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ABSTRACT: The accuracy of a machine tool can be significantly impacted by thermal 

deformation, which is a type of thermal error. Thermally induced positioning errors can occur 

due to temperature variations that cause the materials in a machine tool to expand or contract, 

leading to dimensional changes that affect the accuracy of position measurements. Laser 

interferometer measurements can be used to detect these errors by comparing the actual 

position of a component to its expected position based on a reference measurement. To control 

the thermally induced positioning error of machine tools, a mathematical model that describes 

the relationship between temperature and positioning errors is proposed in this paper. The 

proposed model is based on empirical data collected from laser interferometer measurements 

and then used to predict the magnitude of the errors under different thermal conditions. A set of 

tests was conducted to confirm the thermal model's validity. The excellent match between the 

experimental data and the calculated values provides evidence supporting the possibility of 

using the suggested approach for estimating the thermal performance of CNC machine tools. 

KEYWORDS: Positioning error; thermal error; modeling; ,machine tool; laser 

interferometer. 

 

1 INTRODUCTION  

Numerically controlled (CNC) machine tools 

have become indispensable in industrial 

manufacturing processes, particularly for their 

ability to produce high-precision, consistent quality 

parts. However, despite their efficiency, these 

machines are not perfect and can generate 

positioning errors that can affect the quality of the 

parts produced. 

Positioning errors are caused by various factors 

such as geometric errors of machine components [1-

3], thermal errors due to temperature fluctuations 

[4-6], deviation errors caused by cutting forces [ 7-

9], machine axis servo errors [10], NC interpolation 

algorithmic errors and others [11-15]. Among them, 

thermal errors represent an important part ranging 

from 40 to 70% of the total errors. 

Modeling positioning errors is an essential step 

to minimize these errors and ensure optimal 

precision in manufacturing processes. This 

modeling makes it possible to understand the 

sources of error and to correct them appropriately, 

which can contribute to improving the quality of the 

produced parts. 

The main goal of this study is to investigate the 

thermally induced positioning errors of a CNC 

machine tool. Then, an analytical model for 

predicting the thermally induced positioning errors 

under different working conditions is proposed. The 

different sources of error and their impact on the 

precision of the machine, as well as the methods of 

modeling and correcting thermal errors were 

presented first. Then the advantages and limitations 

of these methods and their practical application in 

the manufacturing industry are discussed. Finally, 

concluded by emphasizing the importance of 

positioning error modeling to ensure consistent 

quality and increased efficiency in manufacturing 

processes. 

2 MATERIALS AND METHODS 

2.1 Material preparation 

Achieving accurate estimates and effective 

machine tool error compensation requires the 

establishment of an empirical database that 

combines several critical parameters. Indeed, this 

database must include the commanded position of 

the machine tool, which corresponds to the target 

position of the axis and which is determined by the 

program being executed. In addition, the absolute 

position of the machine tool and the error associated 

with that position must be measured directly from a 

PC-controlled laser interferometer and stored in the 
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database. Finally, the thermal and environmental 

conditions under which the machine tool is tested 

must also be quantified and recorded using sensors 

installed on the machine. 

Thus, the empirical database necessary for the 

estimation and compensation of machine tool errors 

must contain a large amount of accurate and reliable 

information. It must be able to take into account all 

the factors likely to affect the performance of the 

machine tool, in particular the environmental 

conditions (temperature, humidity, vibrations, etc.) 

as well as variations in the position of the axis. This 

database will then make it possible to effectively 

correct machine tool errors, improve the quality of 

manufactured products and reduce the costs 

associated with rework and lost production. 

 

Fig.1 Laser interferometer setup for measuring linear 

position errors along the X-axis of the Matsuura 

MC.760 VX MOCN 

2.2 Experimental procedure 

Renishaw's laser measurement system is 

routinely used to perform all linear motion error 

measurements. The scene and the setup of the 

measurement with laser interferometer are shown in 

Fig. 1. The laser interferometer system in question 

is made up of a set of five main units that work in 

concert to ensure optimal operation. Each unit plays 

a specific role in the process and is essential to the 

overall performance of the system. The synergy 

between these key components achieves high 

quality results and ensures effective and efficient 

use of the system, it is composed of: 

1. The ML10 laser head uses a low power 

(1mW) Class II HeNe laser beam with a nominal 

wavelength of 0.633mm (under vacuum) and long-

term wavelength stability (under vacuum) 0.1ppm; 

2. Renishaw linear optics kit including linear 

interferometer and retroreflector; 

3. Environmental compensation unit for air 

temperature, air humidity, air pressure and material 

temperature measurements; 

4. PC Gateway 2000 P166 installed with 

Renishaw laser measurement and data logging 

software; 

5. PCMCIA interface card for data 

communication with PC Gateway 2000 P166 via 

data link cable. 

A photo of mounting the Renishaw laser on the 

steel plate for testing along the X-axis of the 

Matsuura MC.760 VX MOCN and the placement 

locations of the temperature and pressure sensors 

are shown in (Figure 1). In addition to material 

temperature sensors, an air temperature sensor 

magnetically attached to the machine table as well 

as air pressure and humidity sensors were used to 

monitor environmental effects. Automatic 

environmental compensation uses the XC 

compensator to compensate for wavelength and 

thermal expansion of the material. If calibration is 

performed in an environment where atmospheric 

conditions are likely to vary during the test, 

automatic compensation is strongly recommended. 

The air and material temperature sensor used in this 

test is a smart sensor. Integrated microprocessors 

analyze and process sensor data before sending 

digital temperature values to the XC-80 

compensator. More reliable measurements are thus 

obtained. It is also one of the main factors for the 

compactness of the XC-80. In addition, during this 

test, the atmospheric temperature sensor was placed 

as close as possible to the measurement line of the 

laser beam, without interfering with the 

measurement process and far from any localized 

heat sources such as motors or DC currents. The air 

temperature sensor was magnetically attached to the 

steel plate, next to it are the air pressure and 

humidity sensors to monitor environmental effects. 

The system takes a reading every seven seconds 

from one of its environmental sensors, which is then 

transmitted to the computer. This reading is used to 

update the environment compensation factor. The 

environmental sensor readings are taken in a set 

order, i.e. air temperature, relative humidity, 

atmospheric pressure, followed by the three 

material thermal sensors. 

2.3 Measurement procedure 

For most machine tool calibration setups, it is 

recommended to mount the XL laser on the tripod 

and platform. The universal tripod and platform 

provide a stable mount for the XL laser that allows 

it to be positioned at different heights and provides 

complete alignment control of the laser beam. 

As shown in Figure 1, the linear interferometer 

is positioned in the beam path between the Laser 

XL and the linear reflector. During linear 

measurements, one of the optical components 
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remains stationary while the other moves on the 

linear axis. In this test, the reflector is installed as a 

mobile optical component and the interferometer as 

a stationary component. When mounting the ML10, 

the laser beam is aligned to avoid dead path and 

cosine errors. Full beam strength was achieved over 

the entire axis travel during the measurements. 

After having a full signal strength, the measurement 

cycle was launched immediately (machine in cold 

state) to measure the linear positioning errors of the 

Matsuura MC.760 VX machining center during the 

warm-up cycle. The measured travel of the X axis is 

set to a range of 600 mm with an interval (step) of 

1mm and X=0 is selected as the reference point. 

Linear position errors as well as temperature and air 

pressure/humidity readings were recorded during 

the laser measurement cycles. The temperature rise 

test and error measurement cycles were repeated for 

a period of 35 h. Data capture is performed by 

moving the machine (reflector) to several positions 

(known as "targets") along the axis under test and 

measuring the machine error. A G-code program 

was used to move the machine from one position to 

another according to the available stroke, pausing 

for a few seconds at each target position. 

Measurements are taken during each pause along 

the axis under test. The parameters that must be 

specified to create the movement program (G code) 

are: 

 the number of runs that the controller will 

make by the indicated targets; 

 the direction of each pass. This can be 

unidirectional or bidirectional; 

 the stopping time at each position before 

going to the next one; 

 an overrun distance, which indicates the 

region of direction inversion at the end of the 

axis limit; 

 the feedrate to move the movable table from 

one position to the next. 

3 RESULTS AND DISCUSSION 

When a machining operation requires great 

precision, temperature variations can cause errors 

due to uneven expansion, representing a significant 

obstacle. These effects can be grouped into three 

main categories: 

 Errors due to overheating of the machine or 

some of its parts. 

 Errors due to changes in ambient 

temperature and which result from the fact that 

the thermal inertia of the machine and that of the 

part are not equal. 

 Errors resulting from heating of the part 

during machining. 

Machine heating is often caused by the tool 

spindle drive motor, which is however not involved 

in the tests in question. Only the motor that controls 

the movement of the table is used for these tests, 

and it is generally less powerful than the spindle 

motor. To obtain precise machining, it is not 

necessary for the room temperature to be perfectly 

stable, but it is crucial that it does not undergo 

sudden temperature variations. Indeed, the machine 

has, by its mass, a certain thermal inertia; it does not 

instantly follow the temperature of the room. It is 

the same for the part but, as it is much lighter than 

the machine; its thermal inertia is less. On the other 

hand, the heat dissipation surface area varies a lot 

from room to room. This is why the machine must 

be given the necessary time to follow the variations 

in the ambient temperature. On the other hand, it is 

exceptional for a room to have the same 

temperature on the floor as on the ceiling. This 

results in errors originating from the temperature 

gradient having the effect of altering the 

straightness of the slideways. Finally, it is still very 

common to see heating devices that cause violent 

air currents that are harmful to the preservation of 

the good stability of a precision machine. In this 

work, the X axis of the Matsuura MC.760 VX CNC 

machine tool was tested for linear positioning error. 

Figures 2, 3 and 4 show the variation of air 

temperature, atmospheric pressure and air humidity 

during the 36 hours of testing. Figure 2 shows that 

the air temperature is not perfectly stable during the 

test, it varies in a range below 2° C. It should be 

noted, however, that the tests were carried out 

during the weekend, doors closed workshop spaces 

and in a non-air-conditioned environment. Figure 2 

also shows a linear drift between the 5th and 25th 

hour, followed by a temperature drop of about 1°C. 

This temperature drop may be due to the opening of 

the workshop door by the operator for a verification 

of the progress of the tests. 

 

Fig. 2 : Air temperature variation during the test. 

On the other hand, Figure 3 shows that the 

atmospheric pressure increases with time during the 

first 10 hours to reach a maximum value of 996 
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mbar and then drops to a minimum value of 992 

mbar after 28 hours. Then the atmospheric pressure 

increases again with time. 

 

Fig. 3. Variation of atmospheric pressure during the 

test 

Figure 4 shows the variation of air humidity as a 

function of time. The relative humidity of the air is 

expressed as a percentage and is defined as the ratio 

of the quantity of water actually contained in the air 

and the absorption capacity at a given temperature. 

Figure 4 also shows that the relative humidity is 

usually above 49% and varies relatively during the 

test. The relative humidity during the test oscillate 

between 49% and 54%. 

 

Fig. 4 : Variation of air humidity during the test 

 

Theoretically, the 21 parametric error 

components (joint kinematic deviations) are all 

subject to thermal effects. In practice, each machine 

has its own particular thermal issues depending on 

its configuration and construction. Therefore, a 

preliminary study of how the machine structure 

reacts to rising temperatures is necessary. On the 

other hand, fluctuations in environmental conditions 

cause expansion of machine elements and 

dimensional changes in the part during machining. 

In addition, the thermal stability of machine tools is 

essential to ensure the required quality of machined 

parts. Linear displacement errors along the X axis at 

different time periods are given in Figure 5. In this 

figure, the first warm-up cycle indicates that the 

errors were measured when the machine was cold (0 

hours of operation) for forward and backward 

directions, respectively. The measurement results 

show that the position errors are generally smaller at 

the beginning of the axis movement (start position) 

and have a tendency to increase with the increase of 

the nominal position of the axis. It was also found 

that although the linear positioning errors varied 

with temperature (hour of machine operation), their 

baseline profiles along the path did not change 

drastically. The magnitude of the errors gradually 

increases as the machine warms up. 

 

Fig. 5 : Linear positioning errors along the X axis. 

It can be clearly seen that each curve has the 

same variation, but with increasing operating time, 

the overall change in position deviation becomes 

larger. After reaching the state of thermal 

equilibrium, the change gradually slows down and 

the gap between the curves decreases. 

Under cold start conditions, only stationary error 

profiles (i.e. pure geometric errors) exist in the 

machine. During the warm-up cycle, time-varying 

drifts (errors of thermal origin) are added to the 

geometric errors. When the machine is in the cold 

state, the maximum linear displacement error is of 

the order of magnitude of 7 μm. At the end of the 

warm-up cycle, the error increases to its maximum 

value of 15 μm. 

3.1 Modeling of the thermal effect 

Pure geometric errors are considered machine 

errors, which exist under cold start conditions. 

During the warm-up cycle, time-varying slopes 

(thermal errors) are added to the geometric errors. 

The empirical model approach, which 

establishes the relationship between geometric-

thermal errors and measured temperatures in 

conjunction with axis position data, will be used in 

this work to predict geometric and thermal errors of 

machine tools. Accordingly, the thermally induced 

positioning error measured by the laser 

interferometer can be separated into two parts: one 

is the static geometric error related to the location of 

the axis, and the other is the error thermal related to 

the thermal characteristics and location of the axis. 

The measured positioning error can be defined as 

follows: 

pos= geo + therm    (1) 
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Where pos indicates the measured positioning 

error of the axis, geo is the static geometric error 

and therm is the thermal error. 

Thermal gradients produce significant 

deformations of machine components and 

consequently additional positioning errors 

 

therm  = p x T x     (2) 

Where  is the coefficient of thermal expansion 

(expressed in 10-6/°C) ; 

 = 11.7x10-6/°C ; 

T is the homogeneous variation of the 

temperature ( °C) ; 

p is the length of the tested element (m) ; 

Figure 6 shows the predicted thermal error therm 

for the first measurement cycle using the equation 

(2). 

 

Fig. 6 : Predicted thermal error for the first 

measurement cycle 

Many researchers have studied the method of 

modeling static geometric errors. Feng [16] 

proposed a new modeling method based on B-spline 

curves and achieved high modeling accuracy. Fan 

[17, 18] proposed the orthogonal polynomials and 

significantly improved the accuracy of machine 

tools compared to those without error 

compensation. Slamani [19] experimentally proved 

that a polynomial of degree three or four is 

sufficient to represent the static geometric errors of 

a MOCN. Based on the results of Slamani [19], a 

polynomial of degree 3 is adopted in this work to 

model the static geometric errors. 

geo= 0+1X+2X
2
+3X

3
    (3) 

Where, geo is the static geometric error (result 

of the first test (first cycle)) is X is the nominal 

(programmed) position of the X axis (joint 

coordinate). According to the equation (1)  

 geo = pos - therm    (4) 

equation (3) can be written in matrix form as 

follows: 

 

 (5) 

 

= X        

(6) 

Equation (6) presents a linear system with four 

unknowns, the resolution of this equation making it 

possible to find the coefficients    in the sense of 

least squares. After solving the estimated equation 

becomes: 

 

Figure 7 shows that the estimated model is very 

representative, it offers a quality of adjustment of 

R²=90%. 

To validate the proposed model, we randomly 

take a test cycle, say the seventh cycle. For this, the 

thermal error is predicted again using the equation 

(2).  

 

Fig. 7. Measured and predicted positioning error for 

the first measurement cycle, including thermal effect. 

The results obtained are then added to the results 

of the static geometric errors predicted by the 

equation (3) and presented in Figure 8. 

 

Fig. 8. Measured and predicted positioning error for 

the seventh measurement cycle, including thermal 

effect. 
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A good quality of adjustment           was 

obtained which proves the validity of the proposed 

model. 

4 CONCLUSION 

By focusing on the development of a predictive 

model for geometric and thermal errors, this study 

contributed to improving the precision of a machine 

tool in the machining industry. After analyzing the 

main sources of errors, the results showed that 

thermal errors have a great impact. To quantify the 

thermal behavior of the machine tool, a 

mathematical model based on the thermal expansion 

coefficient of the material was used for a 

homogeneous temperature variation. A geometric 

errors model is also developed in this paper. The 

developed geometric error model is integrated with 

the thermal error model and found to be able to 

predict the linear positioning error as a function of 

the position of the slides under different conditions. 

Although this modeling approach was effective in 

improving the accuracy of the tested machine tool, 

the persistent thermal problem in machine tools 

requires further research to find more effective 

solutions to minimize its impact. 
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