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Abstract. This work aimed to measure and compare the thermal errors obtained in the linear axes X, Y and Z of a 5-axis 

universal machining center, by the experimental and numerical methods. The experimental data were obtained by an 

interferometer laser device measurements after carrying out heating cycles of the machine. The numerical results were 

obtained through the finite element modeling, simulating the heating cycles in the machine and collecting the thermal 

errors in the same stop positions that were considered in the experimental stage. For the experimental thermal 

monitoring, 15 temperature sensors were installed at critical points on the machine. The measurements of thermal errors 

were divided into two stages. In the first stage, measurements were made in the condition of a “cold machine”. This step 

was intended to map the initial positioning errors of the machine. In the second stage, measurements were made after 

running a 4-hour heating cycle.  In the thermoelastic analysis by finite elements, the same operational and environmental 

conditions in which the machining center was exposed during the experimental stage were depicted. For the three axes 

analyzed, the results were quite satisfactory, with the differences between the experimentally measured and simulated 

errors being less than 7.5 μm for the X axis, less than 9.6 μm for the Y axis and less than 2.5 μm for the Z axis. 
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1. INTRODUCTION 
 

In the 21st century, the metal mechanic industry and Industry 4.0 are continually growing together and these new 

possibilities open the way for making machines more accurate and reliable. There are several errors that interfere in the 

machining processes. The thermal error seriously hinders enhancing of machine tool’s thermal stability (Liu et al., 2021) 

and machining error related to thermal effects is approximately 50-70% (Miao et al., 2015 and Jedrzejewski, et al., 2008). 

When the machine tool is in operation, thermal deformation is inevitable, as the temperature related to the movement of 

machine parts is dynamically affecting the entire process (Zhou et al., 2018). Generally, the temperature of the machine 

is affected mainly by following factors, the internal heat generated by the work of the machine's motors, friction in 

bearings, ball screw etc. (Abdulshahed et al., 2015) and those caused by the machine tool cutting process, that then causes 

thermal elastic deformation resulting in the geometric and shape errors of machined workpieces (Liu et al., 2017). Another 

factor is the ambient influence through radiation and thermal convection between the machine and the outside where the 

machine is located (Zhou et al., 2018). 

For the study of thermal errors, it is necessary to analyze some important points. To reduce or eliminate machine tool 

errors, many attempts and great efforts have been made during the last decades. Some manufacturers are able to achieve 

high accuracy by improving design methodologies and advancing materials technologies. It is much easier to monitor or 

measure the amount of inaccuracies and compensate through changes in the commanded position of different axes, which 

is especially applicable to CNC machine tools (Zhao et al., 2017 and Gurauskis et al., 2019). Monitoring is necessary 
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because users have realized that machines that are similar in performance and course of work, for example, can present 

significantly different thermal errors (Mayr et al., 2012). Another way to reduce the resulting error induced by the thermal 

expansion of the machine tool is to heat the machine tool before the actual cutting process. When the machine tool's 

thermal equilibrium state is reached, the machine tool can be used for the actual cutting of parts. The heating process is 

usually time-consuming, often takes hours, which affects the overall efficiency of machining manufacturing and is not 

ecological (Zhang and Wu, 2019). According to Miao et al. (2015), the selection of temperature-sensitive points, which 

have the most important influence on thermal error, is based on selecting the smallest number of temperature sensors to 

obtain the best fit and prediction effects and robustness for a thermal error model. 

In the last years, there has been a significant advance in technologies aimed at monitoring and Industry 4.0, and their 

use has increased knowledge about the origin of thermal errors (Drossel et al., 2013). This concept presents a new 

generation of smarter, better connected, widely accessible, more adaptive and more autonomous machine tools (Liu et 

al., 2018). 

This work aims to measure and compare the thermal errors of the three linear axes of a 5-axis universal machining 

center through laser interferometer measurement and then perform the finite element modeling of this process by 

comparing the results obtained by the simulations with the results obtained experimentally. The main contribution of this 

work will be able to play the same thermal errors obtained by the real operation of the machine through computer 

simulation using appropriate thermal and mechanical boundary conditions. 

 

2. METHODS AND MATERIALS 
 

2.1 Equipments 
 

The machine tool used to carry out the experimental research of thermal errors was a 5-axis GROB universal 

machining center, model G550AB (Figure 1) with positioning tolerance of 6 μm. 

 

 
 

Figure 1. Machining center G550AB installed in the technology center of B. GROB of Brazil company. 

 

The interferometer laser encoder used to measure the thermal errors of the linear axes X, Y and Z of the machining 

center is type XL-80 from the manufacturer RENISHAW, with linear resolution of 1 nm and measurement accuracy of 

±0.5 ppm, as Figure 2. Laser interferometry is a well-established method for measuring distances with great accuracy and 

is widely used for machine tool evaluation due to its versatility. 

 

 
 

Figure 2. Laser interferometer encoder (a) tripod for laser gun with mounted retro-reflectors, (b) retro-reflector 

mounted at the spindle tip, (c) laser head. 

 

For the thermal monitoring of the machining center, 15 thermocouple-type temperature sensors were installed at 

critical points on the machine, which continuously measured and recorded the temperature variation every 5 minutes. 

Figure 3 shows the locations where the temperature sensors were installed in the machining center. 
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Figure 3. Installation locations of temperature sensors on the machine. 

 

Table 1 shows the locations where the 15 temperature sensors used for thermal monitoring of the machining center 

were installed. 

 

Table 1. Installation locations of temperature sensors. 

 
Sensor code Sensor installation locations 

T1 Ball Screw Nut (X axis) 

T2 Motor bearing (X axis) 

T3 Linear guide (X axis) 

T4 Ball Screw Nut (Z axis) 

T5 Motor bearing (Z axis) 

T6 Linear guide (Z axis) 

T7 Ball Screw Nut (Y axis) 

T8 Column inner wall (Y axis) 

T9 Motor bearing (Y axis) 

T10 Motor spindle tip (Z axis) 

T11 Motor spindle outer casing (Z axis) 

T12 Machine base 

T13 Working area base 

T14 Coolant tank 

T15 Room temperature 

 

2.2 Experimental procedure 
 

Positioning error measurements were divided into two steps. In the first stage, measurements were carried out in the 

“cold” machine condition, that is, the machining center had a temperature in equilibrium with the environment at 20°C. 

This step was intended to map the machine's initial positioning errors. 

In the second stage, measurements were taken after running the warm-up cycle, ensuring through temperature 

monitoring a “heated” machine condition, that is, at the temperature obtained at the end of the warm-up cycle (Table 2). 

In this way, it was possible to evaluate the thermal error of positioning of the linear axes X, Y and Z of the machining 

center. During the warm-up cycle, the five axes of the machining center were activated simultaneously and the objective 

was to evaluate the thermoelastic behavior of the machine during a slightly higher than usual working condition. 
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Table 2. Machining center warm-up cycle. 

 

Warm-up 

Cycle 

X-axis speed Y-axis speed Z-axis speed Spindle speed A-axis speed B-axis speed 

30 m/min 30 m/min 30 m/min 12,000 rpm 8 rpm 30 rpm 

Duration X-axis travel Y-axis travel Z-axis travel ---- A-axis travel B-axis travel 

4 hours 800 mm 950 mm 1,020 mm ---- 240° 360° 

 

2.3 Numerical simulation of laser thermal error measurement 
 

The finite element numerical simulation (FEA) was performed for the complete machine, where the feed units of the 

X, Y and Z axes were offset, which will allow the evaluation of the thermal influence for different positions of the axes 

as verified experimentally by reading the laser interferometer. 

In the FEA model of the machine, 412,786 tetrahedral elements of second order were used, totaling 747,397 nodes 

with element size of 50 mm in the machine structure, 40 mm in the work table and 25 mm in the sliding units (Figure 4a) 

which guaranteed an average aspect ratio of less than 1.4. Quadratic 10mm tetrahedral elements were used around the 

hole of the reference bushing and in the region of the spindle tip, to ensure more accurate results. 

 

 
   

(a) (b) 

 

Figure 4. Finite element mesh of the complete machine (a) and the spindle tip (b). 

 

In the thermoelastic analysis by FEA, the same operational and environmental conditions in which the machining 

center was exposed during the experimental stage were portrayed, such as speeds of the feed units, periods of machine 

movement, ambient temperature and heat generation at the critical points of the machine. The thermal errors obtained by 

FEA were measured by the displacement of the spindle tip (Figure 4b) to 6 positions of each of the three linear axes 

analyzed. 

Experimental error measurements were performed at 33 stop positions of each linear axis of the machine, which 

represented an error reading every 23 mm. The FEA simulation of these errors will be performed for 6 stops per axis only, 

due to the time required for each simulation, around 5 hours. This will therefore represent a reading approximately every 

150 mm, thus filling the entire length of the travel of each linear axis. 

Figure 5 shows the CAD drawing of the machine at some of the defined stopping positions for measuring the thermal 

error on the X axis. As performed during the experimental steps, the reading of the simulated thermal error was performed 

after the warm-up cycle ending, considering though the final temperatures obtained, where the machine operated moving 

all its axes with a linear speed of 30 m/min for a period of 4 hours. 

To reach this goal, the CAD model of the machine was designed in 6 different positions. Pos. 1 corresponds to the 

carriage positioned at coordinate X = 0 mm, Pos. 2 corresponds to coordinate X = 138 mm, Pos. 3 corresponds to X = 

299 mm, Pos. 4 corresponds to X = 460 mm, Pos. 5 corresponds to X = 621 mm and Pos. 6 corresponds to X = 759 mm, 

which is the end of X axis travel. For the machine positioned in each of these intervals of the X axis, was considered the 

warm-up cycle simulation, where the temperatures in the 15 sensors locations and the error in X of the motor spindle tip 

were measured.  

Figure 5 shows the machine in the X stop positions: 1, 3, 4 and 6. 

 

Spindle tip 
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Figure 5. Positioning of the cross carriage for FEA simulation (a) Pos. 1 = 0 mm, (b) Pos. 3 = 299 mm, (c) Pos. 4 = 

460 mm, (d) Pos. 6 = 759 mm 

 

Figure 6 shows the CAD drawing of the machine at some of the defined stopping positions for measuring the thermal 

error of Y-axis positioning. The CAD model of the machine was designed with 6 different positions for the worktable. 

Pos. 1 corresponds to the work table positioned at Y coordinate = 0 mm, Pos. 2 corresponds to Y coordinate = 162.4 mm, 

Pos. 3 corresponds to Y = 324.8 mm, Pos. 4 corresponds to Y = 487.2 mm, Pos. 5 corresponds to Y = 696 mm and Pos. 

6 is equivalent to Y = 904.8 mm, which is the end of the Y axis travel. For the machine positioned in each of these 

intervals of the Y axis, the warm-up cycle was simulated, where the temperatures in the 15 sensors and the absolute Y 

error of the reference bushing located on the worktable were measured. Figure 6 shows the machine CAD at the Y stop 

positions: 1, 3, 4 and 6. 

 

 
 

 

Figure 6. Positioning the worktable for FEA simulation (a) Pos. 1 = 0 mm, (b) Pos. 3 = 324.8 mm, (c) Pos. 4 = 

487.2 mm, (d) Pos. 6 = 904.8 mm. 

 

Figure 7 shows the CAD drawing of the machine at some of the defined stopping positions for measuring the thermal 

error of the Z axis positioning. During this simulation step, the CAD model of the machine was drawn with 6 different 

positions for the spindle assembly. Pos. 1 corresponds to the spindle positioned at Z coordinate = 0 mm, Pos. 2 corresponds 

to Z coordinate = 184 mm, Pos. 3 corresponds to Z = 368 mm, Pos. 4 corresponds to Z = 552 mm, a Pos. 5 corresponds 

to Z = 713 mm and Pos. 6 corresponds to Z = 897 mm, which is the end of the Z axis travel. For the machine positioned 

in each of these intervals of the Z axis, cycle 4 was simulated, where the temperatures in the 15 sensors and the Z error 

of the spindle tip were measured. Figure 7 shows the machine in the Z stop positions: 1, 3, 4 and 6. 

 

 
 

Figure 7. Positioning of the spindle assembly for FEA simulation: (a) Pos. 1 = 0 mm, (b) Pos. 3 = 368 mm, (c) Pos. 

4 = 552 mm, (d) Pos. 6 = 897 mm. 
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3. RESULTS AND DISCUSSIONS 
 

3.1 Experimental measurements 
 

Through laser interferometer, it was possible to measure the positioning thermal errors of the linear axes X, Y and Z 

of the machining center, as indicated in Figure 8. 

 

 
 

Figure 8. Measurement of the positioning of the linear axes (a) Z, and (b) X. 

 

Figure 9 shows the results of temperatures read by the 15 sensors during the performance of the warm-up cycle. This 

thermal condition of the machine was continuously monitored and used for the measurements of thermal errors in the 

second stage. 

 

 
 

Figure 9. Machine thermal behavior during the warm-up cycle. 

 

In Figure 9, it is observed that the greatest temperature variation occurred for the Y-axis ball screw nut, read by sensor 

T7, reaching a final temperature of 48.2 °C. Next comes the reading from sensor T9, installed in the Y-axis bearing with 

a temperature rise of 23.7 °C. The T1 sensor installed on the X-axis ball screw nut reached a maximum temperature of 

37.4 °C, while the X-axis bearing, read by T2 had a thermal gradient of 14.5 °C. The Z-axis motor bearing achieved a 

thermal gradient of 14.1 °C (T5) while the motor spindle achieved 14.4 °C (T10). It can be seen that for most cases, the 

tendency of thermal stabilization occurs after 3 hours of testing. 

The graphs of the relative thermal positioning errors will be presented, that is, the initial geometric positioning errors 

of the machine, which were obtained in the measurements of the “cold” machine (nominal value), have already been 

subtracted. This procedure was performed because the objective of this research is to study only the individual 

contribution of the heating of the subsystems of the X, Y and Z axes in the linear positioning errors of these axes. 

The measurement of the thermal error of X axis positioning was performed every 23 mm of the 760 mm X travel, 

totaling 33 measurements in each thermal condition studied. With 33 measurements in the cold machine condition and 

33 measurements in the heated machine condition. The graph in Figure 10 shows the behavior of the X-axis positioning 

thermal error along the entire travel after the machine warm-up cycle. 

 

Time (min.) 
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Figure 10. X-axis thermal error obtained by the Laser Interferometer measurement. 

 

At each displacement of the X feed unit by 23 mm, its position was measured, comparing the obtained value with the 

nominal value. The graph in Figure 6 shows the results of relative thermal errors, already subtracted from the geometric 

error values, which were computed in the cold machine condition. It is verified that at position X = 0 mm there is already 

a thermal error of 6.2 μm. It is also observed that in the first intervals of the X axis, between the 0 mm and 150 mm 

travels, the thermal error variation is small, not exceeding 5.0 μm. This is justified by the reduced length of the ball screw 

in this section and the restriction to displacements in this direction. From there, there is a practically linear increase in the 

thermal error in X, reaching 44.8 μm in the 760 mm travel. 

The measurement of the thermal error of Y axis positioning was performed every 23.2 mm of the 905 mm Y travel, 

totaling 39 measurements in each thermal condition studied. With 39 measurements in the cold machine condition and 

39 measurements in the heated machine condition. The graph in Figure 11 shows the behavior of the Y-axis positioning 

thermal error along the entire travel after the heating cycle has been performed. At each displacement of the Y table unit 

by 23.2 mm, a measurement of its position was performed, comparing the obtained value with the nominal value. 

 

 
 

Figure 11. Y-axis thermal error obtained by the Laser Interferometer measurement. 

 

Figure 11 shows the results of relative thermal errors, already subtracted from the geometric error values. Note that at 

the 0 mm coordinate there is already a thermal error of 7.1 μm. It is also observed that in the first intervals of the Y axis, 

between the 0 mm and 100 mm travels, the thermal error variation is small, not exceeding 4.0 μm. From then on, there is 

an almost linear increase in the thermal error in Y, reaching 65.0 μm in the 905 mm travel. 

The measurement of the Z axis positioning thermal error was performed every 23 mm of the 897 mm Z travel, totaling 

39 measurements in each thermal condition, being 39 measurements in the cold machine condition and other 39 

measurements in the heated machine condition. The graph in Figure 12 shows the behavior of the Z axis positioning 

X axis travel (mm) 

X axis thermal error 

Y axis thermal error 

Y axis travel (mm) 
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thermal error along the entire travel after the machine warm-up cycle. At each displacement of the Z feed unit by 23 mm, 

a measurement of its position was performed, comparing the obtained value with the nominal value. 

 

 
 

Figure 12. Z-axis thermal error obtained by the Laser Interferometer measurement. 

 

Figure 12 shows the results of relative thermal errors, already subtracted from the geometric error values. It is observed 

that in the first interval of the measured Z axis, at the Z coordinate = 110 mm, the thermal error is maximum, reaching 

12.9 μm. This is justified because the initial position of the Z axis is centered on the worktable, therefore in the largest 

displacement of the Z axis. From then on, there is a practically linear decrease in the thermal error in Z, reaching 5.5 μm 

in the travel 938 mm. 

 

3.2 Numerical simulation results 
 

Figure 13 shows the results obtained for each of the 6 positions simulated by FEA in comparison with the errors read 

experimentally by the laser interferometer at the same positions of the X axis. The simulated thermal errors shown in 

Figure 13 were measured directly at the spindle tip, thus as performed by the experimental measurement through the laser. 

 

 
 

Figure 13. Comparison of thermal error of X-axis positioning experimental by interferometer laser and simulated by 

FEA. 

 

In Figure 13, there is a difference of 3.1 µm between the experimental measurement and FEA at the initial position of 

the X travel. This is due to the difficulty in modeling the heat generated in the region of the coupling of the ball screw 

shaft with the motor in that region. The relative error decreases, reaching differences below 1.0 µm, as in the positions 

138 mm and 460 mm. In the 621 mm and 759 mm stretches of the X travel, there was an increase in the difference between 

the measured values of 6.7 µm and 7.5 µm, respectively. This difference is attributed to the degree of complexity of the 

Z axis thermal error 

Z axis travel (mm) 

X axis travel (mm) 

X axis thermal error 

(Experimental) 

X axis thermal error 

(FEA) 
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heat model generated in this region. Anyway, for purposes of volumetric thermal error modeling, it is considered that the 

individual thermal error behavior in X was simulated satisfactorily. 

Figure 14 shows the results obtained for each of the 6 positions simulated by FEA in comparison with the errors read 

by the interferometer laser at the same Y axis positions. The simulated thermal errors shown in Figure 14 were measured 

directly on the reference bushing. 

 

 
 

Figure 14. Comparison of the thermal error of Y-positioning experimental by interferometer laser and simulated by 

FEA. 

 

In Figure 14, there is a difference of 1.5 µm between the experimental measurement and MEF at the initial position 

of the Y travel. The experimental thermal error at this position was 6.3 µm while the simulated error was 7.8 µm. From 

this stretch onwards, the relative error increases slightly, reaching differences of 9.6 µm at 324.8 mm and 5.6 µm at 487.2 

mm. In the 696 mm and 904.8 mm sections of the Y travel, the difference between the simulated and measured values 

stabilizes at 8.0 µm. Again, this average difference in the order of 6.0 µm is attributed to the degree of complexity of the 

heat generation model in the region. For the purpose of volumetric modeling of thermal error, it is considered that the 

behavior of the thermal error individually in Y has been satisfactorily simulated. 

Figure 15 shows the results obtained for each of the 6 positions simulated by FEA in comparison with the errors read 

by the interferometer laser in the same positions of the Z axis. The simulated thermal errors shown in Figure 15 were 

measured directly at the spindle tip, as well as performed by experimental measurement. 

 

 
 

Figure 15. Comparison of the thermal error of Z positioning experimental by interferometer laser and simulated by 

FEA. 

 

In Figure 15, there is a difference of 2.5 µm between the experimental measurement and FEA in the initial position of 

the Z travel, which corresponds to the most advanced travel of the pin, aligned with the center of the table. The 

Y axis travel (mm) 

Z axis travel (mm) 

Z axis thermal error (Experimental) 

Z axis thermal error (FEA) 

Y axis thermal error (Experimental) 

Y axis thermal error (FEA) 
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experimental thermal error at this position was 12.9 µm while the simulated error was 10.4 µm. From this stretch on, the 

relative error decreases, reaching differences of less than 1.0 µm, in addition to the same thermal error behavior trend for 

all other analyzed stretches. Including the most indented position of the Z axis, at coordinate 897 mm, which was more 

critical on the other axes. For purposes of volumetric thermal error modeling, it is considered that the individual thermal 

error behavior in Z was also simulated satisfactorily. 

 

4. CONCLUSIONS 
 

After carrying out this research, whose main objective was to reproduce the thermal errors that occur in the machining 

center through numerical simulation, it was possible to conclude that: 

 

• A strategic advantage of using laser interferometer measurements to meet the objectives of this research, is the 

fact that it allows the individualization of thermal positioning errors for each linear axis. 

• The MEF simulation of the laser measurement of the positioning of the linear axes X, Y and Z of the machining 

center proved to be satisfactory, since the main contribution of this work was to be able to reproduce the same 

thermal errors obtained by the real operation of the machine through numerical simulation. 

• The difference between the values obtained experimentally and those simulated was less than 10 μm in all 

simulated cases. Most errors were between 4 µm and 6 µm. 

• It is attributed to the fact that greater differences are obtained in the modeling of the Y axis due to the greater 

complexity of this machine subsystem, which involved heating the ball screw, linear guides and also the rotary 

tables of the machine. 
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