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1. Introduction

In terms of productivity and sustainability, a high reject
rate during production causes an enormous loss. It is known,
that a large share of the workpiece errors are caused by ther-
mally induced Tool Center Point (TCP) deviations [1]. The
usage of cooling lubricant has a significant impact on the
thermo-elastic machine behavior [2] [3]. Since its usage is
very common in the industry, a better understanding and
correction of the thermally induced deviations caused by
cooling lubricant is an absolute necessity to enable a more
reliable production [4]. However, most of the thermo-elastic
error models rely on sensitive measurement equipment for
parametrization, which cannot be used when cooling lu-
bricant is distributed in the machine. Therefore, this paper
presents a measurement method to parametrize a thermo-
elastic error model during coolant usage with Integral Defor-
mation Sensors (IDS).

2. State of research

2.1. Cooling lubricant in machine tools

Cooling lubricant has various tasks within a machine tool
[5]. Its most important tasks are the cooling of the cutting area
and the reduction of friction by lubrication. Cooling the cut-
ting area is necessary to reduce thermo-elastic deformation
of the tool and the workpiece, as well as reducing wear on
the tool. However, during the process, the cooling lubricant is
distributed in the whole working volume of the machine tool,
cooling all the components [3]. Current research on the mat-
ter focuses on the description of the impact of cutting fluid
on the thermo-elastic TCP displacement [6]. By comparing
the machine behavior during coolant usage and in dry con-
ditions, Mayr et al. found that coolant usage significantly im-
pacts the TCP displacement [4]. Pavlicek et al. compared the
usage of standard cooling lubricant to the usage of CO2 in a
machine tool and found that the usage of CO2 reduced the
thermo-elastic deformation of the axis by more than 60 % in
one of the axis [7]. Hernandez-Becerro et al. investigated the
influence of the cutting fluid supply in the working volume on
the TCP displacement. The results show, that different cool-

55th CIRP Conference on Manufacturing Systems

Modeling the thermal machine tool error during cooling lubricant usage

Mathias Dehn*a, Franziska Pluma, Nico Bertaggiab, Stephan Neusa, Daniel Zontarb, Christian
Brechera,b

aLaboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Steinbachstr. 19, 52074 Aachen, Germany
bFraunhofer Institute of Production Technology (IPT), Steinbachstr. 17, 52074 Aachen, Germany

* Corresponding author. Tel.: +49 241 80 22966; fax: +49 241 80 22293. E-mail address: m.dehn@wzl.rwth-aachen.de

Abstract

The thermo-elastic machine tool error, which is one of the main error sources in a machine tool, can be modeled and corrected using the
machine control. In the past, the models to do so have been parametrized using precise measurement equipment like lasertracers. However,
these lasertracers cannot be used to measure the thermo-elastic error during cooling lubricant usage, which is necessary for most industrial
applications. Therefore, this paper presents a method on how to measure the thermo-elastic machine behavior using Integral Deformation
Sensors to compute the tool center point displacement during coolant usage based on a white box modeling approach. These computed
displacements are then used to parametrize a correction model that uses low order delays elements.



1180 Mathias Dehn  et al. / Procedia CIRP 120 (2023) 1179–1184

Fig. 1. Modeling the TCP error using first order delay elements.

ing lubricant outlets have a varying influence on the TCP dis-
placement [8].

2.2. Modeling the thermo-elastic machine error

There are multiple approaches in the literature focussing
on modeling the thermo-elastic error for correction using the
machine control. The approaches used here can be clustered
into white box [9], gray box [10] and black box models [11]
[12] [13], with each having its own advantages and disadvan-
tages in specific use cases. All of these models have in com-
mon, that they need a measurement of the TCP displace-
ment for parametrization. This paper however will focus on
a gray box model using first order delay elements to model
the TCP, which is described extensively by Wennemer [14].
Therefore, other approaches of modeling the thermo-elastic
machine tool error will not be discussed further in this pa-
per. A sketch of the model using first order delay elements is
shown in Fig. 1.

The displacement of the TCP in the working volume due
to thermal changes in the machine tool is very complex and
cannot be described by low order delay elements. However,
when considering the total TCP error as a superposition of
axis error components [15], Wennemer made the observa-
tion, that these error components follow low order delay ele-
ment characteristics [14] [16]. The machine is put under load
and the effect on the volumetric TCP error is measured to
parametrize the delay element. For modeling axis movement,
a single axis is moved back and forth continuously using the
maximum speed of 25 m/min. The resulting thermo-elastic
TCP displacement is measured in intervals of 10 minutes vol-
umetrically using the lasertracers and transformed into single
axis errors [17]. The measurement setup for the parametriza-
tion is shown in Fig 2. Four lasertracer mounted to the bottom
of the machine table measure the TCP position using mul-
tilateration [18]. Fig. 3 shows the result of the EXX error at
position X: 0 mm, Y: 350 mm and Z: 600 mm. The K-T-factors
parametrizing the element are obtained using a best fit algo-
rithm. The trial is repeated for each machine load (axis move-

ment, spindle speed, machine start up and change in ambi-
ent temperature) evaluating all single axis errors each time.
The investigations show that only a few selected single axes
errors are needed for the parametrization. Some axis errors
did not show a response to the machine load. Fig. 3 shows
which single axes errors show a significant thermal behavior
and are parametrized. Variables marked with "n" in the figure
take the axis speed as input, and variables marked with "T"
take the corresponding linear scale temperature as an input.
These latter variables are not modeled using a delay element,
but rather a linear element. [14]

Fig. 2. Experimental setup for the measurement of the TCP displacement
during coolant usage.

By superposing all elements, the TCP error can be mod-
eled for complex machining operations and used to correct
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the error using the control. Wennermer was able to reduce the
error of a machine tool from 42.3 ± 6.6 µm to 12.5 ± 3.8 µm
using this method [14]. This model is taken as a basis in the
presented paper. While the upside of using the lasertracers is
their accuracy, the downside is their susceptibility regarding
environmental conditions. Coolant is widely used in the ma-
chining industry, which means that modeling the TCP error
during coolant usage is essential for a successful application
of the model. However, it is not possible to parametrize the
machine behavior of the coolant using the lasertracers, since
the coolant interrupts the laser beam, thus disturbing the
measurement. Therefore, an alternative measurement pro-
cedure is needed to parametrize machine tool behavior dur-
ing coolant use. IDS are well suited for this application [19]
since the sensor position allows for a process parallel, un-
interrupted displacement measurement during coolant use.
The measurement principle of the IDS is explained in the fol-
lowing chapter.

Fig. 3. PT element parametrization and parametrized elements for the inves-
tigated machine.

2.3. Integral Deformation Sensors

To enhance the thermal stability of machine tools, Brecher
et al. developed a method which is based on IDS as described
in [20] and [21]. To measure the thermally induced length
change of the machine structure components, a thermally
stable CFRP rod is used as reference.

As depicted in Fig. 4, one end of the rod is held by a fixed
bearing, which allows the measurement of the underlying
machine structure deformation at the loose bearings side.
Next to the measurement surface at the end of the rod, a dis-
placement sensor is placed, which is connected to the ma-
chine structure by a rigid connection. The idea of this mea-
surement is described in [22].

Fig. 4. Schematic design of the IDS

To model the TCP displacement using the IDS sensors,
multiple sensors are mounted to the machine structure com-
ponents, which contribute the most to the TCP displacement.
The expected deformation can be derived from thermo-
elastic simulations or based on experience gained while using
the machine. The TCP displacement is modeled based on the
IDS sensor measurement using various mechanical theories.
Components that are expected to hold significant amounts
of shear stresses are modeled using Timoshenko beam the-
ory. Components without shear stresses are modeled using
Euler-Bernoulli beam theory. The frontal part of the machine
bed for example is modeled using the Euler-Bernoulli beam
theory, firstly because of the high ratio between its length and
height/width, but also because shear stress is not expected.
For elements which can not be modeled as a beam, the ap-
proaches discussed in [23] are used.

For the presented work, nine sensors are mounted onto
the machine structure. Three IDS are placed onto the mov-
ing frame of the X axis, three onto the frontal part of the ma-
chine bed, and three more are attached to the rear part of the
machine bed. The sensor placement for this specific use case
is also discussed in [23], by comparing it to a mathematically
optimized placement, which shows equally good results.

3. Comparison of models

The model using low order delay elements introduced by
Wennemer has proven to accurately model the machine tool
behavior without cooling lubricant usage. However, a de-
lay element modeling the behavior with cooling lubricant
usage is not yet parametrized. The aim of this paper is to
parametrize such an element. However, this is not possible
using the lasertracers since the coolant lubricant can damage
the tracers (compare sec. 2.2). Therefore, the IDS model will
be used for parametrization. Before the parametrization us-
ing the IDS model, the IDS model is compared to the results
of the low order delay element model in the following with-
out coolant lubricant usage to validate the procedure. An in-
dividual uncertainty is assigned to each model represented
by an area of the corresponding model color in the figures,
i.e. the yellow area surrounding the yellow graph to show the
IDS model results and uncertainty. In the presented work, a
four axes horizontal machining center with axes length be-
tween 700 and 850 mm is investigated. For this machining
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Fig. 5. Modeling the thermo-elastic TCP error of a simple load case using a low order delay element model and the IDS model

center, the accuracy of the low order delay element model
is investigated extensively. It results to an accuracy of ±8µm
containing the uncertainties of modeling the TCP displace-
ment resulting from axes movement. [14] In previous inves-
tigations, the uncertainty for the IDS model was quantified
as less than 10µm [23]. However, this investigation was based
on sensors that were mounted to the machine structure using
screws on each bearing. For this specific machine, it was not
possible for three of 18 bearings to be mounted by screws;
glue was used instead. The influence of this change was in-
vestigated, showing that a measurement using glued sensor
bearings increases by 70 - 80 % in comparison to the screw
mounted sensor measurements. To consider this influence,
the uncertainty of the computed TCP displacement was con-
sidered higher.A worst-case estimation to 20 µm is used.

To detect any change in accuracy through the substitution
of lasertracer measurements by the modeled TCP displace-
ment using the IDS model, the already parametrized low or-
der delay element model from Wennemer [14] is compared
to the IDS model for a known load scenario. In this case, the
machine tool is put under an internal thermal load by rapid
axis movement of the X axis between the positions −400 mm
and +400 mm and a set axis speed of 30 mm/s for a dura-
tion of 22 h. Due to change in travel direction at the rever-
sal points, the average axis speed results to 22.7 mm/s. Af-
ter those 22 h, the machine is stopped, which results in cool-
ing of the machine components. The application of load and
the cool down is interrupted repeatedly to conduct the dis-
placement measurement. This load case is chosen since the
low order delay element model has been parametrized by
Wennemer for a similar load case using the TCP displace-
ment measured by lasertracers. The TCP displacement is then
modeled using the low order delay element model presented
by Wennemer as well as the IDS model described in section
2.3. Additionally, the TCP error is measured using an environ-
mental temperature variation error test (ETVE test) according
to ISO 230-3 [17]. For the ETVE test, five digital dial gauges

measure the TCP displacement at the machine pose X: 0 mm,
Y: 450 mm, Z: 650 mm as reference for both models. One sen-
sor measures the axial displacement and the other sensors
the radial displacement, as shown in Fig 2.

The validation measurement using the ETVE test [17]
shows a typical delay element behavior in all directions. The
maximum elevation of the delay elements is -20µm in X di-
rection, 105µm in Y direction and 47µm in Z direction. The
low order delay element model computes a very similar re-
sult. For the conducted experiment, the validation measure-
ment using the ETVE test is within the uncertainty bound-
ary of both models for the X and Y error. The Z error is only
within the uncertainty boundary of the IDS model between
hours 2 to 15 and within the boundary of both models for the
rest of the experiment. In conclusion, both models are able
to display the TCP displacement almost entirely correct. This
means, that both models are capable of computing the TCP
displacement in real time.

The trial was repeated using a more complex thermal load
scenario. For this scenario, the machine is put under a ran-
domly varying internal load by varying the X axis speed over
time. The result of this measurement is shown in Fig. 6. For
this load scenario, a similar result can be observed. The ETVE
measurement is within the uncertainty boundaries of both
models for the X axis error, while it surpasses the boundary
for the IDS model within the last quarter of the experiment for
the Y error and the boundary of the delay element model dur-
ing the first half of the experiment for the Z error. However,
those results show that the IDS model results can be used to
parametrize the delay element model without loosing a sig-
nificant amount of accuracy.

4. Parametrization for coolant usage

The results from the previous section show, that it is possi-
ble to compute the TCP displacement using the IDS in the
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Fig. 6. Modeling the thermo-elastic TCP error of a varying load using a low order delay element model and the IDS model

same way the lasertracers are used. Using the IDS enables
a computation of the TCP error for machining operations,
where a measurement using the lasertracers is not possible.
In this section, the low order delay element model first intro-
duced by Brecher [10] is extended by a low order delay ele-
ment to model the thermo-elastic TCP error resulting from
cooling lubricant usage.

The influence of cooling lubricant on the TCP error is de-
pendent on the TCP position, since some of the coolant out-
lets are attached to the spindle and vary with its position
(compare Fig. 2). It is assumed, that K and T factors for the low
order delay elements for a cooling fluid element change con-
tinuously depending on the machine pose (compare Fig. 3).
The continuity of the factors would allow for an interpolation
of the factors between parametrized positions. The goal of the
investigation in this section is to check, whether this interpo-
lation is feasible.

For this, cooling lubricant is activated for 12 h and subse-
quently turned off. The IDS measurement is used to compute
the TCP displacement in the working volume. The experi-
ment is conducted at three different machine poses, which
are positioned in a straight line. The outlying two of those
experiments are used for parametrization and the center ex-
periment, which is positioned exactly between the other two,
is used for validation. For parametrization, the low order de-
lay elements are fitted. Subsequently, the K and T factors of
these two outer positions are interpolated to build a low or-
der delay element for the center position. The delay element
is then used to model the TCP displacement for the third ex-
periment. Here, the computation made based on the IDS-
measurement is used as validation. Fig. 7 shows the modeled
TCP displacement using the extended low order delay ele-
ment model, as well as the TCP displacement using the IDS
model.

The computed TCP displacement shows a typical low or-
der delay element behavior during cooling lubricant usage.

The low order delay element model is able to predict the TCP
displacement within its uncertainty of 8µm considering an
uncertainty of 20µm of the IDS model computation with es-
pecially high accuracy in Y and Z direction. In X direction, the
model shows a slight deviation to the validation at the max-
imum displacement. In summary, the result shows, that it is
feasible to model the TCP error in the presented manner.

5. Summary and outlook

In the presented work, the TCP displacement was modeled
using two existing models: a low order delay element model
and an IDS based model. Using a validation measurement
with dial gauges with high accuracy, it is shown, that both
models are able to measure the TCP displacement within the
given accuracy of each model.

After this validation of the two models, it is shown that it is
possible to parametrize a low order delay element for the TCP
displacement due to cooling lubricant usage and that the de-
lay elements can be interpolated for machine poses not pre-
viously parametrized. This was validated using one machine
pose while utilizing two machine poses for parametrization.
For industrial applications, it is necessary, to investigate the
feasibility of this modeling procedure for the complete work-
ing volume. Future works should therefore aim at efficiently
building a grid to enable correction in the whole working vol-
ume. Critical positions that are necessary for parametrization
should be identified for a stable model of the TCP error com-
ing.
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Fig. 7. Modeling the thermo-elastic TCP error during KSS usage. Validation of the result using the IDS model.
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[7] F. Pavliček, Y. Beer, S. Weikert, J. Mayr, K. Wegener, Design of a measure-
ment setup and first experiments on the influence of co2-cooling on the
thermal displacements on a machine tool, Procedia CIRP 46 (2016) 23–
26. doi:10.1016/j.procir.2016.04.075.

[8] P. Hernandez-Becerro, P. Blaser, J. Mayr, S. Weikert, K. Wegener, Mea-
surement of the effect of the cutting fluid on the thermal response of
a five-axis machine tool, in: euspen (Ed.), Lamdamap XII, euspen, Lon-
don, 2017, pp. 1–7.

[9] C. Brecher, S. Neus, M. Dehn, Efficient fe-modelling of the transient
thermo-elastic machine behaviour of 5-axes machine tools, in: euspen
(Ed.), Thermal Issues, euspen, Northampton, 2020, pp. 148–149.

[10] C. Brecher, M. Fey, M. Wennemer, Volumetric measurement of the tran-
sient thermo-elastic machine tool behavior, Production Engineering
10 (3) (2016) 345–350. doi:10.1007/s11740-016-0666-7.

[11] C. Naumann, I. Riedel, S. Ihlenfeldt, U. Priber, Characteristic dia-
gram based correction algorithms for the thermo-elastic deformation
of machine tools, Procedia CIRP 41 (2016) 801–805. doi:10.1016/j.
procir.2015.12.029.

[12] P.-L. Liu, Z.-C. Du, H.-M. Li, M. Deng, X.-B. Feng, J.-G. Yang, Ther-

mal error modeling based on bilstm deep learning for cnc machine
tool, Advances in Manufacturing 9 (2) (2021) 235–249. doi:10.1007/
s40436-020-00342-x.

[13] Q. Guo, J. Yang, H. Wu, Application of aco-bpn to thermal error
modeling of nc machine tool, The International Journal of Advanced
Manufacturing Technology 50 (5-8) (2010) 667–675. doi:10.1007/
s00170-010-2520-y.

[14] M. Wennemer, Methode zur messtechnischen Analyse und Charak-
terisierung volumetrischer thermo-elastischer Verlagerungen von
Werkzeugmaschienen, Apprimus Verlag, Aachen, 2018.

[15] International Organization for Standardization, Test code for machine
tools. determination of accuracy and repeatability of positioning of nu-
merically controlled axes (2014).

[16] G. Jungnickel, K. Großmann, Simulation des thermischen Verhaltens von
Werkzeugmaschinen: Modellierung und Parametrierung, TU Dresden,
2010.

[17] International Organization for Standardization, Test code for machine
tools. determination of thermal effects (2020).

[18] S. Bancroft, An algebraic solution of the gps equations, IEEE Transac-
tions on Aerospace and Electronic Systems AES-21 (1) (1985) 56–59.
doi:10.1109/TAES.1985.310538.

[19] C. Brecher, J. Behrens, M. Klatte, T. H. Lee, F. Tzanetos, Measurement and
analysis of thermo-elastic deviation of five-axis machine tool using dy-
namic r-test, 8th CIRP Conference on High Performance Cutting (HPC
2018) (2018).

[20] C. Brecher, M. Klatte, T. H. Lee, F. Tzanetos, Metrological analysis of a
mechatronic system based on novel deformation sensors for thermal is-
sues in machine tools, 8th CIRP Conference on High Performance Cut-
ting (HPC 2018) (2018).

[21] T. H. Lee, H. Gim, S. Oh, T. Gotthardt, F. Tzanetos, S. A., D. Zontar,
C. Brecher, A novel design concept for a thermally stable linear scale
using two different materials, MM Science Journal | Special Issue | IC-
TIMT2021 (2021). doi:10.17973/MMSJ.2021_07_2021081.

[22] C. Brecher, T. H. Lee, F. Tzanetos, D. Zontar, Hybrid modeling of thermo-
elastic behavior of a three-axis machining center using integral defor-
mation sensors, Procedia CIRP 81 (2019) 1301–1306. doi:10.1016/j.
procir.2019.04.017.

[23] C. Brecher, R. Herzog, A. Naumann, R. Spierling, F. Tzanetos, Optimal po-
sitioning methods of integral deformation sensors - expert knowledge
versus mathematical optimization, MM Science Journal | Special Issue |
ICTIMT2021 (2021).


