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ABSTRACT 
 

 I 

Machine tools need to be tested to check they behave correctly while machining. A bigger 
production (capacity), improving the accuracy in final products (quality) or reducing 
costs are some of the main goals. Reducing the maintenance of the machines, their non-
productive time and a higher quality of the final parts, have a strong influence in the costs. 
Even machines built to the same specification present different properties and behaviours, 
which leads into a reduction of the flexibility when it comes to move operations among 
them. This study is focused on the measurement and modelling of four machine tools 
(M1, M2, M3 and M4), with same specifications, from the static point of view. Methods 
used to measure all these properties are the circular tests under loaded conditions, with 
the device Loaded Double Ball Bar (LDBB), which measures positional accuracy and 
static stiffness. Different pressures (0.5, 1, 3, 5, 6, 7 bar) and locations for the LDBB have 
been used. 
After the tests were performed, all the machines shown good properties with the detail of 
M4, which had a lower stiffness than the other three ones due to its table attachments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Machine Tool, Elastic Structure, Spindle, Loaded Double Ball Bar (LDBB), 
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SAMMANFATTNING 

 II 

Maskinverktyg måste testas för att kontrollera att de beter sig korrekt vid bearbetning. En 
större produktion (kapacitet), förbättra noggrannheten i slutprodukterna (kvalitet) eller 
sänka kostnaderna är några av huvudmålen. Att minska underhållet av maskinerna, deras 
icke-produktiva tid och en högre kvalitet på de slutliga delarna har ett starkt inflytande i 
kostnaderna. Även maskiner konstruerade för samma specifikation presenterar olika 
egenskaper och beteenden, vilket leder till en minskning av flexibiliteten när det gäller 
att flytta verksamheten bland dem. Denna studie är inriktad på mätning och modellering 
av fyra verktygsmaskiner (M1, M2, M3 och M4), med samma specifikationer, ur statisk 
synvinkel. Metoder som används för att mäta alla dessa egenskaper är de cirkulära 
testerna under laddade förhållanden, med enheten Loaded Double Ball Bar (LDBB), som 
mäter positionsnoggrannhet och statisk styvhet. Olika tryck (0,5, 1, 3, 5, 6, 7 bar) och 
platser för LDBB har använts. 
Efter testerna visade alla maskiner goda egenskaper med detaljerna i M4, som hade en 
lägre styvhet än de andra tre på grund av dess bordsfästanordningar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nyckelord: Maskinverktyg, Elastisk Struktur, Spindel, Loaded Double Ball Bar (LDBB), 
Avvikelse, Styvhet. 
 



ACKNOWLEDGEMENTS 
 

 III 

I want to thank the labour of Dr Andreas Archenti, PhD student Theodoros Laspas and 
Dr Stefan Cedergren for their knowledge, guidance and patience all along this thesis. I 
also want to thank Dr Enrique Chacón Tanarro for his help and follow-up work from the 
Universidad Politécnica de Madrid, Spain.  
 
  



ABBREVIATIONS 

 IV 

Abbreviations (in alphabetical order) 

 
CCW: Counter Clockwise 
CERS: Contactless Excitation and Response System 
CNC: Computer Numerical Control 
CW: Clockwise 
CP: Cutting Process  
DBB: Double Ball Bar 
ELS: Elastically Linked System 
EMA: Experimental Modal Analysis  
ES: Elastic Structure 
FFT Fast Fourier Transformation 
FRF: Frequency Response Function 
LDBB: Loaded Double Ball Bar 
SLD: Stability Lobe Diagram 
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1. INTRODUCTION 

1.1 Background                      
 
A basic theory base is presented in this first section analysing what a machine tool is and 
the reasons why it is necessary to measure and characterize them, allowing the reader to 
understand the starting point of this thesis. 
 

1.1.1 Machine tool concept 
 
A machine tool can be defined as a “powered device, in stationary action and for 
processing of metal, wood, etc. either by chip removal or plastic forming methods” [1]. 
In other words, a machine tool is a machine that uses energy in the work process in order 
to obtain the desired shape, with some specified properties, from different raw materials. 
They are composed by many mechatronics systems that work together, such as the spindle 
unit, movable slides, encoders, ball screws, etc. Some of them are presented in Fig. 1. 
 

 
Fig. 1: Example of machine tool subsystems 

All these subsystems can be group together in three major parts: 
 

• The mechanical structure: is composed by stationary and moving bodies, 
classified in Table 1. 

 
Stationary systems  Moving systems  Guiding elements  Bearings 

Columns  Table  Friction guideways  Friction bearings 
Machine bed  Saddle  Linear guideways  Roller bearings 
Frame/stand  Slides     

  Spindle unit     
  Ball bearings     

Table 1: Mechanical structure subsystems [2] 

• The drives or servo system: this part is in charge of providing the force, speed 
and/or torque of motion to the machine axes. Examples belonging to this part are 
the motors and transmissions. 

 
• The control system: this part refers to the software and the measuring system. 
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Machine tools can be classified according to different criteria: axes configuration, degrees 
of freedom, shape of manufactured components, type of machining processes, etc. 
Attending to the last point, there are three main types of machine tools depending on how 
they get the final shape of the desired product: by cutting, by abrasion and by erosion. 
The first two are understood as conventional processes, while the third ones are 
considered advanced manufacturing processes [3]. In this last group it is also included 
the processes based on additive manufacturing. A diagram with the classification of these 
processes is presented in Fig. 2. 

 
Fig. 2: Machining processes classification [3] 

Another criterion for the machine tools classification is the orientation of the spindle unit. 
It can be manufactured in a horizontal position or a vertical position, giving the machine 
tools the name of horizontal machine and vertical machine respectively. Both 
configurations are represented in Fig. 3, with a horizontal configuration in case a) and a 
vertical configuration in case b). The previous classification of machines is also affected 
by this criterion.   

 
Fig. 3: Horizontal configuration (left) & vertical configuration (right)  

Taking in consideration the criterion of the axes configuration and axes orientation, the 
machine tools can be classified in different groups. Their axes are divided into linear axes 
and rotary axes. The linear axes are named X, Y and Z, while the rotary axes are denoted 
with A, B and C and are parallel respectively to the linear ones. All this nomenclature is 
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collected into the standard ISO 841. In Fig. 4 it is presented the coordinate system of 
machine tools. 

 
Fig. 4: Coordinate system [4] 

Depending on the number of movable axes in the machine tools, they can go from 3 to 5 
axis configurations. With more axes, the flexibility increases, it is possible to manufacture 
more complex geometries reaching difficult positions and reducing the need for re-
fixturing and changing tools. Increasing the number of axes also produce the appearance 
of a negative aspect: the reduction of the stiffness. These extra degrees of freedom are 
obtained by adding a swivelling head or/and a rotational table, for example.  
 

1.1.2 Measurement of machine tools 
 
The manufacturing industry is deeply related to the machine tools market, focus of 
interest of our industrial society. The world’s production and consumption of machine 
tools has grown in the last 20 years around a 240%, as seen in Fig. 5, making evident the 
importance of this field of knowledge.    
 

 
Fig. 5: World machine tool production and consumption [5] 

Nowadays, the machine tool industry is experimenting an increasing demand of better 
features and properties to face the competitiveness in global markets. High-speed, high-
precision and high-efficiency machine tools, as a result of constant development of these 
technologies, are needed to satisfy that demand. [6] A bigger production (capacity), 
improving the accuracy in final products (quality) or reducing costs are some of the main 
goals for these companies that want to rise positions in the current market. Reducing the 
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maintenance of the machines, their non-productive time and a higher quality of the final 
parts, have a strong influence in the cost. Metrology and precision engineering have 
obtained a key role in this industry during the last years, exposing the need of reducing 
the uncertainty between the machine tool and cutting process, and the manufactured 
components.  
 

 
Fig. 6: Relation between machine tool and manufactured components 

Flexibility in production appears as a key point to achieve the goals above, understood as 
the capability of the system to react in case of, predicted or unpredicted, changes. The 
concept of flexibility can be divided in two main subcategories: routing flexibility and 
machine flexibility. The first one covers the ability of using several machines to execute 
the same operation on a part. The second one refers to the machine tool’s ability of 
changing its configuration to produce new parts, or change the order of the operations in 
the production of the same part. [7] 
 
Focusing on the first category, machines built to the same specifications can present 
different properties and behaviours when it comes to perform the same task, creating 
problems when the operations are needed to be moved between the different machine 
tools. All this leads in to a limitation and reduction of the flexibility in the production 
chain. 
 
Analysing the second category, a machine tool appears as an individual item with its own 
reasons to be analysed. The measurement of these machines is necessary due to accuracy 
and costumers’ requirements, to ensure the quality on industrial products. Several 
standards and test methods have been developed and introduced in order to evaluate 
machine tools’ properties. Characterizing machine tools can lead to a reduction of costs 
through a reduction of power consumption, noise levels, less emergency breakdowns or 
extra parts shipments. Depending on the time on the lifecycle of the machine tool, 
requirements on the testing methods and instruments are different. At this point two types 
of tests can be performed, and will be denoted as Type A and Type B. Type A refers to 
tests that are performed quickly (less than an hour) to check the general functioning and 
avoid unplanned corrective actions due to problems, and prevent expensive disturbances. 
These tests can be performed many times in a year. Type B refers to tests which can take 
some days to be performed. They have a special purpose of analysing a particular 
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parameter in detail before taking decisions about buying or accepting new machines, 
repair, replaced, or renovate used machines. These tests can be only performed few times 
during the whole lifecycle and are performed by specialists in investment projects or 
when serious problems show up. Preventive maintenance tests of Type A are not common 
due to the lack of standardised routines, practical tools or methods and the lack of 
knowledge.  [8]
 

 
Fig. 7: Machine tool life cycle and tests [9] 

Depending on which point the company is situated, it will have a different intention and 
need of analysing a type of parameters or other (see Fig. 7). 
 
A reduced flexibility, productivity or quality are the origin of problems such as increasing 
manufacturing costs, need of large inventories, low rate of equipment utilization, higher 
production lead times or slow response to market changes or customer needs. [10] Despite 
of all the advances in machining technology, this is still an actual problem that must be 
analysed. 
 
This has become an important topic in industry during the last years, being the focus of 
numerous cases of study and researches. For all these reasons, the need of identifying, 
characterizing and modelling the features of machine tools, attending their different 
properties and making use of existing methods and technologies, will be covered and 
explained all along this study. 
 

1.2 Aim of the study 
 
Actual techniques allow to measure different parameters and properties of machine tools, 
such as their quasi-static and dynamic response, forming statistical analysis on the 
acquired data. Among those techniques and instruments can be named the Double Ball 
Bar (DBB), Loaded Double Ball Bar (LDBB), BAS-tests, Experimental Modal Analysis 
(EMA) or Contactless Excitation Response System (CERS).                   
The aim of this study is to analyse four individual machine tools, located in a company 
dedicated to manufacture aerospace components, manufactured by the same 
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manufacturer, according to same specifications, and modelling, quantifying how much 
they differ from each other, understanding them with the purpose of increasing the 
flexibility in production and enabling the movement of operations between them. 
Checking the correct functioning of the machines and looking for possible future 
problems (troubleshooting) are interesting points to take in account 
  
According to the previous classification of the machine tools, the ones that are analysed 
and tested in this study are 5-axis multipurpose cutting machines with horizontal 
configuration. Their axis configuration scheme is represented in Fig. 8. 
 

 
Fig. 8: Tested machine tool [11] 

In this case, the machine tools have a swivelling table, around the A-axis, and a rotary 
table, around the B-axis (see Fig. 9). They have also a panel and screen that allow to 
configure and control the whole machine: write and change the NC program, change the 
tool, block the security door or the spindle unit, activate or the deactivate the coolant, etc.  
 

 
Fig. 9: Swivelling and rotary table [11] 

The parameters needed to obtain and analysed of these machine tools are their 
geometrical errors/accuracy, level of stiffness and their static behaviour. In order to get 
them, the procedure is the next:   
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1. Selection of the tests. Among the listed tests above, it is necessary to choose the 

appropriate ones according to the desired results.  
2. Study of the machine tools. Once the tests have been chosen, they have to be 

adapted to the machines under study. 
3. Acceptance of the tests. Before performing the tests in the target machine tools, 

testing parameters are needed to choose and adjust, and check their viability. 
4. Test the machines. The tests are performed in all the machines and the resulting 

data is collected. 
5. Analysis of the results. The obtained data is studied, offering a detailed analysis 

of it with the consequent conclusions.  
 
The techniques used during this study to accomplish the points mentioned above belong 
to Type A tests, and they are the circular tests under loaded conditions, with the LDBB 
instrument. The LDBB consists of a DBB, instrument for circular testing, that has the 
capability to generate a load on the machine tool structure during the test. [12] All these 
methods and concepts are explained with detail in the next sections (2 and 3) 
 

1.3 Delimitation 
 
The scope of this study is focused on the analysis of the quasi-static response of four 5-
axis machine tools. To accomplish this point, the LDBB instrument is used at five 
different pressures P of 0.5, 1, 3, 5 and 6 or 7 bar (their associated force is presented in 
3), in the XY-plane. These pressure values were chosen based on the maximum and 
minimum needed forces: 0.5 and 6 or 7 bar. The minimum pressure is needed to keep the 
LDBB instrument attached between the table and spindle holders. The maximum pressure 
is limited for two main reasons: this pressure imitates the forces that appear during 
finishing operations and to avoid to damage the spindle bearings. Once the testing 
pressure range is selected, it is interesting to use some intermediate values to see the 
progression of the behaviour in each machine tool. These pressures are applied between 
the spindle unit and the working table, as shown in Fig. 10.  
 

 
Fig. 10: Applied force in machine tool 
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1.4 Research questions 
 
The main point that want to be covered along the thesis are:  
 
1. Identify the geometric errors and their sources to check their correct behaviour, 

analyse the geometric error values in case corrective actions were needed or anticipate 
to problems. 
 

2. Obtain the static stiffness of the machine tools and see how much they differ from 
each other to increase the flexibility in production and check the correct performing 
of their tasks. Choose the stiffest directions for specially demanding operations. 

 
1.5 Thesis structure 

 
The thesis is divided in 5 different chapters: 
 
Chapter 1 – Introduction. The first chapter presents the scope and introduction to the 
study, the objectives to be achieved and the main points that will be studied. The machine 
tool concept, possible types and configurations, and the necessity of their measurement 
is presented and explained from a basic to a deeper and detailed point of view, making 
the lector understand the purpose of this study.   

Chapter 2 – Frame of reference. The second chapter explains the techniques, instruments 
and tests that will be performed to obtain the static behaviour of the machine tools. The 
tests mentioned in the previous chapter are explained in this one, preceded by the theory 
in which they are based: type of geometric errors in circular tests and their source or 
construction of the used instruments (LDBB) is included in this chapter.   

Chapter 3 – Experimental procedure. After explaining the theory in Chapter 2, the third 
chapter consists of a description of all the experimental procedures performed to achieved 
the objectives. Used values, parameters and configurations are described and listed in this 
section as well as the steps to set up and mount all the equipment. 

Chapter 4 – Results. The fourth chapter presents the results obtained through all the tests 
explained in Chapter 3. Geometric errors’ values, their representation in Polar and 
Cartesian diagrams and the static stiffness derived from these previous values are 
presented in this chapter.  

Chapter 5 – Discussion and conclusions. After analysing the purpose, instruments and 
methods and the obtained results, the last chapter of the thesis concludes with the 
conclusions and discussion of the results, based on the research questions, and future lines 
of research. 
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2. FRAME OF REFERENCE 

2.1 Machine tools model 
 
The machine tool presented in the first section of this study can be represented by a close-
loop relation between two components: the elastic structure (ES) and the cutting process 
(CP), see Fig. 11. 
 
The input of the ES is the cutting force F(t), result of combining the nominal cutting force 
F0(t) and the external disturbance P(t). The response of the ES to the cutting force 
corresponds to a relative deviation x(t), between the tool and the workpiece, that 
combined with the disturbance Pd(t) results in the total relative deflection Dd(t). This last 
value can create deviations in the cutting force, DF(t), when it works as an input of the 
CP subsystem, in the feedback loop. [12] 
 

 
Fig. 11: Representation of a Machining System [13] 

The ES of the Machining System is commonly represented by the next differential 
equation of motion, Eq. (2.1) 
 

! "#
"$# % $ + ' "

"$ % $ + (% $ = * $  
 
M, C and K represent the mass matrix, the viscous damping matrix and the stiffness 
matrix, respectively. f(t) is the force vector and y(t) represents the displacement for each 
mass in the system. All the parameters change during the machining process, affecting 
the mass, damping and stiffness, which have to be constantly updated in order to model 
the ES. The CP models are based on experimental analysis, which have to be compared 
to measured data to verify their accuracy. [14] 
 

2.2 Elastic structure of machine tools. 
 
Mechanical structures are designed based on two basic principles: strength and stiffness. 
Machine tools’ structures are dimensioned based on static and dynamic deflection, due to 
their high accuracy requirements, that is why design criteria of stiffness is applied. In 
terms of strength, machine tools are over dimensioned. [8] 

 (2.1) 
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2.2.1 Static behaviour 
    
The capacity of a machine structure to resist the deformation under applied loads is denote 
as stiffness, and it is described by its stiffness matrix. It can be defined as “the inverse of 
the displacement in the load direction on a node where a unitary load is applied” [15] 
Structural stiffness is different in a machine tool depending on the point where it is 
applied and its direction, aspect that has to be considered when designing the machines 
to reduce displacements between the tool and work piece in different directions. 
The reaction of a machine tool to an applied load can be compared with the elastic 
behaviour of materials, as seen in Fig. 12.    
 

        
Fig. 12: Force-deflection diagram. Elastic material (left) & machine tool (right) [16] 

Three regions can be differentiated in the force-deflection diagram of the material: elastic 
deformation, plastic deformation and failure. The first section can be related in both 
diagrams since machine tools are manufactured with materials with similar behaviour. 
However, the plastic deformation and failure point are extremely difficult to observe since 
they imply the damage of the machine tool. [16]  
 
The close-loop in Fig. 11 may be represented, from a quasi-static point of view, by two 
transfer functions: the primary loop with the inverse of the static stiffness, ka, and the 
cutting stiffness, ra, in the feedback loop, see Fig. 13. The deviation Dy between the 
workpiece and the spindle can be translated, from a physical point of view, as a force that 
impulse the tool out or in the workpiece, resulting in to a variation Dap of the depth of 
cut, compared to its nominal value ap. [12]  

 
Fig. 13: Close-loop machining system from a static point of view [12] 
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In order to predict and characterize this behaviour, and relate machine-tool capability with 
machined part accuracy, tests under loaded conditions are needed. These tests are 
normally performed in operational conditions with standard specimens, specially 
designed for this purpose, that generate forces while machining. Machined parts are 
analysed to characterize the behaviour of the machine tools. The main problem of these 
methods is that the tools and work parts that are used are very expensive. 
At this point the concept of Elastically Linked System (ELS) is introduced, instrument 
that allows to close the force loop between the tool and the workpiece, connecting the 
machine tool and the cutting process with an “elastic link”. With this system it is possible 
to evaluate the positional and static accuracy of machines under loaded conditions. [17] 
 

2.2.2 Dynamic behaviour  
 
The dynamic behaviour of structures is conditioned by its properties in terms of mass m, 
stiffness k, and damping factor c, and the excitation force F and its frequency. This 
dynamic behaviour can be characterized by the natural frequency w0, damping ratio x and 
mode shape of the structure.  
 
These three parameters above can be obtained from the Frequency Response Function 
(FRF). A FRF can be defined as a frequency function relationship between two different 
points of a mechanical structure, one working as an input point and the other as an output 
point, see Fig. 14. 

 
Fig. 14: FRF block diagram [18] 

This relationship shows the response in terms of displacement, velocity or acceleration, 
in the output point, per unit of excitation of the input point. The most common 
Experimental Modal Analysis (EMA) to obtain the FRF and the dynamic properties of a 
machine tool structure, is the impact (or hammer) test. It consists in exciting a structure 
with an impact hammer with a force sensor in a point, and collecting the response with 
an accelerometer in a second point (see Fig. 15). [18] 
 



 

 12 

 
Fig. 15: Hammer test layout in a machine tool [14] 

The measured response with the accelerometers shows that the vibration amplitude 
changes as the oscillation rate of the input force also changes. Even with a constant input 
force, the amplitude of the response changes, depending on the oscillation frequency of 
the input force. During the vibration time there will be increases and decreases, behaviour 
represented in Fig. 16 a). This amplitude increases when the frequency of the oscillation 
of the input force gets close to the natural frequencies of the system, and get its maximum 
values when the frequency of the oscillation matches with a natural frequency. 
This time domain response can be transformed to the frequency domain by analysing it 
with a Fast Fourier Transform (FFT), obtaining the already mentioned FRF. The peaks 
that appear in the FRF correspond to the natural frequencies of the system, and their 
values can be read in the horizontal axis of the diagram, see Fig. 16 b). [19] 
 

      
Fig. 16: Time (left) and frequency (right) response [20] 

At each one of these natural frequencies a different deformation pattern (mode shape) 
shows up, depending on the structure characteristics, such as mass or stiffness.  
 

2.3 Cutting process of machine tools 
 
Once the machine tool structure has been characterized, it is necessary to close the loop 
in Fig. 11 to take in consideration the cutting process and all its parameters. Adding to 
Eq. (2.1) a force model of the dynamic part of the cutting force, results in Eq. (2.2). 
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The coefficients that appear in Eq. (2.2) are obtained empirically from cutting tests 
performed in the machine tools:  
 

• k1 represents the cutting force coefficients related to the chip thickness and how it 
changes. 

• k2 is the penetration rate. 
• k3 is the variation in cutting speed. 
• µ represents the overlap factor between consecutive cuts. 
• Ω is the rotational speed of the spindle.  

 
From Eq. (2.2), the dynamic properties of the system have to be considered as an off-line 
estimation, the machine tool is not under operation, while the cutting force coefficients 
are estimated on-line. [14] 
 
A classical approach to fully model the system presented in 2.1 has the following steps: 
 

1. Identification of the dynamic properties of the ES of the machine tools. Process 
explained in 2.2.2. 

2. Identification of the properties of the CP, the dynamic parameters that describe 
the subsystem in the feedback loop. These parameters are the presented in Eq. 
(2.2) in section 2.3. 

3. Evaluation of the stability of the machine tool system from steps 1 and 2. 
 
Under certain machining conditions, the damping of the CP can become negative. In that 
situations, the machine tool becomes unstable and the already explained concept of 
chatter appears. A stable machining process can be reached by the correct selection of the 
cutting parameters combination. A useful tool to select and represent this combination is 
the Stability Lobe Diagram (SLD) (see Fig. 17). This diagram shows the stable and 
unstable regions of machine tools while machining, in terms of depth of cut and spindle 
speed, with the purpose of avoiding the machining vibrations by the selection of the best 
cutting parameters.  
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Fig. 17: SLD example [21] 

From Eq. (2.2), operational stable rate occurs when the displacement amplitude is the 
same between successive paths. [14] 
 

%($) = %($ − 01)  
 
This method allows to choose the cutting parameters in advance, but it has to be 
considered that these diagrams and stability method are out of operations methods and 
applies just for one tool, tool holder, spindle and workpiece configurations. 
 

2.4 Geometric errors 
 
The different sources of errors during the machining process produce the differences 
between the nominal and the actual position of the elements in the kinematic structure. 
There are many ways to analyse and classify these errors. One way to divide them is in 
three different sources of errors. The first one is the contouring error, which is produced 
due to errors in the axes drives. The second type are the quasi-static geometric errors, 
including here the thermal drift, motion and link errors. The last one are the dynamic 
geometric errors, producing the deflection of the machine tool structure under dynamic 
loads.  
Another way to classify them is in systematic or random errors. Systematic errors are 
those that are the same from one measurement to the next and which can be measured, 
and random errors are those that are different from one measurement to the next, they are 
difficult to predict. The first ones affect the accuracy and the second ones the precision. 
 
The most common way to classify them is in kinematic and geometric errors, loads, 
dynamic forces, thermo-mechanical errors and motion control. [22] This classification is 
represented in Fig. 18.  
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Fig. 18: Categorization of errors [23] 

Another type of error that does not appear in the diagram above is the one caused by 
material instability. The internal structure of the material and residual stresses can 
produce instability and changes in the mechanical properties in long term. 
 

2.4.1 Geometric and kinematic errors 
 
The origin of this type of errors is in the machine components of the machine’s structural 
loop and their unwanted motion. Their imperfect geometry, dimensions, axis 
misalignment and errors of the machine’s measuring system produce these errors.  
These geometric imperfections can have their origin in deviations of the surface 
roughness and straightness of guiding elements and preloads in bearings. Kinematic 
errors have their origin in the axes drives and their position during the execution of 
interpolation algorithms. Both have a really tight connection since the first ones can be 
considered partway as a result derived from the geometric errors produced during the 
operation of the movable components. [16] 
Geometric and kinematic errors can be classified in three different groups, geometric 
errors, axis’ motion errors and volumetric errors, where each one is affected by the 
previous/lower group. A representation of each source of error is seen in Fig. 19. [9]   
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Fig. 19: Geometric and kinematic errors [9] 

Although the temperature gradients along the machine structure created by different heat 
sources, such as the spindle unit or the motors, during the cutting operations make 
detection of these errors difficult, it is possible to measure them separately on the 
kinematic structure of the machine tool. [16]   
 

2.4.2 Loads 
 

Internal and external forces can produce component errors and location errors due to the 
elastic, or non-rigid, behaviour of the machine tool. Weight and position of the workpiece, 
weight of the moving slides or moving carriages can affect the machine’s accuracy due 
to the finite stiffness of the structural loop. Apart from the effect of the gravity or cutting 
forces, accelerating components of the machine tool can also create static errors. Static 
deformation due to weight forces is represented in Fig. 20.   
 

 
Fig. 20: Static deformation due to weight forces 

All these static errors can have a higher influence than the geometric and kinematic errors. 
  

2.4.3 Thermal errors 
 
Thermal effects can contribute notably in the final accuracy in machine tools. The sources 
of these errors can be internal, such as the electric motors, friction in movable components 
or the cutting process itself; or they can be external, such as temperature changes in the 
environment. All these heat sources create temperature gradients (see Fig. 21) that 
introduces elastic strains in the structural loop of the machine tools due to the different 
expansion coefficients of the machine components (these structural metals expand from 
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8·10-6 to 15·10-6 ºC-1) These distortions in the geometry produce errors in the position 
between the tool and the work-piece. This is why these aspects need to be measured and 
compensated, always taking place in a temperature controlled environment.    
 

 
Fig. 21: Thermal gradient in machine tool [9] 

Some preventions that can be taken to reduced or avoid thermal effects are reaching the 
thermal equilibrium before machining by warming up the machine with resistance heaters 
or temperature controlled fluids, or using the coolant during the cutting operations. [16] 
 

2.4.4 Multi-axis positioning and control system 
 
The control system that is in charge of the ball-screw and servo drives that move the axes 
to the desired position can also affect the accuracy of the machine tool. Errors can be 
introduced by sensors and encoders, in charge of controlling feeds and accelerations, as 
well as the measuring system that control the position of the axes. Even the NC code can 
introduce errors and affects the accuracy.  
 

 
Fig. 22: Multi-axis interpolation 

All these errors can be identified applying different feed rates or different values of 
acceleration for the same testing paths. 
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2.4.5 Dynamic forces 
 
The dynamic behaviour of the machine tools can influence the machine’s accuracy. 
Machining forces, measuring forces, forces caused by accelerations or vibrations can 
result in a deformation of the structural loop and they must be compensated. 
 
Vibrations in machine tools can be classified in three different groups: 
 

• Free vibrations: this type of vibrations are produced by an initial force that excites 
the system in the beginning which decays after a time. It’s a single force, no 
external force continues producing vibrations in the system after the first one. A 
free vibration could be the impacts between the tool and the workpiece during the 
machining.  

• Forced vibrations: oscillations produced due to continuous periodic forces. 
Periodic impact of the teeth in the tool with the workpiece while machining or 
floor vibrations are some examples of sources that produce these vibrations.    

• Self-excited vibrations: known as chatter in machining, consists of a changing 
cutting force caused by a fluctuating chip thickness, stick-slip dry friction, 
changes in the cutting velocity or other self-regenerative sources. The vibrations 
are self-regenerative because they are generated by the own movement. In the 
case of fluctuating chip thickness this leads to an undulated surface, that will be 
machined again by the next tooth (or revolution in the case of a turning machine) 
giving a fluctuating cutting force, which generates another undulated surface 
making apparent the self-excitation. [14]  

 

 
 

Fig. 23: Chatter due to fluctuating chip thickness [20] 

Some common ISO standards for performance testing of machine tools are classified in 
Fig. 24 based on the kind of source is under study. 
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Fig. 24: ISO standards for machine tool testing [9] 

During this study the focus will be on the two first categories (geometric, numerical 
control & kinematic), which testing methods are based mainly on ISO 230. From those 
results, the influence of loads and therefore the static stiffness will be analysed making 
use of a special device.   
 

2.5 Circular testing of machine tools 
  
One way to determinate the positional and static accuracy of machine tools are the circular 
tests, referred to in ISO 230-4. [24] 
 

2.5.1 Terms and definitions 
 

These methods allow to measure and determinate the radial deviation, the circular 
deviation, the bi-directional circular deviation and the mean bi-directional radial 
deviation. They consist in running a circular path between the spindle, or tool, and the 
table by the simultaneous movement of two linear axes, and measuring each of the 
deviations. To understand properly this kind of tests, it is necessary to explain the next 
concepts: 
 

• Nominal path: circular path numerically programmed and controlled by the 
machine tool CNC code. This path is defined by its diameter, or radius, its 
orientation and the position of its centre. 

• Actual path: the real circular path the machine tool performs with the programmed 
code.  

• Radial deviation F: difference between the nominal path and the actual path, 
obtaining the centre of the nominal path either from: 

- Least squares analysis of the centring of a full circle. 
- Centring of the tool used for the circular test. 
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Fig. 25: Evaluation of Radial Deviation F 

• Circular deviation G: minimum radial distance between two concentrically circles 
that enclose the actual path, clockwise or anticlockwise sense of rotation. 
 

 
Fig. 26: Evaluation of Circular Deviation G 

• Bi-directional circular deviation G(b): minimum radial distance between two 
concentrically circles that enclose two actual paths, one in clockwise sense of 
rotation and the other anticlockwise sense of rotation. 
 

     
Fig. 27: Evaluation of Bi-directional Deviation G(b) 

• Mean bi-directional radial deviation D: difference between the radius of the least 
squares circle of a clockwise and an anticlockwise actual paths and the nominal 
path. 

 
The parameters analysed in this report are the radial deviation F, the circular deviation G 
and the bi-directional circular deviation G(b). 
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2.5.2 Main deviations on circular paths 
 
Analysing the obtained diagrams and comparing them with the Annex B included in this 
ISO standard and the Renishaw software allows to identify the principal influences of 
machine errors, caused by geometrical deviations of the two axes or numerical control 
and its drives. In many cases, error sources identification is very difficult, if not 
impossible, due to the overlapping of simultaneous errors.  
 

Deviation of the two axes 
Error type  Diagram  Definition 

Scaling 
mismatch  

 

 

If the circular path is changed 
to an ellipse with the major 
diameter parallel to one of the 
axes, it means that a scale 
deviation is producing a too 
long movement in that axis. 
 

Straightness  

 

 

The circular shape of the 
diagram changes into a graph 
with three lobes. This error is 
caused by a lack of 
rectilinearaty in the guide of 
the machine tool. The guides 
can be bent locally or there 
can be a misalignment. 

Squareness  

 

 

If the circular path is changed 
to an ellipse with the major 
diameter at -45º or +45º, angle 
between the two axes is larger 
than 90º or smaller than 90º, 
respectively. 
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Deviation of the two axes 
Error type  Diagram  Definition 

Cyclic error  

 

 
It is caused by a cyclic 
error in the ball screw of 
the affected axis 

Stick slip  

 

 

During a very low feed 
rate, if the machine tool 
suffers a low lubrication, 
and therefore friction, the 
stick slip deviation 
appears. 
 

Vibration  

 

 

The source of this 
deviation can be a 
vibration near the machine 
tool, faulty actuators or 
guideways. 
 

Lateral play  

 

 

It is produced because an 
excessive play in the 
guides, allowing the axes 
to move orthogonally to 
their them when the axis 
changes the sense of 
rotation. 

Table 2: Circular deviations produced by the two axes 
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Numerical control and drives 
Error type  Diagram  Definition 

Backlash  

 

 

At the points of reversal in 
the axes steps appear, 
showing the typical 
backlash error during the 
CCW contouring and CW 
contouring. 
 

Reversal spikes  

 

 

When reversal error is 
tried to be solved, spikes 
can appear due to time 
delay effects. 
 

Servo mismatch  

 

 

If there is a mismatch in 
the gains of the servo 
control of the two axes, 
the circular path changes 
to an elliptical one. 
 

Table 3: Circular deviations produced by numerical control and its drives 

 
Although most of the methods based on circular tests take too much time to be performed 
(more than an hour), some others can be classified as fast methods. One of this methods, 
and the most common one, is the Double Ball Bar, see Fig. 28, developed in early 1980’s. 
This device, contemplated by ISO 230-4 and ANSI B5.54-2005 as an instrument for 
circular testing, allows to measure variations in radial direction while running a circular 
path due to a very accurate linear gauge sensor, in unloaded conditions. [12] This 
instrument is explained in depth and more detail in the section 2.6 below. 
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Fig. 28: Double Ball Bar [25] 

2.6 Loaded Double Ball Bar 
 
Laser interferometry or the DBB method are some tests/instruments that have been used 
traditionally to characterize the positional accuracy of machine tools under unloaded 
conditions. To obtain more realistic results, it is necessary to perform these tests under 
loaded conditions. Combining the idea of the DBB circular testing and performing the 
tests under loaded conditions, using the concept of ELS, the Loaded Double Ball Bar 
(LDBB) was developed between companies Scania CV AB and CE Johansson AB. This 
instrument can be used as an ordinary DBB or also to introduced a variable load between 
the machine tool table and the tool holder. It is an instrument for certification of new 
machines, testing machine tools after they have been move or renovated, or as an 
instrument for problem prevention, and it is presented in Fig. 29.  
 

 
 

Fig. 29: Loaded Double Ball Bar (LDBB) 

There are some benefits that the LDBB test allows in comparison with other instruments 
or methods: 
 

• It reduces cost and time due to the potential problem identification without the 
necessity of metal cutting. 
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• The LDBB tests are so easy and quick to perform that it is possible to build a 
machine performance history (see Fig. 30) by repeating the tests at regular 
intervals. Problems and tendencies can be identified in advance and maintenance 
programmed before reaching a critical situation.     
 

 
Fig. 30: Machine performance history 

The load that the LDBB introduces in the structure cannot be compared with the real 
cutting forces that are generated while machining, but from the static deflection point of 
view the impact that the load has on static and dynamic behaviour is similar. Additionally, 
the load can eliminate plays in the structure that would be eliminated under normal 
machining conditions.  
 

2.6.1 LDBB design 
 

The design of the LDBB is based on the DBB, with the main variation that inside the 
cylindrical body a pneumatic actuator is built. The cylindrical body is placed between 
two steel balls situated at both ends of the instrument, which are connected to the machine 
tool structure (spindle and machine table) with special a fastening. By introducing 
pressurized air through the air inlet in the detecting probe, a force F is generated in the 
machine tool structure, deflecting it, more or less, depending on its stiffness. 
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Fig. 31: LDBB design [17] 

The variation in the distance between the two steel balls is collected by the length gauge 
located inside the cylindrical body. With an accuracy of 0.5 µm and a measuring range 
of ±1 mm, the LDBB can perform tests in all planes (XY, XZ and YZ) with a radius of 
150 mm and a circular movement up to 390º. All the measured data is processed by a 
personal computer using specially developed software. Not only the geometrical accuracy 
can be obtained with this instrument, but also the deformation of the machine tool 
structure in any direction of the workspace, and therefore the correspondent stiffness. [17] 
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3. EXPERIMENTAL PROCEDURE 

The aim of this study is to measure the accuracy/errors, and their possible source, and 
characterize four individual machine tools (denoted as M1, M2, M3 and M4), built to the 
same specifications, with their static properties and compare them in order to increase the 
flexibility in production, check possible problems which need corrective actions or 
prevent them before they appear.  
The method and instrument used to achieve these objectives are the ones treated in the 
previous sections 2.5.1 and 2.6, respectively.  
  

Linear Axes 
  Working travels (mm)  Speeds (m/min)  Acceleration (m/s2) 

X-axis  600  70  5 
Y-axis  855  45  4 
Z-axis  750  90  7 

 
Rotary Axes 

  Angle travels (º)  Speeds (rpm) 
A-axis  -180/+45  30 
B-axis  n·360  50 

 
3.1 Circular testing with LDBB 

 
The circular testing was performed in the XY plane with the working table placed in two 
different positions, B-axis in 0º and B-axis in 90º, Fig. 32. The original idea was to 
perform also tests in the XZ plane, with a half circular path (180º, due to the axis 
configuration of the machine tools), but the spindle bearings were preloaded, making it 
impossible due to the possibility of damaging them. Each test was performed two times 
at least, to ensure the obtained data is feasible. 
 
Test  Position  Plane  B-axis Position  A-axis Position  Conditions 
          Feed rate: 

2000 mm/min 
Rotation: 

CCW & CW 

1  P1  XY  0º  -90º  
2  P2  XY  90º  -90º  
          

Table 4: Circular Testing Parameters 
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Fig. 32: Testing positions 

The reason of performing four different configuration of the tests, two senses of rotation 
(CCW and CW) and two positions, is to detect perfectly the geometric errors, due to the 
different behaviour of the linear and rotary axes depending on its motion and orientation. 
Choosing two senses and two positions help to identify some errors that in some cases 
can be detected mistakenly as other type of error. As an example, the squareness error 
could be confused as a servo mismatch error if just one sense of rotation was performed. 
In the case of the two positions, an error such as the scaling mismatch can have its origin 
in compensation values or defective ball screws, so these two positions help to exclude 
one of the sources.   
 
To place the LDBB in these testing positions, it is necessary to adjust the relative positions 
between the spindle and table attachments. To mount the LDBB two requisites have to 
be fulfilled: the two steel balls have to be in the same vertical line, with a known distance 
between their centres, in this case 150 mm (see Fig. 33).  

 
Fig. 33: LDBB mounting position 

15
0



 

   29 

To proceed and make sure these requisites are satisfied, these two elements cannot be 
placed basing their position on the NC program. It has to be defined a reference first 
position, from which they will be placed in the desired one. Then, it is necessary to take 
in consideration two parameters: the distance D between the center of the attachment balls 
and the concentricity of the axes of the attachment bases (see Fig. 34). 
 
 

 
Fig. 34: Placing LDBB parameters 

Measuring the distance between the attachment balls centres will allow to align the 
spheres in the vertical line by subtracting later this value in the NC program. The diameter 
of the attachment balls is known, so a 10 mm gauge block was used between their surfaces 
in order to know this distance D precisely. The second parameter allows to situate at the 
same height in the Y-axis both attachments, which will let to separate them later the desire 
distance in the vertical line, 150 mm. This second constraint was obtained with a 
mechanical dial test indicator mounted in the spindle with a special tool holder. Touching 
around the cylindrical surface of the table attachment with the tip enables to match both 
axis, thing that happens when the dial test indicator does not show any change of the value 
on its scale. 
 

                     
Fig. 35: Positioning instruments: gauge block (left) & dial test indicator (right) 

All these tests were performed applying different pressures on the spindle with the LDBB: 
0.5, 1, 3, 5 and 6 or 7 bar. The first pressure, 0.5 bar, simulates the unloaded case, this 

D

ParallelismConcentricity 
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means, that is the minimum pressure to keep the LDBB attached between the working 
table and the spindle, and without applying a real load on the machine tool structure. A 
circular testing with no load, like in the first case, just captures the geometrical errors of 
the machine tool but not the ones due to plays or deformations in the machine tool 
structure. The highest pressure is 7 bar for M1, M2 and M3, and 6 bar for M4. This is 
because in the last machine, the air pressure supply could provide a maximum of 6 bar. 
 
The general layout for the LDBB tests is presented in Fig. 36. 

 

 
Fig. 36: LDBB test layout [17] 

The software used to catch all the data was JoForce. Previous starting the tests, it is 
necessary to configure all the parameters in the computer. Those parameters are divided 
in different sections: 
 

• Run: 
- Angle path: the testing path, 360º in this case, appears in blue colour in the 

scheme. 
- Overshoot: 90º at the beginning and at the end, green in the diagram. This 

angle is necessary due to the not real-time connection between the NC 
program of the machine tool and the software. 

- Rotate: used to orientate the LDBB in the diagram according to the real 
distribution in the test. 

- Run 1, Run 2: here it is chosen the number of circular paths, their sense of 
rotation and their order. In this case a CCW contouring first (G03) and 
CW after it (G02). 

• Plane: 
- XY, YZ, XZ: tested plane. 
- Distance Z: projected distance between the attachment balls (see Fig. 37). 

In this case is 0 mm. 
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Fig. 37: Distance Z 

• Set point: in this section the working pressure is selected. For this study the 
pressure values are 0.5, 1, 3, 5 and 6 or 7 bar. In the box next to this one the actual 
pressure is displayed.   

• Machine: here the configuration of the machine is selected between vertical, 
horizontal or horizontal con vertical table machine, to compensate the deflection 
of the spindle/table. 

• Move: this controller allows to move and adjust the axes orientation. 
• Test: simulates the circular contouring in the diagram. 
• Drive: start the data collection. 

 
The test performance is divided into five steps, considering just one contouring path: 

 

Fig. 38: Circular test steps 

These steps are now explained one by one to understand the whole test performance, in 
this example a CCW contouring. 
 
1. On-trigger movement: this first movement notify the software to start collecting the 

data. In consists in a small approach of the two attachment steel balls (1.5 mm 
approximately), pressing the LDBB, which is detected by the linear gauge in the 
inside and sent to the computer. 

 
Overshoot movement: this movement is needed to ensure stable measuring conditions 
(stable feed rate). It consists in an extra circular path, of 90º in this case, performed at 
the beginning of the test. 

 
2. Data capture movement: a full 360º CCW path is contoured in this third point. During 

this step, the radial deviation is recorded over all over the plane.  
 

Z
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3. Overshoot movement: as in the first overshoot movement, it is needed to ensure stable 
measuring conditions (stable feed rate). It consists in an extra circular path, of 90º in 
this case, performed at the end of the test. 

 
4. Off-trigger movement: as in the first movement, it notifies the software to stop 

collecting the data. In this case the two attachment steel balls move off, which is 
detected by the linear gauge in the inside and sent to the computer. 

 
The NC program used for all these tests in the XY-plane is presented and explained here. 
 

G90 G54  : Absolute dimensions and work coordinate selection 
M19  : Orient/block the spindle 
G17 : XY circular plane selection 
G01 X0 Y151.8 F2000 : Linear interpolation motion and feed rate (2000 mm/min) 
G01 Z0  : Linear interpolation motion 
M00 : Program stop 
X0 Y150  : On-trigger movement  
G03 X0 Y150 I0 J-150 : CCW circular interpolation motion (360º path) 
G03 X0 Y-150 I0 J-150 : CCW circular interpolation motion (180º path) 
G01 X0 Y-151.8  : Off-trigger movement 
G04 F3.0  : Delay time  
G01 X0 Y-150  : On-trigger movement 
G02 X0 Y-150 I0 J150 : CW circular interpolation motion (360º path) 
G02 X0 Y150 I0 J150 : CW circular interpolation motion (180º path) 
G01 X0 Y151.8  : Off-trigger movement  
M30  : Program end and reset 

 
The used pressures are equivalent to the next loads: 
 

Pressure P (Bar)  Load L (N) 
0.5  36 
1  112 
3  365 
5  616 
6  742 
7  868 
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4. RESULTS 
The results obtained from all the performed tests are presented in this part of the report, 
by type of test and the machine tool where they were done. The four machine tools are 
called M1, M2, M3 and M4. 
 

4.1 Circular testing: geometrical errors 
 
Here are presented the results for the circular tests performed with the LDBB in each of 
the four machine tools. In each machine it is showed a plot with the deviation from a 
perfect circular path for each pressure case, both positions (B-axis 0º and B-axis 90º) and 
both rotating senses (CCW and CW), in Cartesian and Polar grid (Polar grid scale: 0.02 
mm/div). From this section is derived the influence of the geometric and kinematic errors. 
 
All the tests were performed with a feed rate of 2000 mm/min and circular interpolation 
on 150 mm radius. The presented results are the principal sources of the deviations and 
the numerical values of the maximum radial deviation (Fmax), minimum radial deviation 
(Fmin), circular deviation G and bi-directional circular deviation G(b), which are listed 
after the deviation diagrams. This results will be evaluated with the standards ISO 230-4 
[24], ISO 10971-6 [26] and the error sources from 2.5.2 with the software Renishaw V5. 
  
Before any data is calculated, any centre offset must be removed. The centre offset can 
be defined as “the amount by which the centre of rotation is offset to the best-fit circle 
that passes through the captured data” [8]. It is the distance along the two driving axes in 
the test plane. To remove this centre offset, the software uses a model with the method of 
least squares.  
   

4.1.1 Machine Tool M1 deviation results 
 
For the first machine tool, LDBB results are presented in Fig. 39, Fig. 40, Fig. 41,  
Fig. 42, Table 5 and Table 6.  
 

 
 

Fig. 39: Deflection Diagrams M1, Position 1, CCW
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Fig. 40: Deflection Diagrams M1, Position 1, CW 

 
 

 
 

Fig. 41: Deflection Diagrams M1, Position 2, CCW 

 

 
 

Fig. 42: Deflection Diagrams M1, Position 2, CW 
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The values of the diagrams above are presented in the Table 5 and Table 6. 
 

Machine Tool M1 
  Position 1  Position 2 

L  CCW  CW  CCW  CW 
  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin 

36  16.0  10.7  17.0  11.6  19.2  15.8  19.0  15.1 
112   22.5  16.7  22.2  17.1  22.2  19.1  22.7  18.8 
365   41.8  35.3  41.5  36.1  42.8  38.7  42.4  38.8 
616   60.5  53.1  60.0  53.8  59.2  54.5  59.1  54.7 
868   78.4  69.7  77.9  70.6  77.5  72.0  77.4  72.8 

Table 5: Radial Deviation Values M1 (µm) 

 
Machine Tool M1 

  Position 1  Position 2 
L  Gxy  Gyx  G(b)xy  Gxy  Gyx  G(b)xy 
36  5.3  5.4  6.3  3.4  3.9  4.1 
112  5.7  5.1  5.8  3.1  3.9  3.9 
365  6.5  5.4  6.5  4.1  3.6  4.1 
616  7.4  6.2  7.4  4.7  4.4  4.7 
868  8.7  7.3  8.7  5.5  4.6  5.5 

Table 6: Circular Deviation Values M1 (µm) 

As seen in Table 5 and Table 6, all the values are very similar at the same pressure level. 
The applied loads have a big influence in the deflection of the structure, behaving as a 
linear function with a little tendency to increase with higher loads. For higher loads the 
behaviour is nonlinear due to play in joints, loss of motion or the fact that the preload in 
the ball screws is higher than the rigidity. [27] This behaviour can be extended to the 
other two machine tools. For this machine it can be pointed out that the M1 works better 
in Position 2, due to its lower radial deviations and circular deviations G and G(b). 
 
Once the values of the main deviations are obtained, it is necessary know where they 
come from. Looking at the sources of the circular deviations in 2.5.2 and using the ballbar 
software of Renishaw, it is seen that in the first position of the working table (B-axis 0º) 
the principle deviation sources identified are presented in Table 7: 
 

Machine Tool M1 

L  Squar. 
(µm/m)  Straight. Y 

(µm)  
Scal. 

Mismatch 
(µm) 

 Cyclic Y 
(µm)  Backlash Y 

(µm)  Backlash X 
(µm)  Lat. play 

Y (µm) 

36  -13.4  -3.0  2.0  ▲0.8 
▼0.7  ▲-0.2 

▼-0.6  ►0.2 
◄0.2  ▲ 0.5 

▼-0.9 

112  -14.7  -3.2  2.6  ▲0.8 
▼0.7  ▲-0.3 

▼-0.1  ►-0.4 
◄ 0.7  ▲ 1.5 

▼-0.6 

365  -18.7  -2.9  4.2  ▲0.6 
▼0.5  ▲-0.3 

▼-0.2  ►-0.1 
◄ 1.0  ▲ 1.1 

▼ 0.0 

616  -20.6  -3.1  6.1  ▲0.4 
▼0.4  ▲-0.3 

▼ 0.0  ► 0.3 
◄ 1.4  ▲ 0.6 

▼ 0.4 

868  -21.6  -3.5  8.3  ▲0.5 
▼0.6  ▲-0.3 

▼ 0.0  ► 0.3 
◄ 1.5  ▲0.5 

▼0.4 
Table 7: Error values M1 Pos. 1 
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Coloured in orange appear the five most important errors for each pressure case. 
Squareness, straightness in Y-axis and the scaling mismatch are present in all the cases. 
Backlash around the X-axis has more influence at higher pressures. Cyclic error around 
Y-axis, backlash around the Y-axis and lateral play in the Y-axis appear as secondary 
errors. 
 
In the second position of the working table (B-axis 90º) the main error sources are 
presented in Table 8: 
 

Machine Tool M1 

L  Squar. 
(µm/m)  Straight. 

X (µm)  
Scal. 

Mismatch 
(µm) 

 Cyclic 
Y (µm)  Cyclic 

X (µm)  Backlash 
X (µm)  

Lat. 
play Y 
(µm) 

 
Lat. 

play X 
(µm) 

36  -2.4  -2.0  -1.0  ▲0.3 
▼0.4  ▲0.4 

▼0.4  ►0.0 
◄0.6  ▲1.3 

▼0.3  ►-0.1 
◄ 0.6 

112  -1.7  -2.0  -0.6  ▲0.3 
▼0.5  ▲0.4 

▼0.6  ►-0.1 
◄ 0.2  ▲ 1.0 

▼-0.2  ►0.2 
◄1.4 

365  -6.6  -3.0  0.9  ▲0.3 
▼0.3  ▲0.4 

▼0.5  ►0.3 
◄0.5  ▲0.5 

▼0.3  ►-0.5 
◄ 0.6 

616  -11.2  -3.0  2.2  ▲0.6 
▼0.5  ▲0.4 

▼0.5  ►0.1 
◄0.5  ▲0.3 

▼0.2  ►-0.3 
◄ 0.3 

868  -13.4  -2.6  4.2  ▲0.3 
▼0.3  ▲0.4 

▼0.4  ►0.1 
◄0.3  ▲ 0.5 

▼-0.3  ►0.0 
◄1.4 

Table 8: Error values M1 Pos. 2 

In this second case, the main errors are the straightness in X and cyclic error in X. As 
secondary errors appear the squareness, scaling mismatch, cyclic error in Y, backlash in 
X and lateral play in both axes. 
 
From the analysis of all these errors, it can be concluded that it would be necessary to 
check the guides for both axes (misalignment, bent locally and plays), if the ball screws 
are defective or are wrongly mounted and the value of the backlash compensation for Y-
axis.  
 

4.1.2 Machine Tool M2 deviation results 
 
As done in the case of M1, here are presented the deviation diagrams and their values in 
Fig. 43, Fig. 44, Fig. 45, Fig. 46, Table 9 and Table 10. 
 

 
Fig. 43: Deflection Diagrams M2, Position 1, CCW 
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Fig. 44: Deflection Diagrams M2, Position 1, CW 

 

 
 

Fig. 45: Deflection Diagrams M2, Position 2, CCW 

 

  
Fig. 46: Deflection Diagrams M2, Position 2, CW 
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Similar deviations appear in M2, as it is presented in Table 9 and Table 10. 
 

Machine Tool M2 
  Position 1  Position 2 

L  CCW  CW  CCW  CW 
  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin 

36  21.3  17.8  21.5  17.2  20.9  17.1  21.1  17.0 
112   26.4  22.3  25.7  23.1  25.1  21.7  26.1  21.5 
365   44.8  39.6  44.4  39.8  42.7  39.4  42.0  39.5 
616   62.8  55.9  62.3  56.5  60.6  56.8  60.1  57.0 
868   80.9  73.6  80.3  73.3  79.2  74.1  78.7  74.5 

Table 9: Radial Deviation Values M2 (µm) 

 
Machine Tool M2 

  Position 1  Position 2 
L  Gxy  Gyx  G(b)xy  Gxy  Gyx  G(b)xy 
36  3.6  4.3  4.3  3.9  4.1  4.1 
112  4.1  2.6  4.1  3.4  4.6  4.6 
365  5.1  4.6  5.2  3.3  2.6  3.3 
616  6.8  5.8  6.9  3.8  3.0  3.8 
868  7.3  7.0  7.6  5.1  4.2  5.1 

Table 10: Circular Deviation Values M2 (µm) 

For this deviations values, their sources are presented in the tables below. In the first 
position of the working table (B-axis 0º) the principle deviation sources identified are 
presented in Table 11. 
 

Machine Tool M2 

L  Squar. 
(µm/m)  Straight. 

Y (µm)  Straight. 
X (µm)  

Scal. 
Mismatch 

(µm) 
 Spikes 

X (µm)  Backlash 
X (µm) 

 Lat. 
play Y 
(µm) 

 
Lat. 

play X 
(µm) 

36  -10.2  -1.2  -1.2  1.7  ►0.0 
◄0.0  ►-0.5 

◄-0.5 
 ▲ 0.8 
▼-0.4  ►-1.0 

◄0.2 

112  -9.3  -1.0  -1.1  1.0  ►0.0 
◄0.0  ►0.4 

◄0.8 
 ▲-0.1 

▼0.8  ►0.3 
◄-0.2 

365  -14.5  -1.3  -1.1  3.7  ►0.0 
◄0.0  ►0.3 

◄0.4 
 ▲-0.3 
▼-0.1  ►0.5 

◄-0.9 

616  -21.9  -1.5  -1.2  5.3  ►0.0 
◄0.7  ►0.6 

◄0.8 
 ▲0.6 

▼1.0  ►0.0 
◄-1.0 

868  -23.4  -1.3  -1.2  7.7  ►0.0 
◄0.0  ►0.4 

◄0.9 
 ▲-0.2 
▼ 0.2  ►-0.2 

◄-1.4 
Table 11: Error values M2 Pos. 1 

In this first case, the main errors are the squareness, straightness in Y and the scaling 
mismatch. Secondary error sources are straightness in X-axis, backlash in X-axis, lateral 
play in both axes and Spikes in X-axis. 
 
In the second position of the working table (B-axis 90º), the errors are presented in Table 
12. 
 
 
 



 

   39 

Machine Tool M2 

L  Squar. 
(µm/m)  Straight. 

Y (µm)  Straight. 
X (µm)  

Scal. 
Mismatch 

(µm) 
 Backlash 

Y (µm)  Backlash 
X (µm)  

Lat. 
play 

Y 
(µm) 

 

Lat. 
play 

X 
(µm) 

36  4.9  0.8  0.9  -2.3  ▲-0.5 
▼-0.1  ►-0.3 

◄-0.7  ▲-0.2 
▼-0.4  ►-0.1 

◄-0.2 

112  4.8  1.4  -0.1  -2.9  ▲-0.5 
▼-0.9  ►-0.1 

◄-0.5  ▲ 0.4 
▼-0.1  ►-0.1 

◄0.3 

365  -4.9  0.9  0.3  -1.2  ▲-0.4 
▼-0.1  ►0.2 

◄0.1  ▲ 0.7 
▼-1.1  ►-1.1 

◄0.1 

616  -12.9  0.6  -0.3  -0.2  ▲-0.4 
▼ 0.0  ►0.2 

◄0.6  ▲ 0.7 
▼-0.9  ►-0.9 

◄-0.1 

868  -19.6  0.7  -0.1  1.0  ▲-0.5 
▼-0.2  ►0.4 

◄0.1  ▲0.1 
▼-0.9  ►-0.7 

◄-0.4 
Table 12: Error values M2 Pos. 2 

The main errors for the second position are the squareness, the scaling mismatch and the 
backlash in Y-axis. Secondary error sources are straightness in Y-axis and X-axis, 
backlash in X-axis and lateral play in both axes. 
 
For M2, the main reasons of their deviations have their origin in the guides (locally bent, 
plays or misalignment) and the compensation values for overcompensated backlash in Y 
and scaling mismatch, so both elements would have to be checked and in the necessary 
case repaired or replaced. 
 

4.1.3 Machine Tool M3 deviation results 
 
Deviations and values for Machine Tool M3 are presented in Fig. 47, Fig. 48, Fig. 49, 
Fig. 50, Table 13 and Table 14. 
 
 

 
Fig. 47: Deflection Diagrams M3, Position 1, CCW 
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Fig. 48: Deflection Diagrams M3, Position 1, CW 

 

 
Fig. 49: Deflection Diagrams M3, Position 2, CCW 

 

 
Fig. 50: Deflection Diagrams M3, Position 2, CW 
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Table 13 and Table 14 contain all the values for the deviations in M3. In this case, it is 
easy to see a notable decline of the values in Position 2 compared with Position 1. 
 

Machine Tool M3 
  Position 1  Position 2 

L  CCW  CW  CCW  CW 
  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin 

36  18.3  15.0  18.7  14.3  17.8  13.1  17.9  12.8 
112   24.3  20.3  24.9  20.5  20.8  16.9  21.4  16.3 
365   44.8  39.7  44.2  39.7  39.9  36.3  40.4  35.8 
616   63.3  57.8  62.8  57.8  56.8  53.3  57.3  53.1 
868   79.4  73.2  79.0  72.9  74.6  70.8  75.4  71.3 

Table 13: Radial Deviation Values M3 (µm) 

 
Machine Tool M3 

  Position 1  Position 2 
L  Gxy  Gyx  G(b)xy  Gxy  Gyx  G(b)xy 
36  3.3  4.4  4.4  4.7  5.0  5.1 
112  4.0  4.4  4.6  3.9  5.1  5.2 
365  5.1  4.5  5.1  3.6  4.6  4.6 
616  5.5  5.0  5.5  3.6  4.2  4.2 
868  6.2  6.1  6.5  3.8  4.1  4.6 

Table 14: Circular deviation Values M3 (µm) 

For this deviations values, their sources are presented in Table 15 and Table 16. In the 
first position of the working table (B-axis 0º), the principle deviation influences are 
presented below. 
 

Machine Tool M3 

L  Squar. 
(µm/m)  Cyclic 

Y (µm)  Cyclic 
X (µm)  

Scal. 
Mismatch 

(µm) 
 Backlash 

Y (µm)  Backlash 
X (µm)  

Lat. 
play Y 
(µm) 

 
Lat. 

play X 
(µm) 

36  1.9  ▲0.8 
▼0.6  ▲0.3 

▼0.4  0.7  ▲-0.6 
▼-0.9  ►0.2 

◄ 0.4  ▲ 0.1 
▼-0.9  ►-0.9 

◄ 0.1 

112  5.0  ▲0.8 
▼0.6  ▲0.3 

▼0.4  2.6  ▲-0.9 
▼-0.7  ►-0.3 

◄ 1.1  ▲ 0.0 
▼-0.6  ► 0.9 

◄-0.9 

365  2.0  ▲0.9 
▼0.7  ▲0.3 

▼0.2  4.2  ▲-0.6 
▼-0.6  ►-0.1 

◄ 1.2  ▲ 1.1 
▼-0.5  ► 0.6 

◄-0.1 

616  -0.5  ▲0.7 
▼0.7  ▲0.3 

▼0.3  5.9  ▲-0.7 
▼-0.5  ►-0.1 

◄ 1.1  ▲ 1.3 
▼-1.0  ► 0.6 

◄-0.4 

868  0.2  ▲0.7 
▼0.7  ▲0.2 

▼0.2  7.4  ▲-0.6 
▼-0.7  ►-0.1 

◄ 0.8  ▲ 1.8 
▼-0.3  ► 0.6 

◄-0.4 
Table 15: Error values M3 Pos. 1 

In this first case, the main errors are a cyclic error in Y-axis, backlash in both axes, lateral 
play in Y and the scaling mismatch. Secondary error sources can be a cyclic error in X-
axis and lateral play in X. 

 
In the second position of the working table (B-axis 90º), the error sources are presented 
in Table 16. 
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Machine Tool M3 

L  Squar. 
(µm/m)  Straight. 

X (µm)  
Scal. 

Mismatch 
(µm) 

 Cyclic 
Y (µm)  Backlash 

Y (µm)  
Lat. 

play Y 
(µm) 

 
Lat. 

play X 
(µm) 

 Spikes 
Y (µm) 

36  14.1  -1.8  -1.2  ▲0.7 
▼0.8  ▲-0.4 

▼-0.4  ▲-0.8 
▼ 0.2  ►-0.8 

◄ 0.2  ▲0.0 
▼0.0 

112  11.0  -1.6  -1.2  ▲0.7 
▼0.7  ▲-0.6 

▼-0.7  ▲0.1 
▼0.6  ►-0.2 

◄ 0.5  ▲0.0 
▼0.0 

365  10.3  -1.7  0.3  ▲0.7 
▼0.8  ▲-0.4 

▼-0.4  ▲-0.1 
▼-0.4  ►-0.4 

◄ 0.5  ▲0.0 
▼0.0 

616  4.7  -2.0  0.9  ▲0.9 
▼0.8  ▲-0.6 

▼-0.2  ▲ 0.5 
▼-0.6  ►0.3 

◄ 0.4  ▲0.0 
▼0.0 

868  2.1  -1.5  2.2  ▲0.7 
▼0.8  ▲-0.6 

▼-0.7  ▲1.1 
▼-1.7  ►0.8 

◄0.8  ▲1.0 
▼0.0 

Table 16: Error values M3 Pos. 2 

In this second case, the main errors are the squareness, straightness of X-axis, the scaling 
mismatch and cyclic error in Y-axis. Secondary error sources can be backlash in Y-axis 
and lateral play in both axes and reversal spikes in Y-axis. 
 
So the problems in M3 may be solved by checking the guides (misalignment, plays or 
bent locally), defective ball screws or wrongly mounted and an overcompensated 
backlash in Y-axis and negative X-axis.  
 

4.1.4 Machine Tool M4 deviation results 
 
Deviations and values for Machine Tool M4 are presented in Fig. 51, Fig. 52, Fig. 53, 
Fig. 54, Table 17 and Table 18.  
 

 
Fig. 51: Deflection Diagrams M4, Position 1, CCW 
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Fig. 52: Deflection Diagrams M4, Position 1, CW 

 
Fig. 53: Deflection Diagrams M4, Position 2, CCW 

 

 
Fig. 54: Deflection Diagrams M4, Position 2, CW 
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The values for the diagrams above are presented in the next two tables. 
 

Machine Tool M4 
  Position 1  Position 2 

L  CCW  CW  CCW  CW 
  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin  Fmax  Fmin 

36  21.7  18.6  20.8  17.9  23.7  19.3  22.9  19.2 
112   27.2  23.1  26.4  22.7  28.7  24.4  27.2  24.1 
365   50.1  43.9  47.4  43.4  48.3  44.1  47.4  43.5 
616   72.1  66.3  72.0  65.6  71.1  64.4  68.8  65.2 
742   84.8  79.3  84.5  78.5  81.3  75.0  80.1  76.5 

Table 17: Radial Deviation Values M4 (µm) 

 
Machine Tool M4 

  Position 1  Position 2 
L  Gxy  Gyx  G(b)xy  Gxy  Gyx  G(b)xy 
36  3.1  2.9  3.8  4.4  3.8  4.5 
112  4.1  3.7  4.5  4.3  3.2  4.6 
365  6.2  4.0  6.7  4.2  3.8  4.8 
616  5.8  6.3  6.5  6.6  3.6  6.7 
742  5.4  6.1  6.3  6.3  3.7  6.3 

Table 18: Circular deviation Values M4 (µm) 

For this deviations values, their sources are presented in Table 19 and Table 20. In the 
first position of the working table (B-axis 0º), the principle deviation influences are 
presented in the next table. 
 

Machine Tool M4 

L  Squar. 
(µm/m)  Straight. X 

(µm)  
Scal. 

Mismatch 
(µm) 

 Backlash Y 
(µm)  Backlash X 

(µm)  Lat. play 
Y (µm)  Lat. play 

X (µm) 

36  3.9  1.6  -1.0  ▲-0.7 
▼-0.2  ►0.1 

◄0.1  ▲0.1 
▼0.7  ►-1.3 

◄-0.6 

112  9.4  1.9  -0.4  ▲-0.6 
▼ 0.1  ►0.4 

◄0.9  ▲0.2 
▼0.0  ►-0.6 

◄-0.9 

365  6.0  0.4  2.4  ▲-0.5 
▼ 0.0  ►0.2 

◄3.2  ▲ 1.7 
▼-1.2  ►0.8 

◄-0.7 

616  11.5  1.8  4.3  ▲-0.5 
▼ 0.0  ►0.1 

◄3.1  ▲ 0.6 
▼-0.3  ►0.2 

◄0.2 

742  5.9  1.6  5.0  ▲-0.5 
▼-0.1  ►0.2 

◄3.2  ▲ 0.5 
▼-0.9  ►-0.2 

◄-1.0 
Table 19: Error values M4 Pos. 1 

In the first case, the main errors are the squareness, straightness in X-axis, scaling 
mismatch and backlash in both axes. Secondary error sources are lateral plays in both 
axes, which happens because an excessive play in the guides of both axes. Necessary to 
check the guides. 
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In the second position, the identified errors are contained in the table below. 
 

Machine Tool M4 

L  Squar. 
(µm/m)  Straight. X 

(µm)  Scal. Mismatch 
(µm)  Backlash X 

(µm)  Lat. play Y 
(µm)  Lat. play X 

(µm) 

36  -12.8  -2.2  -2.3  ►0.3 
◄0.9  ▲-0.5 

▼ 0.1  ► 0.9 
◄-2.3 

112  -10.7  -2.0  -1.6  ►-0.3 
◄ 1.1  ▲0.6 

▼0.5  ► 0.0 
◄-1.0 

365  -8.9  -1.5  -0.4  ►0.3 
◄2.3  ▲-0.1 

▼ 1.6  ► 1.0 
◄-1.1 

616  -19.4  -3.4  2.3  ►-0.1 
◄ 2.7  ▲0.1 

▼0.4  ► 1.1 
◄-1.7 

742  -17.6  -3.3  3.2  ►0.1 
◄2.1  ▲-1.1 

▼ 0.4  ► 2.4 
◄-1.6 

Table 20: Error values M4 Pos. 2 

In the second case, the main errors are the squareness, straightness in X-axis, scaling 
mismatch, backlash in X-axis and lateral play in X-axis. As secondary error source 
appears the lateral play in Y-axis.  
 
The problems in M4 may be solved by checking the guides (misalignment, plays or bent 
locally), defective ball screws and an overcompensated backlash in Y-axis.  
 
Once the errors of each machine have been identified by their values and their origin, it 
is necessary to check their influence in the performance of the machining operations. To 
evaluate if the machine tools have a correct behaviour, the standard ISO 10791-6 stablish 
a tolerance acceptance for circular motion interpolation, with a limit value of the circular 
deviation G1

ab=30 µm or Gab=50 µm depending on the feed rate. For the bi-directional 
circular deviation, the acceptance limit is G(b)=90 µm, or in the case the Renishaw 
criterion is used, G(b)=50 µm. In any case, those values are much higher than the ones 
obtained in all the machines, sense of contouring or applied pressure. See Fig. 55 and Fig. 
56 
 

 
Fig. 55: Circular deviation G limits (µm) 

                                                
1 Where ab = XY, XZ or YZ 
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Fig. 56: Bi-directional circular deviation G(b) limits (µm) 

Both diagrams above make clear all the machine tools tested have a great behaviour and 
no corrective actions are needed, if the costumer does not require them. However, it is 
necessary to perform periodic tests to avoid maintenance actions. From the point of view 
of the flexibility, all the machines can perform any of the operations with high accuracy 
and move the parts from one machine to other. Anyway, this last point has to be verify in 
the next section. The radial deviations are used in the next section to calculate the stiffness 
of the machine tools all around the XY-plane. 
 

4.2 Circular testing: static stiffness 
 
As explained at the beginning of 2.2, the stiffness appears as a design criterion for 
machine tools. A high stiffness is a synonym of high accuracy and quality of the 
manufactured parts. This value can be derived from the previous section. Here it is 
presented the static stiffness of each machine tool based on the deflection measurement 
results from Table 5, Table 9, Table 13 and Table 17. From this values will be evaluated 
the influence of static loads in the machine tools. In each machine it is showed a polar 
grid (5 N/µm per division) with the maximum and minimum static stiffness and their 
location in the XY-plane.  
 
The linearity of the static stiffness sometimes is divided in two slopes of values: low force 
values and high force values. Due to this, the stiffness calculation has to be done in two 
parts, low and high force values. [8] [17] The equations used to obtain these values are 
Eq. (4.1) and Eq. (4.2). 
 

+567 =
859: − 8567

;59: 8<=> − ;59:(8567)
 

 

+59: =
859: − 8567

;567 8<=> − ;567(8<?@)
 

  
After that, the stiffness can be calculated with a straight line approximation. The method 
used to compute this stiffness values is based on a minimum square approach. This 

(4.1) 

(4.2) 
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method can produce a noisy behaviour in the plotted diagrams, which can be compensated 
applying a smoothening function. [8] [27] With this measuring method, the stiffness is 
evaluated taking in account the closed loop of the machine tool and all its elements. 
 
Attending to previous studies it is seen that static stiffness is not directly related to the 
feed rate. This is a really important aspect to take in consideration for future tests with 
the LDBB to reduce the measuring time by increasing the velocity. [27] 
 

4.2.1 Machine Tool M1 stiffness results 
 
The static stiffness of M1 is presented in Fig. 57, Fig. 58 and Table 21. In the first position, 
there is an antisymmetric distribution of the highest and lowest stiffness depending on the 
sense of rotation, while in the second one they are quite near. 
 

 
Fig. 57: Static Stiffness M1, Position 1 (N/µm) 

 

 
Fig. 58: Static Stiffness M1, Position 2 (N/µm) 
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Table 21 shows the lowest values of the static stiffness appears in Position 1. 
 

Machine Tool M1 
  Position 1  Position 2 
  Kmax  Kmin  Kmax  Kmin 

CCW  14.46 (281.5º)  13.09 (181.3º)  14.70 (287.7º)  13.45 (207.8º) 
CW  14.24 (81.7º)  13.18 (0.5º)  14.81 (291.7º)  13.57 (183.8º) 

Table 21: Static Stiffness Values, M1 (N/µm) 

 
4.2.2 Machine Tool M2 stiffness results 

 
The distribution of the static stiffness in M2 is presented in the diagrams of Fig. 59, Fig. 
60, while the values are in Table 22. In Position 1 there is a symmetric distribution of the 
highest and lowest stiffness around the position 103º of the circular path. 
 

 
Fig. 59: Static Stiffness M2, Position 1 (N/µm) 

 

 
Fig. 60: Static Stiffness M2, Position 2 (N/µm) 
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In Position 2 the highest and lowest static stiffness doesn’t depend on the sense of 
rotation, both are almost in the same location. As in the case of M1, the lowest values of 
the static stiffness appear in the first position, Position 1. 
 

Machine Tool M2 
  Position 1  Position 2 
  Kmax  Kmin  Kmax  Kmin 

CCW  14.70 (101.8º)  13.36 (202.6º)  14.87 (283.9º)  13.35 (216.5º) 
CW  14.62 (106.3º)  13.29 (13.1º)  14.90 (288.9º)  13.37 (206.9º) 

Table 22: Static Stiffness Values, M2 (N/µm) 

 
4.2.3 Machine Tool M3 stiffness results 

 
In this case the static stiffness diagrams, and their maximum and minimum values, have 
been presented in Fig. 61, Fig. 62 and Table 23. 
 

 
Fig. 61: Static Stiffness M3, Position 1 (N/µm) 

 
Fig. 62: Static Stiffness M3, Position 2 (N/µm) 
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In Position 1 the values are quite similar as well their location. In Position 2, the values 
of the highest and lowest stiffness have a relative distribution with a symmetry in the 
position 30º of the circular path. Also, in this second position it is possible to find lower 
values of the stiffness, specially during CW sense of rotation.   
 

Machine Tool M3 
  Position 1  Position 2 
  Kmax  Kmin  Kmax  Kmin 

CCW  14.60 (269.0º)  13.43 (184.0º)  14.42 (103.7º)  13.30 (36.2º) 
CW  14.59 (275.6º)  13.64 (177.8º)  14.19 (276.7º)  13.39 (19.0º) 

Table 23: Static Stiffness Values, M3 (N/µm) 

4.2.4 Machine Tool M4 stiffness results 
 
The static stiffness of M4 is presented Fig. 63, Fig. 64 and Table 24.  
 

 
Fig. 63: Static Stiffness M4, Position 1 (N/µm) 

 
Fig. 64: Static Stiffness M4, Position 2 (N/µm) 
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In the first position the minimum stiffness is in the same position for both sense of rotation 
while the maximum one is near. In the second one there is a symmetric distribution of the 
stiffness. 
 
The values for the diagrams above are presented in the next table. They are quite lower 
than in the previous cases, and also they differ depending on the machine position. 
 

Machine Tool M4 
  Position 1  Position 2 
  Kmax  Kmin  Kmax  Kmin 

CCW  11.87 (272.0º)  10.79 (180.6º)  12.80 (289.6º)  11.51 (180.5º) 
CW  11.68 (237.4º)  10.62 (174.5º)  12.50 (92.3º)  11.67 (180.6º) 

Table 24: Static Stiffness Values, M4 (N/µm) 

Comparing the results obtained from the four machine tools in Fig. 65, there is a small 
variation between the first three ones of 14%, but the fourth one present a difference of 
40% in the worst case with the other three, showing there is not a huge difference between 
M1, M2 and M3, but a considerable one with M4. This lower stiffness in the case of M4 
is caused by the different maximum pressure or the table attachment, which was a t-slot 
while in M1, M2 and M3 was attached by threads. 
The corresponding static stiffness of each machine tool affects the final machined parts 
in terms of shape and dimensional variations, so from the point of view of the routing 
flexibility there would be no problem in moving the machining operations or 
manufactured parts between M1, M2 and M3. 
 

 
Fig. 65: Static Stiffness comparison (M1, M2, M3, M4) 

In the case of really demanding operations, M4 has the lowest stiffness values so it is the 
weakest one and must be avoided, while M2 is the stiffest, leading to in that case they 
should be run in machine M2 in the stiffest direction (288.9º).    
 
All these results would have no sense if it was not taken in consideration the stiffness, 
static and dynamic, of the joints in the table and spindle. By performing the experimental 
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modal analysis (EMA), previous studies showed how these joints have an insignificant 
contribution, with a really high static stiffness between joints and table/spindle.  
 



5. DISCUSSION AND CONCLUSSIONS 
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5. DISCUSSION AND CONCLUSSIONS 
5.1 Evaluation of the static deformation  

 
The static deflection results obtained from the LDBB showed that there was not a uniform 
distribution of the deformation in the XY plane, in any of the machine tools. Even being 
identically manufactured machine tools, all of them presented different values of 
deformation. The load applied in the spindle by the LDBB caused significant geometrical 
errors in the circular path, even with low loads. If the geometrical errors are enlarged 
when increasing the pressure in the LDBB, this means the machine tools are more 
accurate when they work under lower loads on their structure, for example, in finishing 
operations. 
Using the criterion of the circular deviation G or the bi-directional circular deviation G(b), 
it was seen that the four machines fulfil perfectly the minimum quality limits. It has to be 
taken in consideration that the applied standards to stablish the acceptance limits consider 
unloaded conditions, which means the machine tools have even a better behaviour. No 
corrective actions are needed yet, but periodical tests must be done to avoid problems. 
For future problems, or in the case the costumer considers it is necessary to correct any 
feature, the identified errors could be compensated by two different ways: 
 

• Going directly to the error source and replace/repair the damage parts of the 
machine tool and adjust the compensation values in the case of control errors.  

• Compensation of the errors in the control system. Two options: a real-time and 
continuous compensation in the CNC-controller, which is in charge of the path 
generation, or an end point compensation. The first way allows, in a 5-axis 
machine, to fully compensate not only the path generation but also the physical 
orientation of the tool. In the second case it is possible to find in the path some 
geometry errors. [22] 

 
To conclude this point, it can be said that the geometrical errors analysis allows to 
determine if a machine tool works properly or not and if it needs maintenance actions or 
not.    
 

5.2 Evaluation of the static stiffness 
 
As it happened with the deflection, the diagrams presented in 4.2 showed a variation 
among all the machines in the stiffness distribution. This occurs because the stiffness is 
directly obtained from the deflection measurements. Not only there is a variation in the 
distribution or values of the stiffness between the different machines but also in all the 
XY-planes. This is understood as the uniformity of how a part can be machined in a 
specific plane. Huge variations in the stiffness in the same plane produce an irregular 
performing and final work of the components. In the case of the studied machines, all of 
them presented a narrow range of rigidities. This is the equivalent analysis done with the   
circular deviation G.
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To ensure the specified accuracy of the parts, their tolerances and surface, the election of 
the process parameters, machining paths or tool geometries must be taken in 
consideration, as well as orienting to the stiffest directions the cutting force. Therefore, 
operations can be moved without any problem between M1, M2 and M3 but no M4, 
which could be used also just in less demanding cases.  
It has not to be confused the fact of not needing any corrective actions with having a high 
stiffness. In this case, M4 has a lower stiffness but it does not show any problem in its 
performing, which means that the problem comes from its design/mounted components. 
A solution for this machine would be change the table attachments. 
 
After all this analysis it is possible to confirm that, from the stiffness parameter, it can be 
inferred the quality of the machining operations and the routing flexibility between the 
machine tools. 
 

5.3 Further improvements and future work 
 
This thesis has shown how machine tools, even built to the same specifications, can 
present different properties and behaviour. For future analysis, some improvements are 
required in the equipment and the way to perform the tests: 
 

• Analyse the dynamic behaviour of the machine tools. Obtain the principal 
dynamic parameters and get the stability limits during machining. Chatter 
stability. 

• Modifications in the LDBB attachment to the spindle in order to make it possible 
to spin at the same time the circular test is performed. 

• Modifications in the software and hardware in charge of collecting the data from 
the LDBB, in order to create a real-time connection between them and the 
machine tool. 

• Developing a wireless LDBB device would make much easier the performance of 
the tests.  
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