncertainty (uc) contributor, the volumetric error mapping of the MT also indicates the
uncertainty of the volumetric measurement exercise; it is obtained using a Monte-Carlo simulation
technique considering the spatial displacement measurement uncertainty for the laser tracer NG, U
(k=2)=0.2 um + 0.3 pm/m [33]. The obtained uncertainty contributor (uc) of the volumetric error
mapping is within 1 pum.

Finally, the uncertainty budget of the task-specific uncertainty assessment in shop floor
conditions according to the VDI 2617-11 guideline [3] is depicted in Figure 11. Similar to the ISO
15530-3 technical specification, the expanded measurement uncertainty results were obtained using
Equation 2 for a coverage factor of k = 2, where uws is given by Equation 1. For the measurement
procedure uncertainty (up), the contribution to the uncertainty budget uncertainty results for the
no-load condition were considered.

Figure 11. Uncertainty budget according to VDI 2617-11 guideline (no-load condition).
Finally, Table 1 shows the uncertainty budget assessment within the VDI 2617-11 guideline
and it is compared with the result obtained according to the ISO 15530-3 technical specification.

Table 1 Uncertainty budget according to VDI 2617-11 guideline and comparison with ISO 15530-3 technical
specification. (results in pm)

Feature ub up Ucal ums Uwms— VDI 2617-11 Uwms—1SO15530-3
Flatness Plan A 1.0 0.7 1.0 1.6 32 3.9
108 mm 1.0 22 1.0 2.6 5.2 49
Roundness @108 mm 1.0 1.9 1.0 24 47 47
X position (108 mm) 2.0 33 1.0 4.0 8.0 8.0
Y position (7108 mm) 2.0 2.1 1.0 3.1 6.1 5.6
28-1 mm 2.0 3.1 1.0 3.8 7.6 8.4
X position (28-1 mm) 1.0 6.1 1.0 6.3 125 13.2
Y position (28-1 mm) 2.0 2.1 1.0 3.1 6.1 5.7
@28-2 mm 1.0 54 1.0 5.6 11.2 10.9
X position (28-2 mm) 3.0 55 1.0 6.3 12.7 14.3
Y position (28-2 mm) 1.0 2.7 1.0 3.0 6.1 7.3
28-3 mm 1.0 4.0 1.0 42 8.5 8.4
X position (28-3 mm) 6.5 45 1.0 8.0 159 17.9
Y position (28-3 mm) 2.0 2.6 1.0 3.4 6.9 6.9
28-4 mm 2.0 2.1 1.0 3.1 6.1 59
X position (28-4 mm) 7.0 2.7 1.0 7.6 15.1 15.6
Y position (J28-4 mm) 1.0 1.3 1.0 1.9 3.8 43
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Experimental results show that the uncertainty budget according to the VDI 2617-11 guideline
obtains similar results to what obtained according to the ISO 15530-3 technical specification, where
a calibrated workpiece is employed for the purpose. For the systematic error contributor (uv), the
difference between both approaches is within 1.5 pum, which agrees with the accuracy of the
volumetric error mapping performance, i.e. roughly 1 pm, and also with the backlash error, which
is within the 2 um result that shows the volumetric repeatability. In addition, the calibration
component (ual) is similar in both cases because of the employed reference standards, whether the
calibrated workpiece or the volumetric error mapping solution have a similar uncertainty
contributor. For the measurement procedure contributor (up), the same raw data is employed.

6. Conclusions and future work

This paper presents an alternative on-MT uncertainty assessment methodology based on the
VDI 2617-11 guideline, which could allow scaling traceable on MT measurements to large-size MTs.
The current approach, which is based on the ISO 15530-3 technical specification, requires a
calibrated workpiece, which is similar to the manufactured part. Therefore, the solution is not very
flexible, especially for larger parts, for which it is tedious and expensive. In addition, it also presents
the two main alternatives for the adoption of the volumetric error mapping technology to MTs.

An experimental uncertainty budget of on-MT measurement was presented:

e Making a comparison with the ISO 15530-3 technical specification, the systematic error
contributor (uv) on the VDI 2617-11 guideline is shown to be affected by those error sources:
the geometric error of the MT, probing system, workpiece under measurement,
measurement procedure and the geometric error mapping technique.

¢ The random contributor (up) comprises the MT repeatability, touch probe repeatability, and
temperature variation in the measurement scenario. For the experimental approach, the
measurement procedure and the workpiece under measurement were not considered in the
uncertainty budget because an easy-to-measure medium size prismatic component was
measured. Moreover, negligible deformations occur during the clamping process.
Furthermore, the probing system characterisation and the uncertainty of the volumetric
error mapping technique are within 2 um. The former is considered within the procedure
uncertainty contributor (up) and the latter is considered as the uc contributor.

The experimental exercise which was performed without a calibrated workpiece shows that
the obtained results are similar to what was obtained using a calibrated workpiece. For the
systematic error contributor (uv), the difference between both approaches is within 1.5 um, which is
similar to the volumetric error mapping uncertainty, for which the difference is approximately 1
pm, and also with the volumetric repeatability of the MT, which includes the backlash error within
2 um. Random errors for both experimental approaches are the same because they were obtained
on the ISO 15530-3 approach.

In summary, the methodology offers an opportunity to obtain traceable CMM measurements
on MTs without employing a calibrated workpiece as long as interferometer-based technology is
developed for MT volumetric error mapping and calibration.

The results obtained were validated on a three linear axis medium-size MT owing to machine
availability and other practical issues. The future work will focus on scaling the presented
methodology to large MTs similar to those used in large-scale manufacturing; the ISO 15530-3
approach is not affordable because a calibrated workpiece similar to the manufactured part is
required, which makes the solution difficult and expensive.

In this scenario, this research work is a gateway to large on-MT traceable measurement.

Author Contributions: 1.V. and E.G.-A. contributed to the MT volumetric error mapping assessment. A.S.
contributed to the execution of the on-MT measurement in shop floor conditions. J.A.Y.F contributed to the
manuscript. U.M. led the research work and contributed significantly to the paper. All authors contributed to
the editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



437

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

13 of 14

References

(1]

(2]

(3]

(4]

(7]

(8]

9]

(10]

(11]

(12]
(13]

(14]

(15]

(16]
(17]
(18]
(19]
(20]
(21]
(22]
(23]
[24]
[25]
[26]

[27]

Schmitt R, Peterek M. Guidelines for traceable measurements on machine tools. 11th Int. Symp. Meas.
Qual. Control 2013, Sept. 11-13, 2013, Cracow-Kielce, Pol., 2013, p. 11-4.

Schmitt R, Peterek M. Traceable measurements on machine tools-Thermal influences on machine tool
structure and measurement Uncertainty. Procedia CIRP 2015;33:576-80.
doi:10.1016/j.procir.2015.06.087.

Mutilba U, Gomez-Acedo E, Kortaberria G, Olarra A, Yagiie-Fabra JA. Traceability of On-Machine
Tool Measurement: A Review. MDPI Sensors 2017;17:40. doi:10.3390/s17071605.

Mutilba U, Sanda A, Vega I, Gomez-acedo E, Fabra JAY. Traceability of on-machine tool measurement:
Uncertainty  budget assessment on shop floor conditions. Measurement 2019;135.
doi:10.1016/j.measurement.2018.11.042.

Flack D. Measurement Good Practice Guide No. 42: CMM verification. 2001.

ISO. ISO 10360-2:2009. Geometrical product specifications (GPS) -- Acceptance and reverification tests
for coordinate measuring machines (CMM) -- Part 2: CMMs used for measuring linear dimensions.
2009.

ISO. ISO 10360-1, Geometrical Product Specifications (GPS) -- Acceptance and reverification tests for
coordinate measuring machines (CMM) -- Part 1: Vocabulary. 2000.

ISO. ISO/TS 15530-3: 2004. Geometrical Product Specifications (GPS) — Coordinate measuring
machines (CMM): Technique for determining the uncertainty of measurement — Part 3: Use of
calibrated workpieces or standards. 2004.

ISO. ISO/TS 15530-4:2008. Geometrical Product Specifications (GPS) — Coordinate measuring
machines (CMM): Technique for determining the uncertainty of measurement — Part 4: Evaluating
task-specific measurement uncertainty using simulation. 2008.

Verein Deutscher Ingenieure (VDI). VDI/VDE 2617-11-Accuracy of Coordinate Measuring Machines -
Characteristics and Their Checking - Determination of the Uncertainty of Measurement for Coordinate
Measuring Machines Using Uncertainty Budgets. 2011.

ISO. ISO 230-10:2016. Test code for machine tools -- Part 10: Determination of the measuring
performance of probing systems of numerically controlled machine tools. 2011.

ISO. ISO 230-7: 2015, Test code for machine tools -- Part 7: Geometric accuracy of axes of rotation. 2015.
ISO. ISO 230-2: Test code for machine tools — Part 2: Determination of accuracy and repeatability of
positioning of numerically controlled axes. 2014.

ISO (Technical comitee ISO/TC 39/SC 2). ISO 230-4:2005, Test Code for MTs. Part 4. Circular Tests for
Numerically Controlled machine tools. 2005.

ISO (Technical comitee ISO/TC 39/SC 2). ISO 230-6:2002, Test Code for Machine tools. Part 6.
Determination of Positioning Accuracy on Body and Face Diagonals (Diagonal Displacement Tests).
2002.

ISO (Technical comitee ISO/TC 39/SC 2). ISO 230-1:2012, Test code for machine tools -- Part 1:
Geometric accuracy of machines operating under no-load or quasi-static conditions. 2012.

ISO. JCGM 100:2008 (GUM 1995 with minor corrections). Evaluation of measurement data — Guide to
the expression of uncertainty in measurement. 2008.

Nisch S, Schmitt R. Production integrated 3D measurements on large machine tools. LVMC Large Vol.
Metrol. Conf. 2010, Chester, 2010.

Holub M, Jankovych R, Andrs O, Kolibal Z. Capability assessment of CNC machining centres as
measuring devices. Meas ] Int Meas Confed 2018;118:52-60. d0i:10.1016/j.measurement.2018.01.007.
Trapet E. Traceability of Coordinate Measurements According to the Method of the Virtual Measuring
Machine: Part 2 of the Final Report Project MAT1-CT94-0076. vol. Volumen 35. 1999.

Kupiec R, Krawczyk M. Virtual Coordinate Measuring Machine Built Using Lasertracer System and
Spherical Standard. Metrol Meas Syst 2013. doi:10.2478/mms-2013-007.

Sladek. ], Gasca. A. Evaluation of coordinate measurement uncertainty with use of virtual machine
model based on Monte Carlo method. Measurement 2012;45:1564-75.

Slocum A. Precision machine-design - Macromachine Design Philosophy and its applicability to the
design of Micromachines. IEEEMEMS "92, proceedings. An Investig. Micro Struct. Sensors, Actuators,
Mach. Robot. IEEE, 1992. doi:10.1109/MEMSYS.1992.187687.

Mathworks. Matlab software 2018.

Mathworks. Least squaes plane fitting code 2018.

Schmitt R, Peterek M, Quinders S. Concept of a Virtual Metrology Frame Based on Absolute
Interferometry for Multi Robotic Assembly 2014;m:79-86.

Schwenke H. The latest trends and future possibilities of volumetric error compensation for machine



495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

(28]

[29]

(30]
(31]
(32]

(33]

(34]

14 of 14

tools. 15th Int. Mach. Tool Eng. Conf. IMEC, Tokyo, Japan, 2-3 Novemb., 2012, p. 57-71.

Schwenke H, Knapp W, Haitjema H, Weckenmann A, Schmitt R, Delbressine F. Geometric error
measurement and compensation of machines— An update. CIRP Ann - Manuf Technol 2008;57:660-75.
doi:10.1016/j.cirp.2008.09.008.

Schwenke H, Schmitt R, Jatzkowski P, Warmann C. On-the-fly calibration of linear and rotary axes of
machine tools and CMMs using a tracking interferometer. CIRP Ann - Manuf Technol 2009;58:477-80.
doi:10.1016/j.cirp.2009.03.007.

Mutilba U, Yagiie-Fabra JA, Gomez-Acedo E, Kortaberria G, Olarra A. Integrated multilateration for
machine tool automatic verification. CIRP Ann 2018;67:555-8. doi:10.1016/j.cirp.2018.04.008.

Schmitt R, Peterek M, Morse E, Knapp W, Galetto M, Hartig F, et al. Advances in Large-Scale
Metrology — Review and future trends. CIRP Ann - Manuf Technol 2016. doi:10.1016/j.cirp.2016.05.002.
ISO 10791-7:2014. Test conditions for machining centres -- Part 7: Accuracy of finished test pieces. 2014.
Schwenke H, Franke M, Hannaford J, Kunzmann H. Error mapping of CMMs and machine tools by a
single tracking interferometer. CIRP Ann - Manuf Technol 2005;54:475-8. doi:10.1016/S0007-
8506(07)60148-6.

Mutilba U, Sanda A, Vega I, Gomez-acedo E, Bengoetxea I, Yagiie JA. Traceability of on-machine tool
measurement : Uncertainty budget assessment on shop floor conditions. Measurement 2019;135:180-8.
doi:10.1016/j.measurement.2018.11.042.



