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Abstract 

Reliable and stable processes allowing precision manufacturing are a core demand 

in today’s production. To achieve stable processes several influences on machine 

tools have to be controlled. Beside the other factors, thermal influences are among 

the most important factors infecting the production system. 

In this work two problems that are caused by thermal deviations are considered: 

Firstly the positioning error of machine tools, and secondly possible changes in the 

elastic behaviour of a machine tool due to changes in stiffness. 

Positioning problems due to thermal changes are widely examined in research and 

the focus in this thesis is laid to a machine tool control program, developed and 

used by “Company A”, which will be explained and evaluated. This program is 

used both to evaluate new machine tools but also machine tools used in daily 

production. Also the standard method of Company A to compensate for thermal 

deviations in production is shortly evaluated. 

The connection between thermal deviations and changes in stiffness of a machine 

tool is a fairly new field in research. In this work tests were done using the Loaded 

Double Ball Bar (LDBB), a tool to measure the elastic behaviour of machine tools 

during movement. The changes observed in the machine tool are documented over 

time and different thermal states. A couple of machine tools of the same type but 

with different specifications are compared and differences and similarities are 

highlighted and evaluated. 
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Sammanfattning 

Dagens produktion, som är sträver mot allt snävre toleranser och bättre precision 

kräver stabila och pålitliga processer. Flera faktorer som påverkar verktygsmaskiner 

måste kontrolleras för att nå en stabil process. Bredvid andra fakrorer har termiska 

förändringar en väldigt stor påverkan på produktions systemet. 

Det här arbetet undersökte två olika problem som framkallas av förändringen av 

termiska tillståndet, positionerings fel i verktygsmaskiner samt möjliga ändringar i 

maskinens styvhet. 

Termisk påverkan på positionerings felet av verktygsmaskiner är ett ämne som 

underöks av många forskare. Det här arbetet fokusserades därför på att undersöka 

ett program för att testa och kontrollera förändringar i verktygsmaskiner, framtagen 

av ett företag som kallas för ”Company A”. Själva programmet undersöktes och 

värderades. Programmet används av företaget både för att värdera nya maskina 

samt maskiner som används i daglig produktion. Dessutom undersöktes metoden av 

”Company A” som används för termisk kompensering i daglig produktion. 

Sammanhanget mellan termiska förändringar och styvhet av en verktygsmaskin är 

ett någorlunda nytt forskningsämne. I det här arbetet utfördes tester med en Loaded 

Double Ball Bar (LDBB), ett verktyg som mätar elastiska egenskaper av en maskin 

under rörelse. Skillnader i maskinen som dokumenterades sattes i relation till tid 

och termiska förändringar. Några stycken maskiner av samma typ men med olika 

konfigurationer jämfördes och skillnader som likheter analyserades. 
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1 Introduction 

1.1 Background 

Production in modern time faces new demands all the time. Tighter tolerances, 

more advanced geometrical forms or shorter production times are just some of the 

challenges that are demanded by different stakeholders and that production has to 

fulfil. Stakeholders in production are the manufacturer itself as well as customers, 

suppliers and subcontractors. All these different groups are participating in the 

success or failure of a product. 

The first and most important goal of a company is to earn money. Therefore the 

implementation of stable and reliable processes is the fundament for a successful 

performance of a company, as this is, “where the money is earned”. Consequently, 

the focus of every producing company should be to improve production facilities 

and to ensure a stable delivery of quality products from their processes. 

Machining performance is an important part in the production process to fulfil the 

demands of the stakeholders. It is crucial to obtain a high stability in the production 

process which leads to a stable quality of the product and makes the machining 

operations both reliable, economically reasonable and environmentally friendly.  

Reliability and repeatability of a process are the main factors to determine the 

overall performance of a production line. If a production is able to deliver products 

of the same specifications over a long time, the line can be seen as stable. This is 

especially crucial in highly automated productions or in productions with high 

volumes, where not every single part can be measured and controlled. Stable 

processes offer a possibility to lower non-value-adding measurement effort by 

delivering a reliable quality all the time. This stability is influenced by many factors 

such as machine performance, raw material or environmental conditions. 

No production is able to deliver stable processes if the raw material varies in quality 

and characteristics. The raw material supplier has the responsibility to deliver 

material with constant specifications to enable the following production steps to 
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continue with a stable and standardized process. Though this is a very important 

aspect of production, it shall not be considered further in this paper as the focus is 

laid on the actual machining process and the machine tools performing it. 

To reach a stable process two more points are crucial: Machine performance and 

stable environmental conditions. The influence of ambient temperature, humidity 

and further environmental conditions becomes more important, the more accurate 

the production is supposed to be. Changes in these factors directly influence the 

machine tools and other production equipment so a constant environment will 

increase the chance on a stable process significantly. 

Machine performance is therefore depending on stable environmental conditions, 

but even internal factors influence the accuracy and stability of a machine tool. One 

of the main factors are the changes within a machine tool caused by the operation of 

itself. When you start up a machine tool, several factors change, or might change, 

over time. Two of these characteristic factors are the stiffness and the position 

accuracy of a machine tool. The focus of this paper will be on these two aspects. 
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1.2 Machine tools 

When agreed, that a machine equipped with self-acting movement of a machined 

part and tool is called a machine tool – then it must be assumed, that England is 

machine tool’s homeland, where in year 1794 Maudsley patented the first device 

for mechanical guidance of a tool – a compound slide – and where basic types of 

machine tools have been created, that is screw-cutting lathes, drilling, boring and 

planing machines and others. 

Prof. Geisler 

Conference on Machine Tools, Warsaw, 1939 

While Geisler sets the beginning of the history of machine tools to the year 1794, 

other authors [1] set it to times as early as the beginning of the 18
th
 century. The 

Merriam-Webster encyclopaedia defines a machine tool today as a: “Stationary, 

power-driven machine used to cut, shape, or form materials such as metal and 

wood” [2]. With these definitions the scope of this work regarding the equipment is 

given. As it is written above, machine tools are essential for today’s productivity 

but face several problems that have to be solved. Especially the accuracy of these 

machine tools is essential to produce parts in the requested quality. Geometrical 

errors of machine tools directly influence the outcome of a production process. 

But the machine tool can never be treated separately from the executed process. 

According to Brecher et al. [3] there is always an interaction between the machine 

tool and the process. Not only the machine tool influences the process, but also the 

other way around. While it is obvious how far the process is dependent on the 

machine tool, the opponent dependency is more complex. 

The concept of a closed structural loop as soon as there is a cutting process in 

progress describes the different dependencies. A machine tool itself can be seen as 

an open loop with the open ends at the tool and the table. As soon as a machining 

process starts and the tool is in contact with a workpiece fixed on the table, the loop 

is closed and all parts of the loop have a direct impact on the result of the process. 

The impact of the machining process on the machine tool is widely spread. It 

directly influences the machine tool e.g. regarding dynamic forces resulting from 
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the cutting process effecting the machine tool’s deformation. Also it indirectly 

changes the configuration e.g. through the impact of heat occurring during cutting 

processes. The combination of machine tool and process can be called a “machining 

system”. [4] 

According to Nicolescu and Rashid [4] the machining system’s accuracy is 

influenced by four main factors: The positioning accuracy of the machine tool, 

thermal deflections, dynamic flexibility and the static deformation of the system. 

All four parts are determined not only by the machine tool but also by the process 

itself. Especially thermal deflections can influence the other three areas as a change 

in the thermal conditions may lead to changes in positioning, stiffness and dynamic 

flexibility of a system. While process errors are hard to measure other than in the 

result and even harder to predict, machine tool configuration can be measured and 

controlled by different techniques. 

The term static deflection refers to the deflection a machine tool is exposed to due 

to the weight and static forces of its parts. A head stock mounted on a column will 

always lead to a certain deflection in the part carrying the weight of it. 

Dynamic flexibility is a factor mainly during the actual cutting process. Caused by 

the cutting process, vibrations may appear, that may have an impact on the machine 

tool. Especially if the characteristic frequency of the machine tool in general or one 

Figure 1: Nicolescu, M.; Rashid, A.; Lecture: ”Static and dynamic machining system” 
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of its parts is stimulated, the consequences on the machine tool performance might 

be significantly. 

Position accuracy of a machine tool is the key factor regarding the ability to deliver 

geometrically defined products in a sufficient quality. The position accuracy is 

highly influenced by thermal deviations as well as static deformation. In general all 

four areas are highly interconnected and cannot be seen separately from each other. 

1.3 Machine tool errors 

Commonly errors in machine tools are divided into two different groups, kinematic 

and geometric errors [5], [6]. Geometric errors occur due to the lack of precision in 

the machine tool parts while kinematic errors might be caused by geometric 

misalignments of single machine tool parts, but may also appear due to other 

problems e.g. in machine control or other parts of the kinematic system. In 

numerical controlled (NC) axes the error is a “result of mutual displacements of the 

individual components depending on the operating conditions”. [7] 

According to Schwenke et al. [5] not all deviations of a machine tool from its 

original configuration have to be considered. Just the errors that influence the 

relative motion between the tool, or more exactly the tool centre point (TCP), and 

the workpiece have to be considered. This is because the right features of the 

workpiece are the requested result from a production process. A machine tool may 

contain many more deviations from its original specifications, but as long as the 

relative movement between the TCP and the workpiece is not influenced, it is not 

an error in the closer meaning. Though, this excludes the fact that the machine tool 

contains an error, even if the produced part keeps the requested quality. Ramesh et 

al. [6] adds that not only deformation or other changes of the machine tool have to 

be considered, but also the elastic deformation of the tool, tool wear and even the 

deformation of the work holding fixture. 
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1.3.1 Machine tool error measurement 

To measure geometrical errors in machine tools, direct and indirect measurement 

methods can be distinguished [5]. While direct methods measure the machine tool 

itself with the help of various measurement equipment such as laser interferometers, 

indirect methods are based on another system. For these methods a part is machined 

on the machine and then the workpiece is measured with help of an external 

measurement device. 

The goal of direct methods is to avoid geometrical errors on the machined part by 

using accurately calibrated machine tools [8]. This requires though non-productive 

time used for the calibration and specially added self-calibration methods. 

Moreover changes in machine tool condition or the condition of tools or other parts 

of the structural loop “machine tool – machining process” are not constantly 

covered but can just be noticed and corrected during a new calibration. 

In an indirect method the produced part is measured and a feedback loop 

implements the result of this measurements as calibration for the machine tool [9]. 

A lack of this method is that the application is just useful for serial production as 

the result of the part measurements would just influence the machining process of 

the next part. In serial production it can also be used continuously to react on slow 

changes such as caused by thermal deviations or tool wear. 

There are many international standards how to evaluate a machine tool regarding 

the geometrical accuracy. The ISO 230-series cover the evaluation of machine tools 

in different condition and under various points of view. Many of these standards 

work with an indirect method to evaluate the precision of a machine tool. Even 

today a drawback of these procedures is the lack of standardized processes to 

evaluate five-axis machines. 

Uddin et al. name the National Aerospace Standard (NAS) 979 [10] as the “only 

standard describing a machining test by five-axis machines well known in the 

machine tool industry” [11]. This process makes use of the test machining of a cone 

frustum that is measured on an external device afterwards. As the only standardized 

process it is widely accepted as a final performance test by machine tool builders. 



7 

 

The problem with this test is that the geometric errors can hardly be connected to 

specific machine tool error sources, as the relation between the different error 

sources and the result is not fully understood. A specific correction of single errors 

is therefore very difficult. 

While these tests are mainly done as a complete test after newly construction or 

purchasing, faster and easier tests are needed in production environment. Archenti 

et al. differentiate therefore between two different kind of tests, the C test (complete 

test) and the Q test (quick test). [12] It is highlighted, that the Q test, which is meant 

to evaluate the machine tool just with the necessary precision, has to be fast 

especially due to economical reasons, as the non-productive time of production 

equipment has to be kept to a minimum. 

The test method developed by Archenti is based on the system of a double ball bar, 

a device that is performing circular tests to cover all moving directions of the 

machine tool. This method was invented by Ziegert and Mise [13] and was since 

then repeatedly used in the area of machine tool evaluation. [14], [15] 

Based on the idea of a circular test where all deviations from the nominal circle are 

registered [16], Archenti et al. [12], [17] developed an extension to the classical ball 

bar. This extension allows to take the influence of the machines elastic behaviour 

into account. A deeper introduction to this device will follow in section 3.2.1 

1.4 Thermal issues in machine tools 

Thermal deviations in machine tools are one of the, if not the most important factor 

concerning the ability of a machine tool to perform a robust process. [6] It is 

commonly regarded as the main contributor to the overall geometrical errors of the 

machined workpiece. [7], [14] Especially thermal drifts of the spindle system are 

often relatively large and influence the quality of the process massively. [14] As 

mentioned above, just those deviations are considered as an error, that cause a 

displacement of the TCP in relation to the workpiece. Thermal errors cause this 

displacement by deformation or expansion of single machine tool elements due to a 

change in temperature. [6] Schwenke et al. [5] highlight that changed thermal 

conditions might be reasons for location or component errors of machine tools. 
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Already in the early sixties Bryan et al. [18] started to do research about the impact 

of thermal deviations on the performance of machine tools. Today, with the 

awareness of the big impact thermal deviations have on the quality of the 

workpiece, research aiming at reduction of this impact is of crucial importance. [19] 

Traditionally, the responsibility to handle the changes due to thermal deviation was 

given to the machine tool user. [7] Extensive non-productive warm-up processes are 

still in use today to get up the machine tool on a thermally stable level before 

starting production. As mentioned these warm-up programs are time and energy 

consuming, thus expensive to use. Another request to the machine tool user was the 

levelling of the environmental conditions to erase influences from changes in the 

exterior circumstances. Even this requires a lot of effort as the machine hall has to 

be equipped with an extensive air-conditioning system. Especially in old and big 

production halls these requirements where therefore not accessible. 

In recent years the responsibility to avoid, or at least reduce, thermal influences on 

machine tool precision is more and more taken over by the machine tool 

manufacturers. Several different methods were developed to handle thermal 

distortions and will be discussed later in section 1.7 

But to be able to reduce the influence of thermal deviations on machine tools, it is 

necessary to understand the basic principles behind the changes due to temperature 

changes as well as the different influences that cause these changes.  

The reason for deformations of a machine tool due to thermal deviations is its non-

conformal response to changes in temperature. The ability to keep the demanded 

configurations even under changing thermal conditions can be defined as thermal 

stability. The higher the thermal stability of a machine, the less vulnerable it is for 

thermal changes. [19] The evaluation of the thermal stability of a machine tool is 

influenced by many different factors. It is not only the direct influence of the 

internal and external heat sources, but also the structure of the machine tool itself, 

materials used in the structural elements, symmetric geometry or the construction of 

joints and other crucial parts that are important to consider. Especially physical 

parameters such as heat transformation or expansion coefficients play a central role. 
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The often significant differences in these parameters between different materials 

used in the machine tool structure may cause additional problems. [5] 

Another problem is not only the different responses to thermal deviations by 

different materials and machine tool parts, but also the non-conformal distribution 

of temperature over the machine tool. The various heat sources influence the 

machine tool either locally or globally and therefore lead to changes either in the 

whole structure or just in single parts. 

Bryan [18] lists six sources of thermal influences on a machine tool: 

I. The cutting process itself and the heat generated in it 

II. Heat generated by different heat sources inside the machine 

III. Thermal influences provided by heating or cooling systems 

IV. Environmental conditions 

V. The effect of people 

VI. Thermal memory of previous environment 

All these sources have an effect on the machine tool accuracy. They can interact 

with each other, influence different part of the machine tool with contradictory 

effects and therefore all together create the non-uniform temperature field on the 

machine tool structure. The importance of the different sources may thereby vary 

from machine to machine or even from process to process. Some consider a change 

in the ambient temperature as the main contributor to thermal deviations in machine 

tools or even a steady state on a temperature other than 20° C. [7] Others [6] name 

the actual cutting process as the major source of deviations regarding the final 

accuracy of the job. Here cutting fluids may play an important role as well, as they 

are influencing the heat created in a cutting process directly. Some authors claim 

this would solve the problem of heat creation in the cutting process [20] while 

others [18] claim that the use of cutting fluids is mainly influencing the heat 

distribution in a machine and thus increasing the thermal displacements rather than 

decreasing the temperature changes. In general this problem is not known in detail 

yet. Compared to the research done in many areas that can have an impact on the 

thermal deviations, such as simulation, compensation or reduction of errors 
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introduced by internal heat sources, there is a lack of knowledge about the influence 

of the cutting fluids. [7] 

Another important point regarding the cutting process is the increase in machining 

speed that is observable in the recent years, as in the application of high speed 

machining processes. These increase in machining speed also leads to an increase in 

the heat generated in the machining processes. [21] While this leads to an even 

more complicated situation in the machine tool, the requirements for machining 

accuracy are growing at the same time, make it necessary to control and reduce the 

thermally introduced errors. 

One of the main problems in reducing the thermally introduced errors is the above 

mentioned combination of several heat sources that create a non-uniform 

temperature distribution. Even with a constant temperature gradient it would be 

difficult to predict the resulting error due to the number of parts in a machine tool 

and their diverse reactions to thermal changes. But the interaction of the different 

sources lead to a highly complex machine tool error that is hard to predict. [22] 

While it is known that the main mode of heat transfer is conduction [6] it is still 

impossible to create suitable models for whole machine tools considering all 

different kinds of heat transfer (conduction, conversion and radiation) as well as the 

non-ideal reality of machine tools. More about the techniques to predict, 

compensate or avoid thermal errors will be written in section 1.7 

Moreover, according to various authors [23],[20] the elastic displacement of a 

machine tool due to thermal deviations has a large time constant. This is also 

influencing the common technique to use warm-up processes as the achievement of 

a steady state is more a question of days rather than hours. Especially the response 

to external heat sources such as machine shop temperature leads to slow changes of 

the whole structure of the machine tool. Thus, those external influences affect the 

whole volumetric performance. In contrast, internal heat sources like bearings or 

motors have a more local impact and lead to local deformations that may affect the 

accuracy of the machine just partially. [7] 

These different effects are part of the distinction between position dependent 

thermal errors (PDTE) and position independent thermal errors (PITE), according 
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to Ramesh et al. [6] Position independent thermal errors influence the machine as a 

function of temperature but not of axis position, so they affect the machines offset 

rather than geometrical or kinematical properties. Such offset changes are easier to 

handle but they still lead to a geometrical error at the workpiece. An example for 

PITE is the distance between the table and the TCP. If the table is warming up due 

to any heat influence, the material might expand so the whole surface of the table is 

getting closer to the spindle tip, regardless the axis position. 

Position dependant thermal errors in contrast are errors that are a function of the 

temperature and the axis position. An example for these errors could be a 

misaligned position of the table on the axis. If the ball screw guiding the table has 

just one fixed bearing and is growing due to thermal expansion, the positioning 

error is growing with the distance between table and bearing. 

Additionally to these immediate reactions to temperature changes it was observed 

that machine tools have some kind of a memory for former environmental 

conditions. Processes that are not known yet may for instance influence a machine 

tool that was transported in cold weather. Even if it is placed in a steady 

environmental atmosphere afterwards, experiences of companies show that the 

machine tool keeps some of the changes. [18] 

To measure the thermal impact on the accuracy of a machine tool is a challenging 

task in today’s production. ISO 230-3 describes some test methods to evaluate 

changes caused by diverse machine tool motions on the TCP. [24] As in most 

standards the test of rotary axes is not included. Moreover, as all the other 

conventional thermal test methods, just single points are measured, not the error 

motion of an axis. From these measurements of discrete points the error motion of 

the axis is calculated instead of measured directly, thus PDTE may not be 

recognized. 
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As a conclusion it can be stated that thermal errors are most probably the main 

contributor to geometrical errors on the final workpiece. While the effort and 

therefore the cost involved to handle these problems is high, this can be equalized 

by the achievements that can be made by reducing this problem. [6] 

Whilst the influence of thermal deviation on the accuracy of machine tools was and 

is object of intensive research, the influence of changing temperatures on the 

stiffness of machine tools is widely ignored by researchers yet. The stiffness of a 

machine tool is determined by the stiffness of every part of the structural chain but 

equally important is the contact stiffness in the many fixed or moving joints. [12] 

Due to this complexity the influence of thermal changes on the overall stiffness of a 

machine tool is hard to predict and needs to be evaluated experimentally. 
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1.5 Heat sources in machine tools 

There are external and internal heat sources that influence the performance of a 

machine tool. The most important external heat source is the environmental 

temperature, but also impacts of sun radiation or forced convection in airstreams 

(e.g. of air conditioning) are impacts that have to be considered. The role of the 

cutting process as a heat generation process was already discussed above. 

Apart from these external heat sources there are a number of internal heat sources 

that have impact on the temperature distribution within the machine tool. The main 

heat source inside a machine tool is the spindle system including the spindle motor 

and the bearings. [20] Apart from the heat generation in an electrical motor the 

bearings of the spindle have to carry the load of enormous speed of rotation. In 

future magnetic bearings may reduce the impact of these bearings to the heat 

generation, but up to today the rolling elements create a considerable amount of 

heat. 

Similar to this there is heat generated in the ball screws and other bearings of the 

axial drives. This mainly influences the thermal errors in the affected NC axes. [7] 

But as the speed of motion in these bearings is not as high as in the spindle, the heat 

generated is much lower. 

Apart from spindle motors, even the motors for axial drives are a heat source in the 

machine. Additionally bearings and all other parts other than the static elements of 

the machine tool are possible contributors to the heat generated in the machine tool. 

This includes any kind of transmissions, couplings, brakes, and the hydraulic, 

pneumatic and electric systems. [19] 

In general, all these elements are able to create an impact to the thermal deviation. 

First on the parts it is in contact with, which is then spread inside the machine tool. 

As it was mentioned above, these internal heat sources are responsible especially 

for local changes in temperature and therefore local deformations whilst external 

heat sources as environmental temperature influence the whole volumetric 

performance. [7] Therefore the impact of internal heat sources may lead to 

immediate reactions. 
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Figure 2: Infrared (IR) image of the machine tool at the technical school 

Figure 3: IR image of the same machine tool after six hours of warm-up 
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1.6 Detection of thermal deviations 

According to Ramesh et al. [6] the treatment of thermal errors will in future mainly 

be based on the prediction of deflections from discrete temperature data. Other than 

the deflection of machine tools, thermal changes are relatively easy to detect. 

Thermometers are among the most commonly used metrology devices in the world 

and offer a wide range of temperatures, accuracy and output data format. 

More difficult is the detection of changes inside the machine tool, especially inside 

single features of it. The implementation of sensors inside solid parts always 

changes the properties of this area and thus influences the behaviour of the 

machine. To apply measurement devices on single machine tool parts is not suitable 

either, as very rare surfaces are approachable, that deliver useful temperature data. 

Areas of interest such as the ball screws cannot constantly be measured with contact 

probes. During operation the nut covers most of the surface area of ball screws, so 

the attachment of contact thermometers in any form is not suitable. [25] 

Nowadays most machine tool manufacturers use some kind of temperature logging 

in discrete points in their machines. These thermometers are build in the machine 

structure and therefore the position of them as well as the influence on heat streams 

can be calculated already in design stage. 

The determination of these very few discrete points is very difficult, though. To 

define the points of the machine which’s temperature expresses most about the 

deformation of the machine tool is either a process of extensive research or of 

simulations. As mentioned above, a complex field of temperature gradients can be 

found in machine tools, making it extremely difficult to determine just a few points 

that can deliver precise information about the deformation. Therefore the detection 

of thermal changes in machine tools are normally used solely for simple 

compensations in one axis. 
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1.6.1 Equipment for monitoring temperatures 

There is a difference of the equipment used for constant temperature monitoring in 

everyday production environment on one hand and the equipment used for special 

tests on the other hand. A widely spread technique of measuring temperatures is the 

use of thermocouples. [6], [20], [25]. These are attached on the surface of the 

feature to measure, and the data can be read out either constantly or periodically. As 

mentioned above, the use of this technique is constrained to surfaces that are not 

covered by any other parts. Surfaces of ball screws are normally not suitable for this 

kind of measurement devices, but in research this technique has been applied even 

to these surfaces. [25] Here the thermocouples were applied for a measurement 

while the machine tool was standing still and removed after the measurement. 

Further techniques to detect and monitor the temperature of machine tools are 

named by Mayr et al. [7] As an alternative to thermocouples different types of 

resistance thermometers can be used. Especially those with a linear characteristic 

were used in the past as the calculations were kept easy. With computing 

technology other systems can be used, such as thermistors. These sensors are based 

on the connection between the resistance and the temperature of a material and are 

available as negative temperature coefficient (NTC) and positive temperature 

coefficient (PTC) thermistors. 

Special colours were also used to visualize the temperature fields of surfaces. [7] 

Depending on the temperature the absorption of light of these colour was different 

and so the temperature was made visible. 

This system is similar to other techniques based on the radiation of bodies. 

Everything with a temperature other than 0° K emits electromagnetic waves. These 

waves can be used to measure surface temperature of the body. Pyrometers are one 

kind of the contactless measuring devices using these electromagnetic waves to 

determine temperature. Handheld pyrometers measure the intensity of infrared 

radiation and determine the temperature of the surface with it. 
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The same principle is used by infrared cameras. These cameras also measure the 

intensity of the infrared radiation and visualize the different intensities in a thermal 

picture of the area. Both these techniques have though serious backlashes regarding 

the precision of the measurements. 

Infrared emission is not only depending on the temperature of a body but also on 

other factors such as colour or surface quality. [7] Environmental temperature is 

also influencing the measurement as well as distance to the measured part and 

reflections of other heat sources on the surface. These dependencies make it 

difficult to determine the exact temperature of a body just by infrared measurement. 

A calibration is needed before and has to be repeated for every single surface 

measured. Moreover measurement is just applicable on directly accessible surfaces. 

Every surface covered by other material, even transparent material such as glass, is 

not possible to measure anymore, as the device would measure the radiation of the 

covering material. Especially in today’s machine tools with extensive safety and 

housing constructions this complicates the measurement with infrared techniques. 

But to monitor quantitative temperature changes and thermal gradients on 

accessible surfaces, the infrared camera is a highly useful tool, as it visualizes the 

results directly and has no need for deeper analysis. Therefore it is especially useful 

in daily process monitoring to detect changes in the routines causing local heating 

above the usual level. 
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 Figure 5: Reflection of heat on a Rugotest reference part for turning with Ra 0.4 µm to 

50 µm at room temperature of 20.5° C, from IWF 

Figure 4: Left: three axis milling machine; right: infrared temperature measurement of the 

Z-axis with (a) surfaces prepared with adhesive tape and (b) unprepared metallic surfaces of 

spindle housing [7] 
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1.7 Strategies to avoid changes 

The massive influence of thermally introduced errors on the final result of the 

process, the workpiece, make it necessary to try to avoid, or at least minimize these 

errors in the machine tool. To achieve this goal a lot of different techniques and 

theories are employed. By using the right systems the reduction of thermal drift and 

therefore thermal errors by up to 80 % [19], other authors claim even 90 % [20] is 

possible. This reduction is satisfying at least for the machine tool manufacturers but 

may not be sufficient for precision manufacturing. Therefore further measures have 

to be taken into consideration. 

The first point to mention is that all solutions to minimize thermally introduced 

errors can be sorted into one of the following three categories [6],[26]: 

 Construction  solutions to avoid deformation 

 Control  of heat flows and thus of the deformation 

 Compensation  for deformation 

These three categories can be further subdivided but the “three big C” are the main 

system covering both, the commonly used as well as the measures examined in 

today’s research. 

All three groups demand a deeper understanding of heat flows in machine tools, 

thus not only in material but also in joints and other contact surfaces. As discussed 

before this knowledge is not yet developed to the end so all measures, no matter to 

which of the categories they belong, are not able to erase thermally introduced 

errors completely. 

Due to this lack of final efficiency another technique will be discussed in this 

chapter which is not actually a technique to avoid thermal deflections of machine 

tools, but to avoid the impact of these deflections on the part produced in the 

machine tools. Today it is still common, at least in precision manufacturing, to use 

extensive warm-up programs for machine tools to reach a steady state where no 

further changes are expected. One of the goals of the other practices is to make 

these warm-up programs redundant. 
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There are several factors affecting the choice of which method of error reduction is 

suitable. The state of the lifecycle of the machine tool is one of the factors 

Construction measures are the group of actions that are just available for machine 

tool manufacturers. While this group is applicable exclusively during the 

construction of the tool, Control of heat flow and Compensation for thermal errors 

can both be applied later in the lifecycle. 

It is stated by Jedrzejewski [19](p.122) that changes in the design and construction 

of a machine tool are not suitable to erase thermally introduced errors completely. 

Instead, especially for high speed cutting and precision manufacturing further 

measures are necessary. 

Another problem in the effort to minimize the thermal error is that not just internal 

heat sources are responsible for the changes in the machine tool, external influences 

can neither be neglected. [18]] 

1.7.1 Warm-up 

Extensive warm-up processes are used in today’s production units to prepare 

machines for precision manufacturing. These process cannot be seen as a measure 

to reduce the thermal changes in machine tools, but to avoid an impact of these 

changes on the machined workpiece. The idea behind the application of this praxis 

is to bring the machine tool to a steady thermal state, where no changes in 

temperature over time are happening during production. 

The many backlashes of this method are obvious: Machine time is used for non-

productive machine tool movement instead of machining processes. This is not only 

energy intensive, but reduces also the machine availability as every single stop of 

the machine is extended in time. 

Another disadvantage is the lack of knowledge, how much time is needed to reach 

such a stable condition in a machine tool. Several theories are used, mainly based 

on the experience of the manufacturers. Some companies run a machine tool for a 

specified time (e.g. “24 hours until production starts”), others are using other 

principles such as “running the machine in warm-up mode as long as it stood still 
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before”. The big differences in these theories already show, that no deeper 

knowledge is available than the experience of the different users. 

Another backlash is the type of the warm-up program used. If it is not the same 

program that is running on the machine later in production mode, there is a risk of 

thermal changes later on due to different load on different machine tool parts. But 

even if the program is the same as used later in production, short stops such as for 

tool or workpiece changes may affect the thermal status of the machine tool and 

they are not considered in the warm-up programs. 

Generally warm-up programs are not only expensive and time consuming but also 

just rough copies of the production reality. A replacement of these praxis by 

powerful measures to avoid thermal changes in machine tool is therefore desirable. 

1.7.2 Construction 

In the design stage of a machine tool many different measures can be taken to 

minimize thermally introduced errors. Traditionally machine tools are designed 

regarding stiffness, stability or damping of the system. If the theory of heat 

generation and transportation is understood and employed in the design process, 

several actions to handle these problems are considerable. 

The most obvious choice would be to get rid of as many heat sources as possible to 

avoid heat generation in the machine tool. Unfortunately, the total avoidance of heat 

generating processes and parts in the machine tool is impossible. Even if motors for 

spindle and drives are placed outside the machine tool itself, maybe even isolated 

against the environment, the system forwarding the movement to the machine tool, 

such as clutches, ball screws, nuts, etc. would create heat. 

As it is impossible to remove all heat generating processes from the machine tool, 

the task is to design it for best possible thermal stability. One of the main focuses is 

therefore set to the symmetry of the construction. If a machine tool consists out of 

symmetric structural parts, there is a chance  that even the thermal deformation will 

be symmetrical. This principle does not help to avoid thermal deformation, but the 

error is easier to map if the distortion is guided in one direction and not a multi-

directional deformation. Another part in this is the application of equal materials 
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and geometrical properties on different sides of the machine. This is especially 

important to avoid bending of the machine tool due to external heat sources such as 

varying environmental temperature. [20] 

Similar to this the symmetrical construction of moving elements such as ball screws 

is preferable. If the ball screw is guided in fixed bearings in both ends, the thermal 

error will be smaller than for a ball screw with one floating bearing. [7] 

The application of advanced materials with smaller thermal expansion coefficient or 

better isolation properties as the normal materials used in structural parts can also 

be a solution. To build main parts of the machine tool structure out of cement 

concrete (thermal expansion coefficient α = 14.5 * 10
-6

 * m / m * K 
1
, thermal 

conductivity κ = 1.65 W / m * K 
2
) or fibre reinforced plastic (α and κ variable) 

instead of casted iron (α = 10.4 * 10
-6

 * m / m * K 
1
, κ = 55 W / m * K 

3
) may lead 

to reduced deflections or at least reduced heat transfer inside the machine tool. 

[27][28][29][6] 

If all the mentioned constructive measures are insufficient to reduce thermally 

introduced errors in a sufficient extend, further applications that may be regarded as 

control of heat flow might be considered. Forced cooling of special parts or even 

forced heating or forced heat transport are some of the possibilities that might be 

applied to control the deformation. [19] These preparations to guide the heat 

distribution may therefore be regarded as the first step into the next area of error 

avoidance, the control of heat flows. 

  

                                                      
1
 http://www.engineeringtoolbox.com/linear-expansion-coefficients-d_95.html 

2
 International Standard EN-ISO 10456:2007 'Building materials and products - 

Hygrothermal properties - Tabulated design values and procedures for determining 
declared and design thermal values' 
3
 http://www.engineeringtoolbox.com/thermal-conductivity-d_429.html 
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1.7.3 Control 

The control of heat flows and therefore the control of thermally introduced 

deformation is another part of the minimization of thermal errors. The basic idea is 

to create a uniform thermal field that is affecting the different parts of the machine 

tool in the same way. To achieve this, both heating and cooling of different machine 

tool areas is used as well as the guided heat transfer of generated heat. 

The disadvantage of these methods is the effort made to either cool or heat single 

parts of the machine tool. Both processes are complicated and costly and should just 

be applied if other ways of reducing the error are ineffective. [19] 

Cooling of the heat sources of a machine tool is one method to level temperatures. 

If any cooling mediums are applied oil is most commonly used for it, less often air 

and as often as possible water with anticorrosive additives. [19] As it was shown in 

[30], the application of fluids, especially cutting fluids does not necessarily reduce 

the heat in a machine tool. If the temperature of the fluid is not controlled it may 

rather influence the distribution of the temperature but not cooling the machine tool. 

Therefore temperature control of the fluids is necessary for using them as 

temperature levelling mediums in a machine tool. [31] 

More often than cooling heat sources the heating of other parts of the machine is 

applied. Especially the processes using the heat available inside the machine tool 

and just distributing it to other places are highly applicable. This is mainly because 

the heat is already available and just needs to be guided inside the machine tool. 

Inasaki applied highly conductive heat pipes to the headstock of a machine tool, 

increasing the thermal conductivity of this area remarkably. [20] With this the heat 

distribution was levelled over the whole body which significantly reduced the 

thermal drift to about ⅓ or ¼ of the original value. Moreover the time needed to 

warm-up the structure to a steady state was reduced by 50 %. Other systems also 

made use of highly conductive heat pipes [32] or the installation of further heat 

sources. [33] 
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1.7.4 Compensation 

Compensation for thermal errors is employed, if the redesign of a machine tool 

alone does not lead to the requested accuracy. Moreover it is also applicable to be 

used in already existing machine tools to increase their performance and to stabilize 

production processes. Often it is more cost effective to apply compensation 

methods rather than extensive measures of controlled heat transfer or 

heating/cooling of machine parts. [6] 

A lot of models are developed that base on the same principles. A deviation from 

the standard configuration is registered, the deviation is modelled or measured and 

then compensated. [34] The biggest difference is in the measuring part, as different 

principles base on the measurement of different variables. All measurements are 

then used to readjust the axes positioning. [7] 

For compensation methods it is differenced between direct and indirect 

compensation methods. Generally spoken direct compensation methods use 

geometrical measurement data taken at the time of the compensation while indirect 

methods use secondary measurement data such as temperatures to compensate for 

expected geometrical deformation. To calculate the expected deformation out of 

this secondary data, procedures based on rigid body models, artificial neural 

networks, linear expansion models or other models are applied. The direct 

compensation methods always need a fixed reference to measure the deviation to 

this reference periodically. [7] 

Both methods have advantages and disadvantages so there is no ultimate choice that 

fits best to all situations. Direct compensation methods would be preferable, if the 

measurement of the current displacement could be done not only in real time, but 

also during the value-adding production process. As this is not possible yet, indirect 

compensation methods are often the choice, as they do not require a production stop 

and non-productive measurement processes. The requested continuous 

measurement of temperatures is possible to achieve and therefore these indirect 

methods are commonly used in today’s machine tools. [19] 
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1.7.4.1 Direct 

The advantage of direct compensation methods is the precise knowledge of the 

current deformation and therefore the possibility to compensate exactly for this 

deformation. [23] Through the calibration of the machine tool relative to a fixed 

artefact in the machining area the current deformation in all machine tool axes can 

be checked in specified time intervals. Then the compensation for the determined 

deformation can easily be calculated and applied through the machine control. 

Another advantage of these direct compensation methods is that no extensive 

calibration procedure for the compensation is needed. No complicated mathematical 

model is used, just simple linear regression to compensate for the errors. [23] 

The obvious disadvantage of this method is the time needed for the measurement. 

Even if the measurement cycle is pretty short, the regularly repeated process will be 

unproductive time of the machine tool. A sufficient sampling rate will always be a 

tradeoff between precision of the data and economical considerations about the 

non-productive time. Moreover you need to find a possibility to fix a reference 

object in the machining area inside the machine tool. The closer you are to the 

actual machining point, the more problematic the presence of such a reference 

might be for the machining process, the further away from the process the artefact 

is mounted, the less accurate the deformation measurement will be. 

Generally spoken the direct compensation method would be highly efficient, if a 

method to monitor the current deformation in the ongoing production process 

would be available. Due to the lack of this method direct compensation methods 

always include an interruption of the production process which lowers the 

economical efficiency of the machine tool. [19] 
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1.7.4.2 Indirect 

The area of indirect compensation is probably the area with the most intensive 

research carried out by many authors. The reasons for the big interest in this area 

are the possible advantages that would be achieved by the development of a 

powerful indirect compensation method. Compared to all other alternatives indirect 

compensation methods offer the best combination of sufficient error compensation 

and small economical disadvantages. If a indirect compensation method could be 

developed, that is constantly compensating for the current thermal displacements 

without the need for non-productive measurement cycles, the advantages of the 

different methods would be combined. 

Unfortunately such a method is not available yet and indirect compensation 

methods basically try to approach the current error as close as possible based on the 

calculation of this error through secondary data. 

While the basic principle is similar for all indirect compensation methods, the 

applied techniques vary widely. Most common compensation methods use 

measured temperature as the input data to calculate the machine tool error at every 

time. [23] After calculating the current error out of this data, the offset is 

compensated in the machine tool control. To enable such calculations a function 

must be found connecting the temperature of discrete points with the displacement 

of the machine tool. This function is either developed by simulations or extensive 

machine tool metrology. 

The problem with using temperature as input data is the necessity of knowledge of 

the complete temperature distribution in a machine tool to enable precise 

compensation. [35] As this knowledge is impossible to get, research is focussing on 

the determination of discrete points whose temperature data is sufficient to calculate 

the current error. But with this tradeoff it is always accepted, that the knowledge 

about temperature distribution and therefore the precision of the compensation will 

remain incomplete. [23] 

Accepting this the focus on current research is to develop a method with the 

smallest possible error. Most researchers use machine tool metrology to examine 

the errors of the machine tool at different temperature levels and then take this data 
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as an input to develop the error function. [6] With this function the estimation of the 

geometrical error at any temperature level is possible. Based on these estimations 

the machine tool control will compensate the position to avoid errors on the 

workpiece. 

The metrology tools used to map the errors of the machine are various and are not 

only used in thermal evaluation but also in regular machine tool metrology. Mayr et 

al. [7] describes the error measurement using four tracking interferometers, to 

enable a quick measurement. This is important to avoid cooling effects while the 

machine tool is standing still. With the fast measurement it is possible to use the 

achieved data for an error map of different thermal states. 

While the measurement of both, temperature and location errors is not an invincible 

problem, the main task is to find a calculation model to connect the different data in 

a way that is usable for the error calculations of every possible status. A common 

approach for these calculations in research today is the application of Artificial 

Neural Networks (ANN). [7][20][36] These networks are computational models 

whose invention was actually inspired by the central nervous system of animals. 

The idea is to interconnect several input and output factors by several functions. 

Figure 6: Hao, W. et al., Thermal error optimization modelling and real-time compensation 

on a CNC turning center, Journal of materials processing technology 207, 2008 
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These connection functions are generally unknown. The system is able to develop 

these functions by itself when it is taught by inserting defined output data for 

defined input data. The crucial point of the ANN is the possibility of learning of the 

system. It is able to recognize patterns and calculate connection functions so that 

the output data can be calculated even for input data that was not taught in the 

beginning. 

Another advantage of ANN is the ability to reduce input data sources. While 

teaching the system it is able to recognize input sources that are redundant and 

remove these. This is an interesting factor regarding the number of temperature 

sensors needed to calculate the geometrical error of a machine tool. Therefore ANN 

do not only help to compensate for the current error, but also to optimize data 

collection and calculation processes. 

Even with ANN the challenge is to find the optimal number of measeured 

temperatures in the machine tool to compensate with a sufficient precision while 

keeping data collection and calculation effort as low as possible. It was found that 

with the application of six temperature sensors and a linear calculation model the 

thermal errors can be minimized by 80%. [7] Modern machine tools normally use 

two or three temperature sensors to compensate mainly for spindle drift, sometimes 

also for expected geometrical errors in the other axes. But these compensations are 

far away from being sufficient for precision manufacturing. 

The reason, that the more accurate indirect compensation methods are not widely 

spread in production yet, are the disadvantages they have and the effort it takes to 

implement them. To teach the machine tool the situations at the different 

temperature distributions it is necessary to create those thermal states, measure the 

machine and cool it down again, for the next thermal deviation mode. It is therefore 

not only a high precision process, needing extensive metrology equipment but also 

time consuming. Due to the above discussed dependency of the machine tool error 

not only to the construction in general but also to variable factors, this process 

cannot be examined just for one kind of machine tool and then applied for machine 

tools of the same series. The results would not be sufficient. 
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Depending on the system used to measure the machine tool errors it is rather a 

question of weeks of metrology until a sufficient number of thermal states and error 

measurements are collected. [23] In this case the impact of each axis movement on 

the geometrical error was determined separately to create a superposition 

afterwards. Three axes and a spindle needed to be defined, for a reliable model the 

application of four loads on each of this axis was examined plus the impact of 

environmental changes. Including the cooling time of the machine tool 17 days 

were needed to define the error movements on this three axis milling machine. Four 

a five axis machine tool the time effort according to this method would be 25 days. 

Another problem is the time lag between the changes of the temperature field and 

the observed deformation. The error motion of the machine tool is not only 

influenced by the current temperature field but also by the preceding status. With 

these constraints some methods are considered to be inadequate to describe the 

deflection as they are not able to keep track of the history. [26] 

Due to all this disadvantages alternative methods are developed and applied to 

compensate for thermally introduced errors. A model developed by Brecher and 

Hirsch makes use not of the temperature data of the machine tool but of rotational 

speeds of the main spindle and the feed drives as well as the drive torques. [23] The 

idea is to use the data that stands behind the internal heat sources instead of the 

resulting temperature. Just the environmental temperature is also used as an input 

factor as this cannot be estimated by other factors. The result of this method is 

equally good as the results of other indirect compensation methods. 

One more problem has to be named that is shared by all the different indirect 

compensation strategies. The heat generated in the cutting process, more precisely 

at the actual cutting point, and which is distributed by the tool, the workpiece, chips 

and the coolant, is not considered in the models. [23] The effort to compute this 

data would be too big and a measurement is impossible up to today. This is another 

point why indirect compensation programs will hardly be able to compensate 

completely for the current geometrical error. 
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2 Purpose of the research 

All the aspects of thermal influence on machine tool behaviour mentioned above 

challenge today’s manufacturers to find solution that work in everyday production. 

While some of the presented solutions promise big improvements of machine tool 

stability and accuracy, not all of them are applicable in daily production yet. 

Construction aspects of machine tools apply only to the machine tool manufacturers 

that want to increase the performance of their machines, but do not offer any 

solution for the users of machine tools. 

The extensive warm-up procedures used today are a waste of time and money and 

should be replaced by more efficient and economically useful procedures. But even 

if indirect compensation promises good results in geometrical error correction, the 

effort needed to implement these procedures to a whole group of machines is still 

too high. This effort may be reasonable for research reasons, but in a normal 

production environment it is not affordable to evaluate a machine for weeks and 

teach it the deformation in different thermal states. Especially as the sufficient 

success of this procedure is not proven. 

Two of the most advanced manufacturing companies in the world, “Company A”, a 

cutting tool manufacturer, and “Company B”, a company manufacturing moulds for 

injection moulding, are therefore looking for evaluation and solutions of their 

problems. While Company A is focussing on the positioning changes of a machine 

tool due to its thermal deviations, Company B is interested in the changes appearing 

in the stiffness of a machine tool when its thermal conditions change. 

2.1.1 Company A's target 

Company A is using two different direct compensation methods for machine tools, 

both in daily production as well as in the evaluation of machine tools they are 

potentially going to purchase. These methods, based on the measurement of a 

known artefact and compensation for the changes in measurement data, seem to be 

sufficient regarding the accuracy and the result of the compensation. They are used 

in three- and five-axes milling machines in the production of cutting tools for metal 

cutting. But as mentioned above, the direct compensation has the disadvantage of 
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the time consumption for the processes so the company is looking for an evaluation 

of the processes used today and suggestions for future improvements. 

The two different processes, the machine tool evaluation program and the 

compensation program used in the daily production, are based on the same principle 

but this principle is used to different extends. While the focus of the compensation 

program is to get the data as fast as possible and as exact as necessary, the machine 

tool evaluation program performs a more extensive check of the deformation in the 

different directions. The task of this work will be to evaluate this extensive program 

and suggest improvements for the future. 

2.1.2 Company B’s target 

While Company A is focussing on the positioning problem, the interest of 

Company B is in the change of the stiffness of a machine tool due to changed 

thermal conditions. For the production of moulds used for injection moulding of 

plastic bricks, tight tolerances are requested. Today Company B is therefore using 

extensive warm-up procedures that they would like to minimize or erase to increase 

the machine tool availability and productive time. Therefore the influence of 

temperature rise on the stiffness of machine tools shall be examined and evaluated. 

Currently the company is using machine tools placed in an air-conditioned machine 

shop, erasing the influence of environmental temperature changes as it was 

suggested by Ramesh et al. [6] Additionally the machine tools are tempered by the 

use of cooling fluid which is hold on a constant temperature. With this, even the 

impact of internal heat sources is tried to kept at a minimum level. 
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3 Method 

For the different parts of the research a couple of different methods were used to get 

the data that was needed. For the evaluation of the program of company A the 

program was run on a 5-axis machine tool available at KTH, Royal Institute of 

Technology in Stockholm, Sweden. The results of these test runs were then 

analysed and improvement suggestions were made out of these analyses. 

For the research about the development of the stiffness of a machine tool under 

changing thermal conditions, tests were performed at a couple of different 

machines. Among others the machine tool at KTH and two smaller five-axis 

machine tools available at the production plant of Company B. 

3.1 Positioning 

The basic principle of the positioning tests was explained above. A reference body 

is placed on the table of the machine tool and will not be moved or removed during 

the tests. This reference body is then measured using a touch trigger probe of 

Renishaw which was installed in the machine before. The data is directly written to 

variables in the machine control as well as in documentation files. With these 

documentation files the development of the process can be shown. 

3.1.1 Idea of Company A's processes 

The program to evaluate machine tools and to compensate for thermally introduced 

errors is basically a direct compensation method as described in section 1.7.4.1. 

While a shorter compensation program is used to calibrate machine tools in the 

daily production an extensive measurement program is used to evaluate machine 

tools that might be purchased. 
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3.1.1.1 Tests in production 

The test procedure used in production is based on very basic mathematics and 

measurements. A simple cube is fixed on the machine tool table as close as possible 

to the actual workpiece and in regular time intervals the cube is measured with a 

touch trigger probe. The measurement data is compared to the position measured 

before and the tool is compensated for the changes. 

The measurement procedure is depending on the machine type. In three-axis 

machines the cube is just measured on two points on three sides. For five-axis 

machines this procedure is repeated with a tilted table. This short measurement 

cycle combines the necessary precision with the shortest possible non-productive 

time. 

3.1.1.2 Machine tool evaluation 

The program used for machine tool evaluation is not part of the daily routines in 

production. The focus of the program is put on the behaviour of the machine tool in 

relation to a very small machining area. As company A generally does not machine 

big workpieces but needs precision in a very small machining area, this evaluation 

process is not focussing on the precision of the machine tool in its whole travel 

range but just in a small volume in the centre of the possible machining area. 

A typical machine tool evaluation set up follows standardized rules. The test body, 

a precision artefact named “the half-moon probe”, according to its shape, is placed 

in the centre of the machine tool table. The data of the machine tool control is set 

accordingly to fit the zero-point and further data to the actual situation at hand. 

After calibrating the probe and the artefact, a first measurement cycle is performed 

to determine the position of the artefact in relation to the touch trigger probe that is 

mounted in the spindle. The measurement cycle includes the position control of the 

artefact in various configurations. In the case at hand, the machine tool 

configuration consists of a spindle that is moveable in X-, Y- and Z-direction while 

the machine tool table is able to rotate around the X- (A-) and the Z-axis (C-axis). 

Therefore the artefact is measured in X-, Y- and Z-Direction for the different C-axis 
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positions C0, C90, C180 and C270. The numbers equal the degrees the Table was 

turned around the C-axis. 

After finishing all these 

measurements in the A0 position, 

which equals a normal horizontal 

table, some measurements are 

done in the A90 position. Due to 

the limited access of the touch 

trigger probe to the artefact the 

measurements in A90 just 

include the length of the probe, 

so the change in Y-direction in 

relation to the machine tool’s 

coordinate system and the change 

in Z-direction in the machine 

tool’s coordinate system. 

After completing the measurement 

cycle, the data is sent both to the 

machine tool control as well as to 

a documentation file on a connected computer. The data sent to the machine tool 

control is used for immediate compensation while the documentation is used to 

evaluate the machine tool’s behaviour. 

Before the next measurement cycle is started, a warm-up cycle is performed. The 

use of a typical production program of the company ensures a thermal development 

as close to the real development in production as possible. This warm-up cycle 

takes about 13 minutes before the next measurement cycle is run, which lasts for 

about five minutes. This procedure is repeated for about 24 hours to map the long 

time behaviour of the machine tool and the approximation to a thermally and 

geometrically steady state. 

  

Figure 7: Test Body for Machine Tool Evaluation 

Program and Touch Trigger Probe 
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3.2 Static stiffness 

The question, if the stiffness of a machine tool changes over time, is not present in 

the current research. Therefore no experiences from other work could be used in the 

test design for this work. The basic principle of these tests were the same as for the 

positioning tests. Measurements are performed in certain time intervals and in 

between the machine tool is warmed up by a simple warm-up program.  

These tests were run on different machines with different setups. The main work 

was done on a three axis milling machine, placed at the machine shop of a technical 

school in Sweden. This machine has a simple configuration where the X- and Y-

axis movements are examined by the table while the Z-axis range is covered by the 

movement of the spindle head. The advantage of this machine was the lack of any 

covering, thus the use of an infrared camera to monitor the temperature was 

possible. This machine is not used in regular production anymore but for 

educational reasons, mainly for maintenance education. 

The very first test of this test series were done on two five-axis machine tools, 

available at the production plant of Company B. The setup of these machines offers 

a table with linear drive, covering the movement in X-axis direction while the 

spindle had covers Y- and Z-axis movements. These machines are regularly used 

for precision manufacturing in daily production. 

The third machine used for the stiffness tests was the five-axis milling machine 

available at KTH. This machine is just used for research and not in daily 

production. 

The program used to warm the machine tools was a very simple movement along 

the whole travel range of X-, Y- and Z-axis of the machine tools. This was chosen 

to warm up the whole length of axis drives. 

The method used to qualify the stiffness of the machine tools was the Loaded 

Double Ball Bar (LDBB), which was developed at KTH and will be further 

described below (3.2.1). Temperature of the machine tool and its environment was 

either read out from internal monitoring data (five-axis machines at Company B’s 



36 

 

plant), monitored by the use of an infrared camera, pyrometer and a normal room 

thermometer (at the technical school) or not logged (KTH). 

3.2.1 The Loaded Double Ball Bar (LDBB) 

The Loaded Double Ball Bar is a device that allows both, measuring and straining 

the machine. It is a further development of the Double Ball Bar (DBB) invented by 

Bryan in the early 80’s [37], and was developed by Archenti et al. at KTH in 

Stockholm, Sweden. [12], [17] Both devices are based on the common idea of 

circular tests. A defined circular path is run by the machine and the metrology tool 

registers all deviations from the base circle. [16] 

The LDBB was invented to test the static stiffness of machine tools in conditions as 

close to machining conditions as possible. According to Archenti et al. the contact 

stiffness is a main contributor to the overall elastic behaviour due to the high 

number of moving or fixed joints. [12] While it is possible to model and calculate 

the elastic properties of single parts, an analytical computation of machine tool 

Figure 8: The Loaded Double Ball Bar (LDBB) mounted on the test machine 
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behaviour is difficult as factors such as accuracy of the parts, pre-stresses and others 

play an important role. Therefore the invention of a metrology tool investigating the 

machine tool in motion was necessary to complete and oppose the results of 

modelling and simulation of the machine tool. 

The difference between the DBB and the LDBB is the possibility to apply load on 

the machine on the same time as it is measured. With these application more 

realistic conditions are created for measurement, that are closer to the conditions for 

the machine tool under work load. [17] Even if the load of the LDBB is not 

equivalent to the impact of cutting forces, as it is highly stable and always affecting 

the machine tool in the direction of measurement, the load has similar impact on the 

machine tool structure as machining forces. Especially the play between different 

parts in the machine tool structure such as ball screw and nut or in joints can be 

eliminated by the load of the LDBB, exactly as it would be through the impact of 

cutting forces under machining conditions. 

While at the DBB the precision spheres are mounted at the end of the bar, the 

LDBB uses a table and a spindle joint with two precision spheres. These joints are 

fixed in the machine and the bar is then mounted between the two spheres, 

measuring the changes in distance between them while the one joint describes a 

circle around the other. The measurement is normally done in one of the machine 

tool planes, for this study work it was always the XY-plane that was examined. 

Which of the joint is moving and if it is just one or both is determined by the setup 

of the machines movements. In this test series all three possibilities were used, 

either the table joint sphere moving around the fixed spindle joint (three axis 

machine tool), the spindle joint moving around the static table joint (KTH) or both 

spheres moving in one axial direction (Company B). 

In the LDBB the load is applied through a pneumatic actuator inside the detecting 

probe. Pressured air up to a pressure of 8 bar can be applied in steps of 0.1 bar, 

leading to a maximum force applied between the spheres of 868 N. The acting force 

is calculated by the pressure applied to the bar in relation to the cross section. With 

the design at hand loads between 0.5 bar, seen as “unloaded” condition and being 
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adequate to 49 N, and 8 bar (≙ 868 N) are possible. The control of the pressure as 

well as the monitoring of the measurement data is done by a computer program. 

The application of different loads will result in different deflections of the machine 

tool, depending on its static stiffness. This static stiffness is a result of the 

configuration and properties of all parts of the structural loop of the machine tool. 

The method of the LDBB allows a measurement and evaluation of this static 

stiffness in different directions as the load is applied into all directions of a plane 

during one circular measurement. The change in distance between the two spheres 

is thereby detected by the laser interferometer inside the bar. The difference can be 

measured up to ± 1 mm and the supposed accuracy of the metrology tool is 

± 0.5 µm. [12] 

The stiffness of a machine tool can now be investigated by doing a series of circular 

tests with different pressures. The deflection under the different loads is recorded 

and by using a mean square method the static stiffness can be calculated out of the 

relation between load and deflection. [17]  

A parameter that has to be regarded while using the results of LDBB measurements 

is the elastic deformation of the device itself and especially the spindle and table 

joint. These deformations were investigated in [12] for an ideal case. As the 

measurements for the tests at hand were not always possible to be performed under 

perfect conditions, due to limitations of the machine tools, the absolute values of 

the stiffness have to be taken as estimations rather than exact values. 

Beside of the circular testing method of the ball bar another method was used in this 

work. Instead of describing a whole circle with continuous data monitoring and the 

automated data evaluation, the measurement of discrete points is also possible. This 

method was necessary as the machine tool at the technical school was not able to 

move with a load of 4 bar and more on the LDBB. To avoid repeated stops of the 

machine tool, the machine was positioned on the measurement position with no 

load on the LDBB. Then the load was applied stepwise and the deviation in length 

was written down manually. For the movement to the next position the load was 

removed again and this procedure was repeated until all measurement positions 
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were noted. The measurement positions where distributed on the normal circular 

movement line with a distance of 45 degrees of the circle. 

The measurement values were then logged and the stiffness values were calculated 

through linear regression of values for three different loads. As a side effect of this 

method, both the development of the positioning error as well as direction 

dependency of machine tool stiffness was visualized. The method was used both on 

the machie tool at KTH and the one at the technical school to make the data 

comparable, while the tests at Company B were performed just in the traditional 

way. 

3.2.2 Thermal monitoring 

The monitoring of the thermal conditions of both the machine tools as well as the 

environmental temperature was done by using different metrology equipment. For 

the tests at Company B’s plant in Billund the ambient temperature was not a factor 

as the machine tools are placed in an air conditioned environment where the 

temperature was held on a constant level of 23° C over the time of testing. The 

temperature of the machine tool was measured by internal sensors of the machine 

tool. As the exact placement of the sensors was unknown the benefit is limited 

though. 

(a) At start (b) After 210 min (c) After 420 min 

For the test at the technical school the change of the environmental temperature was 

measured by a standard room thermometer. The precision is unknown, but it was 

sufficient to map the changes of environmental temperature over the time of the 

tests. The temperature of the machine tool was measured by using an infrared 

Figure 9: Temperature monitoring with an infrared camera over time 
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camera and a pyrometer. Both systems are based on the detection of infrared 

radiation and therefore the precision is highly depending on the measured body and 

the environmental circumstances. As key factors such as the emission coefficient of 

the machine tool surface and the relative air humidity were unknown even here the 

absolute values are combined with a high uncertainty, but the metrology tools were 

sufficient to get a qualitative evaluation of the changes in the system. 
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4 Results 

To be able to judge the machine tool evaluation program of Company A this 

program was installed and run on the five-axis machine tool at KTH. The main goal 

was the evaluation of the program itself and not an evaluation of the machine. 

Therefore the presentation of the test result will focus on the output given by the 

program as a source of knowledge rather than interpreting this output to 

characterize the machine tool. 

4.1 Positioning 

As mentioned above, the program used to evaluate new machine tools is based on 

the principle of measuring predefined artefact with a known position in the working 

area and compare how the measurement data change over time. To visualize the 

results, they are listed in a table as well as diagrams with some characteristic values 

are created automatically. With help of these table but especially the diagrams the 

progression of the different values can be visualized and easily accessed. The test 

was run three times in different lengths. A measurement of the current state was 

always executed first to have a reference position. In two tests 60 warm-up cycles 

were executed, resulting in a running time of around 18 hours This means one cycle 

of measurement and warm-up program lasts about 18 minutes whereof 5 minutes 

are used for the measurement and 13 for the warm-up program. 

To stress the differences between shorter and longer test runs a third cycle was 

executed that ran just 12 cycles, about  hours of testing time. 

The results of these test runs will not be presented in detail in the report, as they are 

not the goal of the research. Just some examples will be given to allow an impact on 

how the data is presented. 
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Figure 11: Detailed list about the measured values 

Figure 10: Overview over the measured data 
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4.1.1 Time dependency 

As mentioned before the changes of the machine tool over time are visualized in 

form of diagrams showing some of the characteristic values. Especially the changes 

in X- and Y-positioning are shown in diagrams and can easily be evaluated. 

The result seems to suggest a stabilization of the positioning accuracy after 14 

hours. Interesting enough the results of the further test runs could not prove this 

behaviour. Here the lack of short time tests is shown, as they are far away from 

covering the whole process of thermally introduced errors. 

  

Figure 12: Diagram of measured X- and Y-position, test 1 
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4.2 Static stiffness 

While for the positioning part the test method is in focus, the actual measurement 

results are the most important part for the examination of the temperature-stiffness 

relation. As mentioned, the tests were done on three different machines, monitoring 

both the machine tool temperature and the stiffness over time. External temperature 

recording was though just possible on one of the machines due to the safety covers 

of modern machine tools. The development of both factors was then combined to 

draw conclusions about the relations between them. 

4.2.1 Temperature development 

The temperature development of the machines was either monitored by internal 

data (Company B) or through the use of infrared camera and pyrometer (Technical 

school). The five-axis machine tools at Company B are not only placed inside an 

air-conditioned machine shop but also supplied with temperature controlled cooling 

fluid. This extensive measure is taken to keep the temperature changes as low as 

possible to minimize thermal errors in the machine tools. Therefore the temperature 

of the machine tool varies very slightly. The temperature sensor measure changes of 

less than 3° C. More exactly the temperature value given by the sensor, which is 

placed inside or close to the spindle, varies between 26,1 and 28.9° C for the first 

machine and between 27.6 and 29.3° C for the second machine during the time of 

measurement and warm-up. Especially a fast cooling as soon as the machine is 

stopped can be observed. Within 15 minutes after being stopped, the machine is 

back to its original temperature. 

Figure 13: Temperature development in five-axis machine tool 
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The machine tool at the technical school is solely consisting out of the structural 

machine tool parts and the drives. No safety devices or covers are left on the 

machine tool as well as no control of temperature is done. This offers good 

possibilities to qualitatively observe the heat development in a machine tool 

structure when the machine tool is started from cold state to warm-up. 

It is observed that at the beginning of the test run the machine parts have the same 

temperature as the environment. Small deviations of the absolute values are due to 

the different emission factors of the surfaces and the lack of calibration of both, the 

pyrometer and the infrared camera. The environmental temperature during the test 

runs was monitored by a simple room thermometer. 

After starting the measurement and the warm-up process, the different parts of the 

machine heated up in different speed and to different extents. It can be observed 

that after just a couple of hours the changes in temperature of driven parts such as 

ball screws become already quite stable while temperatures of the structural parts of 

the machine, head stock, column and machine bed are still growing. This indicates a 

steady level at the heat sources while the heat is not yet spread over the whole 

structure. 

Similar temperature developments are monitored for all the test runs, indicating a 

regular heating of the machine as long as the same movements are executed. 

 

Figure 14: Temperature development during a test run at the machine tool at the 

technical school 
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4.2.2 Characterisation of machines 

With the repeated stiffness tests combined with warm-up cycles it is shown, that 

different machines have different behaviour regarding the relation between 

temperature and stiffness. The tests at KTH and the machine tool at the technical 

school show basically the same behaviour. The stiffness of the machines varies in 

small ranges, but no general tendency of increase or decrease is shown. Instead, 

very stable stiffness values are observed during all of the tests at these two 

machines, except for one. The very first test executed at the machine tool at the 

technical school shows an increase in stiffness in the very beginning, getting to a 

stable state in the later phase of testing. (Figure 17) 

While all the test runs show a stable behaviour of the stiffness, the absolute values 

for the machine tool at the technical school vary significantly. The same test 

method should normally result in the same absolute stiffness values for the same 

machine, but does not in this case. Possible explanations to this are mentioned in 

the discussion section 0. The measurements at KTH show very similar values for all 

test runs. (Figure 15) 

 

Figure 15: Stiffness of the machine tool at KTH 
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Figure 16: Stiffness of the machine tools at Company B 

 

 

Figure 17: Stiffness of the machine tool at the technical school 
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While the stiffness in these two machines is stable over the time of the test runs, the 

stiffness of the machine tools at Company B show a different behaviour. (Figure 

16) From the first value, measured after the machine was standing still for at least 

12 hours, the stiffness decreases significantly to the second test, performed after 

approximately two hours of warm-up, and increases again after another two hours 

of movement. After the third test, the behaviour varies between the three test runs. 

While one shows a stable behaviour, one is increasing again and the third one 

decreasing to a new minimum. 

4.2.3 Dependency of orientation 

Due to the manual notation of measurement data the different stiffness depending 

on the orientation in the machine tool coordinate system can be shown. (Figure 18) 

Having the 0°- and 180°-measurements in the Y-axis direction and accordingly the 

90°- and 270°-measurements in the X-axis, the values are significantly different for 

the two directions. The measurements in the positions diagonal to the two axes 

show a value between the two extremes. 

 

Figure 18: Orientation dependency of stiffness 
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4.2.4 Positioning effects 

Beside of the differences in stiffness depending on the orientation in the machine 

tool, the method of discrete point measurement allowed also to monitor the 

positioning error of the machine tools both for the KTH machine tool as for the 

machine tool at the technical school. As the measurement data was noted for the 

LDBB positions in different angles, a tendency over time could be noticed, showing 

the relative replacement of the machine tool due to changed thermal conditions. 

This behaviour was especially obvious at the machine tool at the technical school. 

(Figure 19) In the machine tool at KTH the changes were also noticed, but the 

tendency is not that obvious, instead the changes vary in direction and range. These 

influences were unfortunately not measureable at the machine tools at Company B, 

as there the circular test method was used. 

 

Figure 19: Position accuracy of the machine tool at the technical school over time 
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5 Discussion 

Looking at the results of the machine tool evaluation test executed at KTH, some 

conclusions considering the performance of the machine tool test program can be 

drawn. As the actual performance of the machine tool is not the point of interest in 

this work, it is not further considered more than as an example of the function of the 

evaluation program. 

The results from the temperature monitoring and repeated stiffness tests at three 

different machine tools allow several conclusions regarding the heating of a 

machine tool, temperature distribution and the stiffness behaviour both generally 

and in relation to thermal deviations. 

5.1 Positioning 

The results of the tests at KTH’s machine tool can be considered to judge the 

machine tool evaluation program of Company A. The program was run three times, 

delivering different results every time. Based on these results strengths and 

weaknesses of the program are mentioned 

5.1.1 Value of Company A's machine evaluation 

The machine tool evaluation program is a powerful tool to evaluate thermal changes 

in machine tools. It measures different error motions of the system and is able both 

to visualize the geometrical error and to compensate for it. 

The strength of this process is the visualized result in form of tables and diagrams. 

With the help of these tools the measurement result is easily accessible which 

makes it possible to evaluate it immediately. 

Another strong point is the possibility of customization of the process. Through the 

choice of different warm-up programs the influence of different machine tool 

movements can be examined. Moreover the length of a test run can easily be 

adapted by choosing a sufficient number of cycles, suiting the demands in the 

special case. Also here the good visualization of the measurement results allows a 
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fast evaluation, e.g. when a constant state in regard of geometrical error movements 

is reached. This knowledge can directly be used to adjust the test set-up. 

While having a couple of strengths, the program has some disadvantages as well. 

First of all it is just monitoring the effect of thermal changes, but not the reasons for 

it. No temperature measurement is connected to the data collection. Such a 

temperature measurement in some specified points would increase the 

understanding of error movements of the machine tool and possibly help 

Company A to get more knowledge about their machine tools. By implementation 

of such a temperature monitoring process, the recorded data could be used for an 

improved indirect compensation of thermally introduced errors. 

Another point missing in the machine tool evaluation is the monitoring of 

environmental temperature. Especially as the test is run for about one whole day, 

the influence of changing environmental temperatures might be significantly. These 

changes might influence the result of the test but is not considered in the evaluation 

tool. Therefore a sufficiently tempered environment for the execution of this test is 

always necessary. 

Regarding the collection of measurement data the biggest disadvantage is the 

detection of positioning errors just by the measurement of single points. Although 

this is a commonly used technique, important error movements might not be 

considered through this method. This is especially true if common production 

programs of the company are used as warm-up program. Typical for these programs 

is the use of a very small volume in the machining area of a machine tool. This will 

irretrievable lead to locally constraint heat generation which is typical to produce 

the so called position dependent thermal errors (PDTE). These may not influence 

the point where the measurement is taken, but the area between these points. The 

linear regression of error movements just by the measurement of two points is 

therefore insufficient. 

A better solution would be the use of mechanical scanning probes, getting not only 

measurement data for single points but for linear movements. With this technique 

PDTE in the axes as well as other axis error motions could be detected with a 

higher reliability while the measurement time would not be increased. 
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The usage of such kind of probes would generally allow to measure errors during 

the actual movement of the axis, a main contributor especially to the error motion in 

rotating axes. Therefore the description of errors would be more precise. 

5.1.2 Value of Company A's thermal compensation 

As the standard program of Company A to compensate for thermal changes in daily 

production was not part of the tests, it can just be evaluated theoretically here. 

The system is based on the measurement of a cube placed as close as possible to the 

actual machining volume in the machine tools. In certain time intervals the cube is 

measured using a touch trigger probe and then the machine control compensates for 

the measured error. 

As the cube is outside the normal movement range of the axes, the impact of PDTE 

will not be measured. The result will therefore not be identical with the error 

appearing at the actual point of machining. Especially the fact of different usage of 

the machine tool volumes affects the local error so the compensation will never be 

completely correct. 

5.1.3 Suggested improvements 

In general the machine tool evaluation program can be labelled as a powerful tool 

suitable to get a good impact on the thermal behaviour of a machine tool. The long 

time tests were found to be absolutely necessary to evaluate a machine tool. But 

even if the program is considered to be sufficient in general, some suggestion of 

improvements are still to make: 

As written above, the use of a scanning probe is suggested instead of the currently 

used touch trigger probe. This would increase the possibilities of error movement 

measurement significantly. 

Additionally the monitoring of both environmental temperature as well as 

temperature of some significant points inside the machine tool is highly 

recommended both to increase the actual value of the measurements as well as the 

knowledge about the machine tool. 
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For the praxis of thermal compensation in daily production further research is 

needed to give reliable suggestions for improvements. Based solely on the 

theoretical description of the process and the knowledge delivered by current 

resarch, a different test method would be suggested. 

Instead of using a fixed cube in a corner of the machine tool, it would be more 

suitable to design a test artefact that is put inside the workpiece fixture in the same 

time intervals used for the thermal compensation today. The repeatability of the 

fixture is sufficient to place the part with a suiting tolerance, as it delivers the same 

precision for the loading of workpieces as well. Then the artefact is tested either 

using the touch trigger probe as it was done before, or using a scanning probe which 

would increase the quality of the process even more. The advantage is the 

knowledge of errors exactly where it is needed, in the actual machining volume. 

This can be seen as a short term solution which should be easy to implement. In the 

long term the change from this direct compensation method to an indirect method is 

suggested. The potential and performance of these methods is constantly increasing 

and especially regarding the weaknesses of the current process as well as the non-

productive time used for measurement, the change to a powerful indirect 

compensation method is suggested. 
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5.2 Stiffness 

The results achieved through the tests on the different machines give an impression 

about the development of the stiffness of machine tools during processes of thermal 

changes. Two out of the three machines show the clear tendency, that the stiffness 

is stable even during temperature changes in the machine tool, while the three tests 

executed at the machine tools at Company B’s plant show another tendency. But 

even here the three tests executed at the same type of machine tools show similar 

behaviour to each other. 

5.2.1 General results 

As a general trend it can be stated, that the stiffness of a machine tool is not as 

much influenced through thermal changes as other characteristics, e.g. positioning. 

Most of the tests showed the clear tendency, that the stiffness varies in very little 

ranges. 

In all of the tests executed on the KTH machine tool and the machine tool at the 

technical school, the range of the measured stiffness is as a maximum 0.41 N/µm, 

except for the very first test on the technical school’s machine tool. This regularity 

indicates a general rule, that the stiffness of machine tools is not mainly changed by 

temperature changes on the machine tool structure. 

It was hard to predict any behaviour of the machine tools in advance of the tests due 

to the complex factors that are influencing the stiffness of a machine tool. 

Temperature changes might influence the stiffness on different ways. The rigidity 

of metals decreases with increasing temperature, which might lead to a decreased 

stiffness of the machine tool structure. On the other hand the increase in size of the 

material might lead to minimized play in the joints which might therefore increase 

the stiffness again. 
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The measured result is therefore reasonable and could be explained as a 

combination of the different factors. The stiffness possibly getting lost in the rigid 

parts of the structure is compensated by the gain of stiffness in the joints and 

contact surfaces. Though the ranges of the stiffness are not big, there are small 

decreasing tendencies visible. This indicates some change at least, whose real 

impact is maybe not completely developed after just 6-7 hours of testing. 

Nevertheless, there are some exceptions from the described behaviour visible in the 

collected data. First of all the very first test executed at the machine tool at the 

technical school shows a very different result. As this result is that obviously 

different to all other results, it must be assumed, that other influences are the root 

cause to this behaviour. In fact, the stiffness is increasing over time and gets to a 

kind of stable state after the first four tests. The possible explanation of this 

behaviour is a maintenance activity executed at the machine just before the test was 

started. The tool holder was changed and the new one was adjusted manually. This 

leads to a possible source of error as the test procedure might lead to adjustments 

inside the newly mounted parts. 

In fact, the relation between this change and the observed behaviour could be 

explained by the theory of the influence of joints on the machine tool stiffness. If 

the new tool holder system was not sufficiently fixed at all parts, the first tests 

under load led to a removal of the existing play. The repeatedly applied load 

resulted in an elimination of the existing play. As mentioned, this explanation 

would not only be sufficient for this one exceptional behaviour but would also 

underline the theory of the influence on joints and the existing play in joints on the 

machine tool’s stiffness. 
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The other tests with different behaviour were the tests carried out at Company B’s 

plant. Here all three tests showed first a decrease in the stiffness, followed by a 

small increase again afterwards. Even the single ranges between the measurement 

values were much bigger than in the tests on the other machines. The difference 

between these machine tools and the two other machines is the controlled 

environment and fluid supply in these machines. If the influence of environmental 

temperatures can be regarded as minimal in the time range of two hours, the supply 

with tempered cooling fluids seems to be a factor influencing the machine tool’s 

stiffness. 

To find an explanation to this phenomenon would require a deep understanding of 

the actual structural chain of the machine tool. As the machine tool supplier was not 

willing to offer this data a deeper research was not possible. Therefore only theories 

could be applied to this result. Most likely is that the local impact of the cooling 

fluid influences the distribution of heat in crucial parts of the machine tool. This 

leads to imbalanced changes in the structure which results in changes in the 

machine tool stiffness. 

5.2.2 Impact on production 

Obviously, the changes in stiffness will not have a bigger impact on the outcome of 

a process, as long as the machine tools at KTH and the technical school are 

concerned. The situation at Company B’s plant is different. A range of up to 

1.78 N/µm is a factor that might influence the quality of production, especially if 

there are processes with bigger cutting forces executed. Through the available test 

result it is not possible to explain the differences and therefore no suggestions about 

possible improvements can be made. 
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6 Further research/project 

The thesis provides a fundament both for a closer investigation of Company A’s 

thermal compensation system as well as for the investigation of the relation 

between thermal changes and machine tool static stiffness. Further research is 

suggested and can be started on the base delivered by this project. Interesting 

further investigations are possible and would help to better understand the results of 

the tests executed for this work. 

6.1 Company A case study 

The analysis of the program for the machine tool evaluation and the thermal 

compensation in daily production in this work is very essential and can be the 

foundation for future investigations. Many ideas were mentioned that would need 

further development. In the case of thermal compensation in the production a few 

changes were suggested in section 5.1.3. 

Regarding the machine tool evaluation program some smaller changes were 

suggested in the same chapter. On the long term, larger changes should be 

considered that would require a complete change of measurement data computation 

and calculation of the results. The evolution from a program using basic 

mathematical calculations to a more advanced model would deliver better 

information about the machine tools. But such an evolution needs more extensive 

research than it can be done in this thesis. 

Another factor that was mentioned as a further improvement was the combination 

of the program with measured temperatures in the machine tool. Here the first 

problem is to identify points of interest for temperature measurement in an 

unknown machine tool. Here the general knowledge about the impact of heat 

sources could be a guideline to identify crucial points such as ball screws or drive 

motors. The next problem is to choose a suitable way to monitor the temperature in 

such parts as contact thermometers are not possible to apply to surfaces of e.g. ball 

screws and the accessibility of these parts might be difficult in general. 
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6.2 Static stiffness 

The executed tests about the relation of a machine tool’s stiffness and the 

temperature changes are a basic check of the possible behaviour of machine tools. 

The actual processes in the machine tool are just explained based on theoretic 

knowledge and assumptions. There are a couple of factors that would be interesting 

to investigate in future. 

Looking at the behaviour of machine tools regarding their stiffness under thermal 

changes it would be interesting to investigate the behaviour both over longer time, 

such as e.g. 24 hours, and during the time of cooling down. Especially the impact of 

decreasing temperatures would be interesting to check, as the knowledge about this 

could especially help to predict the behaviour of machine tools used in mass 

production. The influence of typical stops as for maintenance or set-up could be 

estimated and extensive warm-up phases after these stops might be possible to 

reduce. Though the test results in this thesis indicate that no changes should be 

expected, a deeper and more thorough investigation would be important. 

For instance, tests over longer time frames than 7 hours, e.g. 12 hours or more, 

could show possible long time effects that might not be displayed in the first 7 

hours. As it is written in the conclusions some tendencies of decreasing static 

stiffness can be seen in some of the tests and it would be interesting to see, if this 

tendency is continuing. 

All the tests were either done without specific heating or cooling or just with a 

overall controlled cooling of the whole machine tool. To examine the influence of 

single parts of machine tools on the static stiffness and the changes caused by local 

temperature changes, tests with specific heating or cooling of single parts or regions 

of the machine tool would be interesting. 
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6.2.1 Company B 

The results from Company B’s machine tools are even more challenging than the 

results from the other tests. The impact of the cooling fluid on a constant 

temperature would be interesting to investigate further here. Though the control of 

the temperature in several parts of the machine tool is doing an important job 

concerning the position accuracy, it might be the reason for the varying static 

stiffness during the warm-up phase. Tests without cooling liquid or without the 

strict temperature control would be interesting, to see if the reason for the changes 

is some other part of the machine tools or if it really is the cooling liquid. 
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