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Abstract Thermal errors caused by internal and external heat sources constitute
a significant part of the geometric errors in machine tools (MTs). With machining
accuracy and MT utilisation rates continuously rising, the thermal behaviour of MT
structures research is crucial for advancing manufacturing efficiency. To mitigate
costly structural redesigns, thermal errors can be reduced through two primary strate-
gies: direct methods (real-time measurement of the tool-workpiece contact point) or
indirect approaches (predictive models). These methods avoid the need for active
thermal control mechanisms, which are often costly to implement and operate, espe-
cially when using climate chambers. As MT sensory equipment continues to improve,
predictive models adaptable to areas of higher nonlinearity and inhomogeneity in
thermo-mechanical systems are becoming more prevalent, leveraging real-time feed-
back from intermittent probing of manufactured parts. This study investigates the
utility of radio transmission part probe (RMP) measurements for non-stationary
thermal error identification on MTs. Experimental validation involves exposing the
target MT to controlled conditions in a climate chamber, including different spindle
speeds and ambient temperature settings.
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1 Introduction

Precision manufacturing continues to demand ever-tighter tolerances. However,
machine tool (MT) accuracy remains fundamentally constrained by thermal errors.
This is a persistent challenge that is responsible for 40-70% of total machining inac-
curacies [1-3]. The state-of-the-art approach for minimising thermal errors in CNC
MTs relies on real-time error compensation using thermal error estimation models,
also known as indirect compensation [2]. The practical utility of these models depends
on their predictive accuracy and robustness, with robustness referring to a model’s
ability to maintain accuracy under varying operational and external conditions.

Nevertheless, existing thermal error compensation approaches demonstrate
limited generalisability across diverse manufacturing environments, with degraded
prediction accuracy and poor robustness observed under dynamic thermal loads [4,
5]. A fundamental constraint pertains to the model’s reliance on training data that
inadequately reflects the complete spectrum of MT operational states. This often
leads to incomplete physical representations and reduced adaptability. Consequently,
these models demonstrate a decline in predictive performance when confronted with
scenarios that extend beyond the confines of their initial training set.

In order to enhance robustness, recent studies suggest for the implementation
of adaptive parameter updating through process-intermittent probing (on-machine
measurement). This technique enables real-time identification of thermal error vari-
ations at the tool contact point (TCP), which helps to maintain the model accuracy
over time [6—-11].

Various on-machine measurement techniques can provide thermal displacement
feedback for adaptive thermal error compensation models. A comprehensive review
of state-of-the-art on-machine measurement systems was conducted by Gao et al.
[12].

Radio transmission part probe (RMP) systems, which have become stan-
dard equipment in precision MTs, offer a particularly valuable solution for real-
time thermal error compensation model adaptation. The utilisation of on-machine
measurement as a method for in-situ verification of workpiece dimensions has
become a preferred approach, as it eliminates the necessity for external metrology
equipment and enhances manufacturing efficiency [12, 13]. Beyond their primary
applications, on-machine measurements with RMPs enable direct compensation of
thermal errors at the TCP, as demonstrated in [14].

Several research teams have successfully demonstrated approaches that use
process-intermittent measurements to update compensation models, as evidenced
in several studies [7-11]. These methods typically use RMPs in combination with
precision calibration artefacts positioned on the MT table. Intermittent probing of
these artefacts during machining cycles allows dynamic updates of compensation
model parameters or their entire structure.

The main research question in this study is how reliable is RMP as feedback
for (adaptive) thermal error compensation models? The objective is to evaluate the
reliability of non-stationary thermal error (relative displacement between the TCP
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and the MTs table) identification on MT equipped with spindle unit using RMP during
thermo-mechanical transient behaviour due to spindle rotation and under different
ambient temperatures.

The paper is organized into five main sections. Following the introduction, Sect. 2
details the experimental methodology and testing conditions. Section 3 presents the
experimental results, followed by a comprehensive analysis and discussion in Sect. 4.
The final section provides conclusions and outlines future research directions related
to this approach.

2 Experimental Set-Up and Conditions

This study focuses on a vertical 5-axis milling centre with a workspace of 625 x 450
x 400 mm (X x Y x Z) placed in a climate chamber and equipped with an RMP
measurement system. The MT is designed with three linear axes dedicated to tool
holder movement and two rotary axes for workpiece manipulation. According to ISO
10791-2 [15], the kinematic chain can be represented as V[w-C’-B’-b-Y-X-Z-(C)-t].

For reliability assessment purposes, a reference displacement measuring method
is implemented. This reference system comprises non-contact eddy-current sensors
(PR6423) arranged in a five-point configuration and mounted in specialized fixtures
to the MT table and a test mandrel clamped in the spindle, following the ISO 230-3
standard [16], illustrated in Fig. 1, left. This measurement approach is characterised
by its precision and consistency. Consequently, it is regarded as the reference standard
and is designated as ECS throughout this study.

The reliability assessment of RMP displacement measurements is conducted using
the Renishaw RMP 400 system, which has a manufacturer-certified repeatability of
26 < 0.25 pm. This system is deployed in conjunction with a datum ball (DB) with
a sphere diameter of 22 mm, depicted in Fig. 1, right.

mandrel H
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Fig. 1 Experimental configurations for the ECS (left) and the TMP (right) approach
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Fig. 2 Measurement cycle scheme

In all conducted experiments in which the spindle speed is varied and the
room temperature is controlled to different ambient temperature levels, an identical
measurement cycle is periodically performed. Initially, see part 1) in Fig. 2, the test
mandrel clamped in the spindle is positioned at the measuring position, and then the
spindle rotation is initiated for a period of 15 min. Subsequently, see part 2) in Fig. 2,
the spindle rotation is stopped, the test mandrel is removed from the fixture, and an
exchange with the RMP is performed, which allowed measurement of the DB in the
X, Y, and Z-directions, see part 3) in Fig. 2. Following DB measurements, the RMP
is replaced back with the test mandrel, and the entire process is repeated from part
1) until the end of the experiment. The interval between spindle stop and subsequent
reactivation is five minutes. A reduction in feed rate is applied to mitigate potential
thermal influences on the MT caused by linear axis movements, thereby isolating
the thermal effects attributable solely to spindle rotation.

3 Test Results

A total of four experiments were conducted, see Table 1. One experiment was
performed at a constant spindle rotation speed of 6700 rpm (1/3 of maximum spindle
speed) and three at a constant spindle speed of 15,000 rpm (3/4 of maximum spindle
speed), each under different controlled ambient temperatures that were maintained
at 18, 22, and 26 °C within the climate chamber throughout the entire experimental
duration. The temperature sensor is installed at the rear of the machine bed, and the
measured bed temperature is considered the ambient temperature 7T, . The differ-
ence between the set-up temperature in the climate chamber and measured ambient
temperature T, values is attributable to the absence of machine’s temperature
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sensor calibration for absolute values, as this study prioritises relative changes in
measurements rather than precise absolute values.

By ensuring a constant ambient temperature during each experiment, thermal
errors attributable to environmental temperature changes were minimised to a negli-
gible level. The implementation of different ambient temperature conditions across
experiments enables an assessment of the reliability of the RMP under varying envi-
ronmental conditions and thereby evaluating the robustness of this approach for
deployment in standard industrial applications. Two distinct spindle speed levels
were selected to verify the base robustness of the RMP approach when measuring
thermal errors under different magnitudes of thermal load induced by different
spindle activity. After each ambient temperature adjustment in the climate chamber,
the MT was thermally stabilised at the new temperature for 14 h before the subsequent
experiment was conducted.

The temperature variation measured at the spindle bearing (7., ) and the ambient
environment (7 ,,,,».) during the first hour of each experiment is illustrated in Fig. 3.

This time frame was selected as the transient thermal phase induced by spindle
rotation had stabilised by this point, and it provided a clearer demonstration of the
influence of the individual parts of the measurement cycle (see Fig. 2) on the measured

Table 1 Overview of test conditions

Test no. | Spindle speed [rpm] | Ambient temp. set-up [°C] | Ambient temp. measured 7 gy,
[°C]

1 6700 22 22.1

2 15,000 18 19.3

3 15,000 22 22.8

4 15,000 26 25.6

22 Tamb_ (test1)

o8 Tbear‘ (test1)

27 == T, (test2)
9 26 Ty eq. (test2)
E 25 = = Tamp, (testd)
224 —T,,,, (test3)
0 23 - - T, (testd)
£22 —T,.,, (testd)

21

20

18 ;
Zd 30
1) 2)3)1)  time/min

Fig. 3 Measured temperatures for tests no. 1-4
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temperatures—the time points 1), 2) and 3) corresponding to the initiation of each
part of the measurement cycle are indicated below the timeline in Fig. 3. A significant
observation is that the MT activity did not appreciably affect the ambient temperature,
which remained constant throughout each experiment.

The variation of measured TCP displacement relative to the MT’s table during
Test 3 (see Table 1) is illustrated in Fig. 4. The graph shows the TCP displacement
measured via the ECS approach, denoted as (Zgcs); missing values resulting from
measurement cycle execution were supplemented through linear interpolation. The
displacement values that were measured at time points 1) and 2) of the measure-
ment cycle illustrated in Fig. 2 are represented by the variables Zgcs 1) for time
point 1) and Zgcs o) for time point 2). The difference between values Zgcs 1) and
Zcs 2y 18 attributable to spindle cooldown during the measurement cycle. The Zg¢s o)
measurement is almost equivalent to the displacement that would be measured if the
MT heating process through spindle rotation were not interrupted by the measure-
ment cycle. The progression of values measured using RMP is represented in the
graph as Zgyp 3); linear interpolation was applied to fill in missing values in discrete
measurement data.

In consideration of the objectives of this study, the key parameter illustrated in
Fig. 4 is the difference between the measured displacement using the ECS and RMP
approaches in the Z-direction, denoted as Residue Z: Zgcs 2)-Z rup 3), as it represents
the magnitude of the difference between the displacement measured via the RMP
approach and the value obtained through the reference ECS method. Furthermore,

—

—o--Z
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=0 Zeegy
——Zoup3)

Residue Z:

Zecs 2)-ZRMP 3)

—&— (Residue X)
—8--(Residue Y)

displacement / um

0 20 40 60 80 100 120 140 160 180
time / min

Fig. 4 Measured TCP displacement in the Z-direction and residual values for test no. 3
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residual values demonstrating the measurement differences between both measure-
ment approaches in the X and Y-directions are presented. It is noted that the magni-
tude of the difference for both these evaluated directions is insignificant compared
to differences in the Z-direction and will therefore not be further presented.

4 Discussion

The residuals, representing the difference between the reference ECS and the assessed
RMP approach in the Z-direction, are illustrated in Fig. 5 for individual tests no. 1—
4 (see Table 1), which differ in the constant values of the set spindle speed and
ambient temperature. The observed trends indicate that, after approximately two
hours of spindle rotation at constant speed, the transient phenomenon induced by
spindle activity had almost stabilised, regardless of the specific spindle speed or
ambient temperature applied. This observation confirms the repeatable behaviour of
the system and the reliability of the RMP approach in its typical application.
However, it is evident that there is a substantial impact of a change in spindle
speed from 1/3 of max. rpm, as in test no. 1, to 3/4 of max. rpm, as in test no. 3, on
the residual value, in both transient and steady-state phases, thus on the difference in
the measured value of TCP displacement between the reference ECS and assessed
RMP approach. Similarly, the impact of ambient temperature changes on residual
values is detected during the transient phase following the first spindle speed cycle
in tests no. 2, 3, and 4. This may indicate a limited reliability of the RMP approach
in obtaining feedback from the thermo-mechanical system of the MT in terms of

Impact of 0
tool change
(max. 10%) 5+
£
310+ Steady state
e
Impact of c
spindle g 15 1
speed © Residue Z (test 1)
change Q )
o 20 —&—Residue Z (test 2)
& Impactof | —8—Residue Z (test 3)
© ambient —&—Residue Z (test 4)
55 temperature ]
change
A4

0 20 40 60 80 100 120 140 160 180
time / min

RMP uncertainty in
transient behaviour
(40-66%)

Fig. 5 Residual values for tests no. 1-4
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TCP displacement during the transient phase. A comparison of Zgcs 2y and Zgyp 3),
see Fig. 4, revealed a 40-66% loss of displacement value information with the RMP
approach during the transient phase, relative to the ECS approach. The deviation is
likely attributable to process interruptions caused by test mandrel—RMP exchange
and to effective spindle cooling during the measurement cycle. Furthermore, the
experimental conditions applied in this study do not fully reflect standard machine
tool operation, which could also influence the observed results. However, a detailed
investigation of these influences lies beyond the scope of the present study.

The residual value observed during the steady-state phase is most likely caused
by the inability to perform both measurements simultaneously and is attributed to
the operational necessity of replacing the test mandrel with the RMP. During the
steady-state phase, this results in a maximum deviation of 10% relative to the ECS
approach. It is hypothesized that this deviation could be reduced by shortening the
operational time interval between ECS and RMP measurements.

5 Conclusions and Outlook

This research evaluated the reliability of RMP measurements for providing accurate
feedback on thermally induced TCP displacement for potential application in adap-
tive thermal error compensation in MTs. Through a series of experiments comparing
RMP with the reference ECS method, in accordance with ISO 230-3 [16], under
different spindle speeds and ambient temperatures, there were identified critical limi-
tations of the RMP approach in non-stationary thermal error identification on MT
equipped with spindle unit.

Analysis of the measurements showed that a potentially significant reliability issue
occurs during thermal transient phases, as RMP measurements missed 40-66% of the
thermal displacement detected by the reference ECS method in the Z-direction. The
residual value, the difference between ECS and RMP measurements, varies substan-
tially with both spindle speed and ambient temperature, being most pronounced at
higher rpm levels. In contrast, once thermal steady-state is achieved, for this MT
approximately two hours after spindle activity, the RMP approach demonstrates
acceptable reliability with deviations limited to 10%. Furthermore, displacement
measurement deviations in the X- and Y-directions were found to be insignificant in
comparison to those in the Z-direction.

The findings of this study indicate that the RMP approach may not be suitable for
capturing rapid transient thermal phenomena. Nevertheless, its performance during
thermally stable operational phases confirms its potential for use in adaptive thermal
error compensation models. To ensure robust implementation in industrial environ-
ments, it is advisable to verify the performance of the RMP system against a reference
measurement method on the specific MT and RMP configuration and to incorporate
identified system limitations into the design of compensation models. This research
provides a basis for developing more reliable adaptive thermal error compensation
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strategies that account for the measurement characteristics of commonly available
RMP systems in practical MT applications.

Future work should extend this study to include cutting processes, allowing the
evaluation of RMP reliability under real machining conditions. This extension will
provide critical insights into the practical implementation of RMP feedback for adap-
tive compensation approaches in production environments. Additionally, to estab-
lish the generalisability of these findings, tests should be conducted on different MT
configurations, including MTs of the same type but equipped with different spindle
units, as well as MTs of different types and sizes. Moreover, a comparative anal-
ysis of RMP performance against alternative measurement methods, such as tool
probe systems or acoustic emission techniques, will provide a more comprehensive
understanding of the relative advantages and limitations of different measurement
approaches for real-time on-machine thermal error identification. These expanded
investigations will contribute to the development of more flexible and robust adaptive
compensation strategies suitable for diverse manufacturing applications.
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