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Abstract 

Integration of ma -
making in production, help to understand root-cases of quality loss and optimize cutting processes. In this paper, a systematic methodology is 

ment-based model 
is implemented in a CAx software environment for the prediction of geometrical deviations in complex milling processes. Results are presented 
in a case study to demonstrate errors on the workpiece level due to the quasi-static capabilities of a given machine tool. 
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1. Introduction 

Capability of machining systems (i.e. interaction of 
machine tool with cutting process) have key importance in the 
overall process chain to reach desired product quality. 
Today´s manufacturing processes are dominated by 
downstream control activities, which can be significantly 
supported by upstream information on machining system 
capability (MSC) [1]. This upstream information can include 
various characteristics of the physical system of the machine 
tools and the cutting tool under process. There is a strong 
need in industry for novel and easy to use methodologies and 
tools in the early phase of product realization for quality 
assurance and MSC utilization to produce parts with high 
accuracy requirements [2].  

To support decision making in production, process 
planning or maintenance the relationship between machining 
system characteristics and part accuracy must be evaluated 
and a systematic representation of MSC needs to be 
introduced [3]. Thus, measurement data related to machining 
system characteristics needs to be interpreted to gain 

understanding on deviations on the surface of the finished 
part. This knowledge gap can be recognized in case of the 
differences between classic machine (Cm) and process (Cp) 
capability indexes, defined in ISO 22514-1 [4] based on part 
quality information. Furthermore, it is difficult to find 
correlations between machine tool condition analysis (e.g. 
ISO 230-1 [5]) and these machine and process capability 
indexes. 

In this research, a methodology is proposed to utilize 
upstream information on machine tools (Fig. 1). The goal is to 
bridge the gap between machining system 
accuracy. The domain on which measurement information is 
the most valuable is the trajectory of the functional point 
(where the actual cutting operation is implemented leaving the 
fingerprint of the machine tool on the workpiece). For this 
purpose, a measurement-based model is implemented in a 
CAx software environment enabling the prediction of quasi-
static machine tool errors in case of complex milling tool 
trajectories.  

Today, process planning heavily relies on software tools to 
make the process chain more effective. A wide selection of 
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software is available, often with a focus on specific industries 
fulfilling their specific needs. Nevertheless, companies are 
always looking to improve their planning process chains by 
using individual software modules enhancing commercially 
available solutions. In this paper, a CAx software framework 
is used as developing base for a CAM-module calculating 
deviations from programmed toolpaths (Fig 2). 

 

 

Fig. 1. The concept of the introduced methodology. 

2. Machining system capability framework 

Usually, at the manufacturing system level, the machining 
system is regarded as a black box that performs according to a 
pre-established scheme. The machining system capability 
framework is aiming to provide a systematic approach for 
analyzing and visualizing capability to break away from the 
black box mind-set. The objectives of the framework are to: 
 Increase product quality in production, by gaining 

understanding of root causes of quality loss; 
 Increase efficiency in value-added activities, by evaluating 

the effect of maintenance activities and providing 
optimization tools for process planning; 

 Utilize the capabilities of machining systems, by relying on 
the identified strength of machine tools; 

 Decrease necessary reworks, with the usage of a priori 
capability information. 

This objective is reached through a methodology including 
the following steps: 
 Selection of relevant capability indicators. 
 Adaptation of measurement instruments to characterize the 

capability of the machining system according to the 
requirements of the framework. 

 Simulation of process related physical quantities, when 
measurement of these quantities is unreliable or 
problematic at manufacturing level. 

 Connecting machining system capability information with 
finished part geometry, by implementing calculation 
models. 

 3D visualization of deviations from nominal part geometry 
in case of complex tool trajectories. 

The focus of this paper is on the kinematic accuracy of 
machine tools and the behavior of the machining system 
(including machine tool, process and tool) under quasi-static 
loaded conditions. 

 

 

Fig. 2. Implemented part of the framework (machining system under quasi-
static and loaded conditions). 

2.1. Error budget under quasi-static and loaded conditions 

Machining system capability is affected by different error 
sources. These are divided into different error groups such as 
kinematic and static (Table 1) or dynamic and thermal. In this 
research, a common approach is applied by evaluating the 
error sources individually and then superposing their effects. 
In this case, redundancies have to be avoided and 
measurement uncertainties handled with care. 

Table 1. Error budget containing kinematic and quasi-static load induced 
errors. The error parameters included in the investigation are bolded. 

Source Error parameter 

Kinematic errors Component errors of axes 
 Orientation errors 

 Spindle positional deviations 

 Spindle inclination and run-out 

 Ball-screw pitch error 

 Play 

 Backlash 

 Hysteresis (motion control) 

 Scaling mismatch 

 Contouring 

Quasi-static load 

induced 

Spindle elastic deflection 

Ball-screw elastic deflection 

Guideways elastic deflection 

 Bed elastic deflection 

 Column elastic deformation 

 Table elastic deflection 

 Hysteresis (mechanical) 

3. Adaptation of measurement procedures 

There is a wide range of both laboratory and industrial 
adapted capability test methods [6]. To capture the behavior 
of the machining system under the predefined conditions, 
sufficient indicators need to be defined and proper 
instrumentation has to be selected. Quasi-static error sources 
include kinematic errors, and quasi-static load induced errors. 
In this study for kinematic characterization a widely used 
instrument the laser interferometer was selected (Fig. 3/a) due 
to the low measurement uncertainty and the possibility to 
directly measure kinematic errors. For loaded quasi-static 
testing the loaded double ball bar (LDBB) was used (Fig. 
3/b), enabling the possibility to capture the variation of quasi-
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static or static stiffness in the workspace. The quasi-static 
condition means that the loading process has to be slow. For 
periodic loading this means 1 or 0.5 Hz or lower [7]. 

 

 

Fig. 3. Instruments used for measurements: a-c) laser interferometers (applied 
for kinematic characterization); b) loaded double ball bar (quasi-static loaded 

characterization). 

3.1. Indicators and measurement of geometric errors 

Kinematic errors are unwanted motions of kinematic links 
of the machine. These imperfections can be described through 
position dependent component errors and position 
independent orientation errors. Using the notation of ISO 230-
1 [5] these parameters are summarized in Table 2. 

Table 2. The component and the orientation errors of a three-axis machine 
tool (with translational axes, where Z axis is vertical) and a five-axis machine 
tool (with two rotary axes), using the notation of ISO 230-1 [5]. 

 Linear errors         Angular errors 

Translational axis Positioning  Straightness Roll Pitch Yaw 

X axis EXX EYX EZX EAX EBX ECX 

Y axis EYX EYY EZY EBY EAX ECY 
Z axis EZX EZY EXZ ECZ EAZ EBZ 

Rotational axis Axial Radial              Ang. Pos.           Tilt 

A axis EXA EZA EZA EAA EBA ECA 
C axis EZC EXC EYC ECC EAC EBC 

Location Errors EA0Y  squareness error of Y to Z;  EC0X squareness error of X to Y; 

EB0X  squareness error of X to Z; EB0A squareness error of A to Z; 

EC0A squareness error of A to Y;  EY0C Y offset error from C to A; 

EA0C  parallelism error of C to Z in the reference ZY plane; 

EB0C  parallelism error of C to Z in the reference ZX plane; 

 
Laser interferometer systems are well suited to measure the 

individual position dependent and independent geometric 
error components. During the measurement, great care must 
be taken for the documentation of the positions of the 

measurement points. To reach lower uncertainty in the final 
prediction, the measurement traces are kept close to the 
investigated volume of the workspace. 

3.2. Indicators and measurement of quasi-static stiffness  

For an accurate description of the quasi-static response of a 
machine tool static stiffness needs to be determined on a 
positional and directional basis. The indicators for this 
representation are listed in Table 3. 

The LDBB is a circular measurement device, which is 
capable of applying various static forces to measure the 
induced deviations identifying the stiffness and its variation 
under different machine axis positions [8]. LDBB 
measurements are implemented in case of different positions 
to indicate load-deflection characteristics as described in 
[9].l.). 

Table 3. Static/Quasi-static stiffness indicators considered in the research. 

Indicator Definition 

Static stiffness Linear (or angular) displacement per unit static 
force (or moment) between two objects, specified 
with respect to the structural loop. [5] 

Hysteresis Linear (or angular) displacement between two 
objects resulting from the sequential application 
and removal of equal forces (or moments) in 
opposite direction. [5] 

Uni-directional static 
stiffness 

Stiffness values expressed after a series of 
measurements according to the signs and 
directions of the global coordinate system of the 
machine tool. 

Directional static 
stiffness positional 
variation 

Percentage of the maximum variation of the bi-
directional static stiffness in the work volume 
according to the position of the measurement. 

4. Computational model 

The introduced framework is realized for machining 
systems under quasi-static condition. For this a calculation 
model needs to be introduced to predict: (1) kinematic errors, 
(2) deflections due to quasi-static load and (3) quasi-static 
force during the process.  

4.1. Computational model for kinematic error prediction 

The calculation model for kinematic error prediction is 
based on the homogeneous transformation matrix HTM 
theory to describe the actual kinematic motions of the 
machine with respect to a reference coordinate system. The 
(HTM) theory is implemented for geometric error modeling 
according to [10] and [11], using the equations defined in 
these two papers. The modeling methodology starts with the 
definition of the kinematic structure and the machine 
geometry. Local coordinate frames are assigned to each 
component of the kinematic chain. The HTMs are expressing 
spatial transformations of these local coordinate frames in the 
global coordinate system according to the component and 
orientation errors. The position of the implemented 
measurements in the global coordinate system is required 
during the integration of measurement points to the model. In 
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this way measurement points can be related to the nominal 
position during the engagement. The outcome of the 
prediction is the position and the orientation in the functional 
point, which is determined with respect to global coordinate 
system. 

4.2. Calculation model for quasi-static load induced error 
prediction 

The calculation model for quasi-static load induced error 
prediction using the LDBB is described in [9]. The deviation 
profiles around the circular measurement trajectory of the 
LDBB are used to measure the uni-directional static stiffness 
values at various positions. Then the computational model 
predicts the uni-directional static stiffness values in chosen 
functional points. In this way the hysteresis and the variation 
of static stiffness along a predefined trajectory is described. 

4.3. Computational model for tool engagement and force 
simulation 

To use the stiffness characteristics of a machine tool for the 
prediction of deflections, the knowledge of process forces is 
critical. Two approaches can be considered: measuring the 
force in a real manufacturing process or calculating the force 
based on the planned data (namely toolpath, tool geometry, 
material, etc). For this research, the second approach was 
chosen, due to the favorable application to various cutting 
scenarios, where measurement would be difficult. 

The cutting force is calculated with a software tool through 
determination of the macro- and microscopic engagement 
situation, as developed by Minoufekr [12] and Cabral [13]. In 
combination with specific cutting force of the material and the 
knowledge of process parameters, this allows the estimation 
of the cutting force and its direction. 

Based on the cutting force the deflection caused by the 
machine tool compliance is calculated. For this paper, only 
the force in X and Y direction are considered. In case of a 3-
axial milling process this simplification is valid and the error 
resulting from it is small enough to demonstrate the validity 
of the software concept, discussed in the next chapter. 

The cutting force was also used to calculate the deflection 
of the milling tool at its tip. The deflection direction is the 
same as the direction of the cutting force. For the calculation 
of the deflection, the milling tool is considered as a cylindrical 
Bernouilli/cantilever beam. Furthermore, kinematic errors are 
not taken under consideration for the tool engagement 
simulation. 

5. CAx software environment 

In order to make use of the measurement data in the CAM 
process planning, a software tool was developed. The 
software was developed in a CAx software environment. The 
CAx software environment was developed with a focus on 
fast development possibilities using a function block approach 
[14]. In general, it is possible to develop modules for all 
process planning steps. 

Here, the CAx software framework was used to first import 
the measurement data from the machine tools, which was 
saved in a comma separated file format. The parsed data is 
stored internally for fast access during the following 
calculation steps. Then, an NC-code parser module is used to 
import toolpaths and to divide the toolpaths into different 
sections. For convenience, these modules were integrated in a 
simple graphical user interface (can be seen on Fig. 4/a). In 
this interface the user can enter all relevant information 
needed for calculation of deviations on the toolpath. For a first 
impression of the calculation results a visualization module is 
included, showing original and deviated toolpaths for 
comparison (Fig. 4/b).  

5.1. General algorithm 

For every position in the given toolpath deviations are 
calculated. The total deviation in every position is the sum of 
the unloaded and loaded quasi-static deviations. In milling 
processes, the toolpath generally consists of different sections. 
Toolpath sections describing connecting, transferring, 
approaching or retracting motions are often executed with a 
much higher feed value than cutting motions to reduce the 
total machining time. The different sections are used to 
determine the deflections, which has to be taken into account. 
Only during the cutting motion, process force occurs, 
therefore the resulting deflections are only calculated when 
the tool is engaged. During all other motions, the process 
force is not considered. 

A linear interpolation was implemented between the 
measurement points to improve the resolution in which the 
deviations are predicted. This step is necessary as the input 
measurement target positions are typically in the range of 
every 10-20 mm along the axis travel, while predictions shall 
be implemented on a submillimeter level. In general, higher 
resolution of the measurements leads to higher accuracy of the 
prediction. However it has to be noted, that the variation of 
the considered error sources in 10-20 mm range should be not 
significant, therefore the application of the linear interpolation 
is reasonable. 

The output of the software consists in different toolpaths: 
the interpolated toolpath, the deformed toolpath as well as a 
scaled deformed toolpath. For the latter, the deformed 
toolpath is scaled by a constant factor to make the deviations 
more obvious in the visualization module. All toolpaths are 

Fig. 4: Software module. a) settings window; b) visualization window. 
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saved in the standardized CLDATA format [14]. Therefore, 
the output is readable by many commercial CAD/CAM-
software solutions. 

5.2. Software integration of unloaded quasi-static machine 
tool capability 

For every axis, the measurements were combined in an 
individual file containing the path- and direction-dependent 
values of all linear and angular errors for the complete length 
of the respective axis. Obviously, measurements were not 
executed for every single point of the axis and therefore a 
linear interpolation in between measurements points is 
employed. While computing the deviations, the movement 
direction is determined from the last computed position and 
the current position on the respective axis. 

The squareness errors for the machine tool are considered 
for calculation based on the kinematic chain of the 
investigated machine tool. As the toolpath point differs from 
the measurement points for every axis, we defined the 
functional point for all axes and included it in the calculations 
accordingly. 

5.3. Software integration of loaded quasi-static machine tool 
capability 

The calculations of the deviations caused by the 
compliance of the machine tool are based on the estimated 
cutting force. The cutting direction is used to determine the 
corresponding stiffness value to be used. The magnitude of 
the cutting force defines the level of the deflection. 

After multiple stiffness measurements were implemented 
for the machine tool with the LDBB, an influence radius for 
every measurement position is defined. If a toolpath point lies 
inside the sphere with the measurement position, then the 
stiffness value of this position is considered in the calculation, 
Fig. 5 shows such an arrangement for four stiffness 
measurements. When multiple stiffness values influence the 
toolpath point, an average value is calculated for that toolpath 
point. 

 
 

6. Case study 

Two case studies were proposed to demonstrate the 
proposed framework under quasi-static and loaded conditions. 
An AFM R-1000 three axis and a Hermle C50 five axis 
machine tool were evaluated. In case of the Hermle C50 
machine tool the variation of the quasi-static stiffness was not 
characterized (measurements were taken at one position) and 
orientation errors were not included in the predictions. For the 
AFM machine all quasi-static characteristics were included. 
Conclusions were drawn in both cases on a test piece to 
visualize deviations at the tool trajectory from nominal 
positions. 

First, a workpiece was designed using Siemens NX11. The 
geometry of the workpiece is simple and can be seen in Fig. 
6/a. The surface features of the workpiece were chosen for 
fast and simple toolpath generation with which the software 
could be validated. Second, toolpaths were generated and 
posted as CLDATA files (Fig. 6/b).  

Fig. 6: Workpiece design in Siemens NX11: a) Workpiece; b) Toolpath 
examples for finishing operations. 

Third, based on the process and milling tool parameters, 
listed in Table 4, the cutting force was calculated. The milling 
tool was selected to be a solid carbide end mill. 

After all process parameters and the measurement data 
were loaded into the software module, the toolpaths with 
deviations were calculated. 

Table 4: Process parameters for both test cases. 

Process 
Parameter Value 

Tool 
Parameter Value 

 300 mm/min  10 mm 

 0,04 mm 
Workpiece
Material 

X3CrNiMo13-4 

 0,65 mm  400.000 N/mm² 

 3,9 mm Overhang  50 mm 

WP1

WP4

influence spheres

Figure 5: Visualization of influence spheres (WP2 and WP3 were hidden) 
with a radius of 150 mm and centered slightly above workpieces. 
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In Fig. 7, the resulting total deviations are shown for a 
straight toolpath in x-direction with a total length of 108 mm 
including approach and retracting movements. The total 
deviations are calculated with respect to the nominal toolpath. 
For the AFM R-1000 two workpiece positions were evaluated 
with different stiffness values. 

It can be observed, that the total deviations are smaller 
when using the Hermle C50. Furthermore, a significant step is 
visible, where the tool enters the material and the cutting force 
acts due to the process. For the AFM R-1000 the step is 
higher, which is explained by the lower stiffness of the 
machine tool compared to the Hermle C50. Lastly, a 
difference in the unloaded case can be seen for the AFM R-
1000. This indicates the varying kinematic characteristics in 
the work space. 

7. Conclusions 

The possibilities of the proposed methodology to utilize 
upstream information on capability of machining systems 
were demonstrated for quasi-static and unloaded cases. The 
developed CAM-module based on a CAx software framework 
can be beneficial to support process planners and decisions in 
production related to the available capabilities of used 
equipment. The approach can be also used to optimize 
production processes by selecting: a) the right machine tool 
for the right purpose, b) optimal mounting position of a given 
workpiece in the work space, c) proper process parameters 
corresponding to the capabilities of a given machine tool and 
d) necessary corrections or compensation procedure after the 
identified root-causes of deviations. 

The results presented in the case study showed, that the 
software implementation of measurement results into a CAM 
module was successfully achieved. For the end user it is very 
convenient to load the measurement data and to calculate the 
deviations of the toolpaths. Furthermore, the exported 
toolpaths can easily be imported into various commercial 
CAM software, see Fig. 8 where the toolpath was loaded with 
Siemens NX11. 

A next step in the development is to connect part 
inspection information to the proposed framework to validate 
predictions and include more error sources in the prediction. 
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Figure 7: Resulting toolpath deviations for the two evaluated machine tools 
(AFM R-1000 and Hermle C50). The load due to the cutting force was 

180N. The figure shows the respective total deviations from the 
programmed NC-code. The relative displacement is an x directional motion 

with a length of 108 mm. (WP=workpiece position). 

Figure 8: a) Finishing operation with two moving axes, b) re-import of the 
NC-code with scaled deviations (factor 10). 
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Abstract 
 
For proper characterisation of different physical quantities in machine tools, it is 
necessary to report the uncertainties associated to the measurements. The 
uncertainty evaluation, according to international standards, expresses 
information of the quality and the reliability of the measurement result. 
Applications like calibration and compensation are sensitive for the quality of 
the input data, thus the reliability of the characterisation results need to be 
interpreted accurately to avoid significant residual errors or overcompensation. 
General approaches take several factors into consideration during the estimation 
of measurement uncertainty such as the environmental variations or the 
uncertainties of the measurement device or the setup. At the same time, various 
reproducible and non-reproducible error sources associated to the performance 
testing of the machine tool are ignored. The reason behind it can be the lack of 
the applicable standardized measurement instruments. 

This paper highlights the significance of the uncertainty sources connected 
to the performance of the machine tool under quasi-static loaded condition. The 
variation of the static stiffness of machine tools, the hysteresis and play in the 
system can be even more significant uncertainty sources than the above 
mentioned ones. Under the framework of elastically linked systems (ELS), a 
circular test device, the loaded double ball bar (LDBB), is used in a case study 
to identify this effect. The LDBB can be used as a double ball bar, with the 
additional capability of applying a load, thus it enables the measurement of 
machine tool deviations under quasi-static loaded conditions. A measurement 
methodology is proposed to properly describe and demonstrate the variation of 
the contributing uncertainties associated with repeatability performance of the 
machine tool. With this approach important interdependencies can be expressed 
as uncertainty sources. 
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1 Introduction 
 
Testing the positioning performance of numerically controlled machine tools 
means the identification of the accuracy and the precision under predefined 
conditions. The fundamental aim of these test approaches is to describe the 
relative displacement of the component that carries the workpiece with respect 
to the component that carries the cutting tool. Test methods are dedicated to 
measure systematic and random contributors of this displacement (error), to help 
the evaluation and the improvement of the positioning performance in case of 
real cutting conditions. In this assessment the concept of measurement 
uncertainty can be used to establish a common base between systematic and 
random errors supporting their characterisation. 
 It is well-known that the measurement result is influenced by variations, 
caused by changes in the environment or the measurement itself. The 
conclusions on these variations made it obvious, that no measurement result can 
be complete without the statement of the connecting uncertainties. Thus the 
measurement uncertainty can be seen as a quantification of the reliability of the 
measurement based on available information and necessary assumptions. In the 
end the considered contributors and their expressed magnitudes will strongly 
define the measurement uncertainty [1]. Uncertainty statements in machine tool 
testing generally lack the detailed consideration of the influence factors coming 
from the machine tool itself. Bringmann and Knapp [2] introduced on systematic 
errors, that the unloaded geometric test uncertainty depends on the machine tool 
performance. The main characteristic that affects the test results in this case is 
the interdependency between the geometric error sources, which after further 
measurements and considerations can be part of a type B uncertainty evaluation. 
In case of unloaded testing the type A evaluation consists valuable information 
on the repeatability of the machine tool (as a contributor summarizing the 
random error sources of the machine tool under the particular condition), but it 
is a demanding task to separate from other random contributors. 
 This paper introduces a novel methodology for assessing the measurement 
uncertainty (linked to the performance of machines) of machine tools acting 
under loaded and quasi-static conditions. It is well known that changes of 
measurement test conditions, such as position, thermal state, feed-speed, etc., 
have a significant effect on measurement results. Identified systematic 
contributors can be compensated and excluded from the uncertainty budget 
(besides adding the uncertainty introduced by the compensation).   On the other 
hand, sources to random variations need to be included to the uncertainty 
statement.  

Loaded testing is characterizing the capacity of the machine to endure loads, 
in quasi-static case, this means the static compliance and hysteresis of the 
machine tool. In contrast to the unloaded case, the focus of the dependency is 
not on the systematic errors but on the random errors, affecting the repeatability 
of the machine tool. With special focus on the type A uncertainty evaluation, 
this dependency will be quantified. It is important to indicate that this 
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dependency is reproducible, thus a measurement procedure is proposed for 
comparative testing under different reproducibility conditions. The measurement 
procedure is developed according to the findings of the framework of the 
elastically linked systems (ELS). The proper characterization instrument has a 
central role in the proposed approach. A circular test device, the loaded double 
ball bar (LDBB), is used to demonstrate the aforementioned dependency. 
 
2.  Machine tool testing under quasi-static loaded condition 
 

Testing of numerically controlled machine tools integrate deep understanding of 
state of art knowledge on machine tools and metrology. Thus tendencies in both 
research areas should influence the procedures applied in testing. ISO 230-1 [3] 
specifies methods for determining the accuracy of machine tools with no-load or 
under quasi-static operational conditions. The goals of these tests are to discover 
potential geometric and quasi-static load induced errors which can affect the 
relative motion of the workpiece and the cutting tool. 

This paper focuses on the quasi-static loaded testing, i.e. the static 
compliance of machine tools. The static compliance can be defined as a linear 
(or angular) displacement per unit static force (or moment) between two objects, 
specified with respect to the structural loop, the location and direction of the 
applied forces, and the location and direction of the displacement of interest
[3]. However, it is widely accepted, that the compliance (according to the 
previous definition) is a function of the direction of the applied force and the 
position of each axis, existing international standards do not provide direct 
guidelines for testing the related variations. The reasons can be found in the lack 
of proper standardized procedures, which is usually limited to the measurement 
of displacement in one position and direction for one setup, neglecting the 
characterisation of the machine tool`s response in the whole workspace. The 
circular test device LDBB facilitates this investigation by measuring the 
deviations at different load levels, positions, directions and feed rates [4]. This 
device (Figure 1) was used to support the establishment of the ELS concept [5].   

 

 
Figure 1: The concept of the LDBB measurement 

 
The focus of this paper is not on the systematic variations of the static 

compliance, but the repeatability response of the machine tool at various loaded 
conditions, which is observed through the measurement uncertainty, and usually 
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cannot be directly separated, especially in case of an indirect measurement 
method. It is well known, that deflections of the machine tool, due to quasi-static 
loads, have a strong influence on accuracy. The correlation is negative i.e. 
higher load results in lower accuracy. The aim of this paper is to show that 
precision wise, this correlation is positive, so the machine tool response for 
higher quasi-static load is resulting in higher repeatability. 

 

 
2.1.  Expression of uncertainty in machine tool testing (under quasi-
static loaded condition) 
 
In this paper the term measurement uncertainty will be used according to the 
definition of VIM [6] non-negative parameter characterizing the dispersion of 
the quantity values being attributed to a measurand, based on the information 
used GUM [7] provides an internationally accepted procedure that can be used 
for the estimation of measurement uncertainty, with high attention on the 
evaluation of the uncertainty components. Two main approaches have been 
distinguished: the type A evaluation method for the evaluation of uncertainty by 
statistical analysis of series of observations; and the type B method for the 
evaluation of uncertainty by means other than the statistical analysis of series of 
observations.  

Furthermore, the GUM highlights the importance of the clear understanding 
of the measurand. The proper measurement result on the static compliance of 
machine tool need to express the: (1) measured compliance, (2) the statement of 
the measurement uncertainty, (3) the magnitude of the applied force, (4) the 
direction of the applied force, and (5) the location of the applied force. 
Otherwise through a type B uncertainty evaluation process point (3-5) shall be 
included in the measurement uncertainty statement. This type B evaluation 
requires the compliance characterisation at various positions and directions, and 
also indicating the linearity (as a possible uncertainty source) on different load 
levels. 

ISO 230-4 [8] describes circular unloaded kinematic tests with the 
involvement of several error sources measured simultaneously. The main test 
uncertainty contributors are: 

1. the measurement uncertainty of the test equipment; 
2. the repeatability of the machine tool, checked by repetition of circular 

test; 
3. the temperature drift of the machine tool and/or the test equipment. 

For loaded conditions the following contributors can be added: 
4. uncertainty in the level of the applied force 
5. setup stability, including internal vibrations transferred through the 

mounting of the instrument (due to the fact that the positioning is 
executed under load) 

  



 
 

Laser Metrology and Machine Performance XII 

 
2.1.1.  Type A evaluation of measurement uncertainty 
 
The approach which utilizes statistical analysis of measured quantity values for 
the assessment of measurement uncertainty, called type A evaluation. The 
precision conditions under which the measurement is obtained can be: 
repeatability, intermediate precision, and reproducibility condition. The 
repeatability condition which is relevant for this investigation is defined as the 
condition of measurement, out of a set of conditions that includes the same 

measurement procedure, same operators, same measuring system, same 
operating conditions and same location, and replicate measurements on the same 
or similar objects over a short period of time [6].  However, to derive 
conclusions on the repeatability under quasi-static load, more conditions need to 
be considered. Thus, the proposed measurement procedure is composed to 
implement investigations under different reproducibility conditions (including 
changed positions, directions and varied load levels).  

Influence factors introduced in section 3.2. are resulting in variations in the 
repeated observations. The type A evaluation provides an estimate of the sum of 
these variations with the experimental standard deviation of the mean (Eq. 1).  
 

 (1) 

 
where  is the arithmetic mean of n independent repeated observations . 
 
3. Methodology for performance evaluation under quasi-static condition 
 
The measurement uncertainty is tightly associated with the multi-axis 
repeatability performance of the machine tool. Thus a top-down approach, 
starting from the variation of the repeated measurements, needs to be tracked 
during the evaluation of the sources. The target condition is the effect of 
different levels and directions of the applied loads on the repeatability 
performance of the system.  
 
3.1. Definition of indicators  
 
Repeatability of measurements obtains the agreement between repeated 
measurements under repeatability condition. During geometric tests the 
determination of repeatability excludes the positioning repeatability of linear 
axis since the measurements are taken after the machine movement has stopped. 
ISO 230-2 [9] concludes that in case of unloaded measurements the uncertainty 
estimation of the repeatability is only defined by the environmental variation. 
ISO 230-4 [8] is applicable for circular tests of numerically controlled machine 
tools, but as other international standards, do not deal with repeated circular 
measurements. 
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 Two ways of indicating repeatability performance will be investigated in 
this paper for quasi-

[10], the uni-
directional repeatability is defined as the largest gap between two CW 
(clockwise) or CCW (counter-clockwise) traces in the measurement plane 
obtained by two measurement made within a short interval of time. Bi-
directional repeatability which is defined as the largest gap between a CW trace 
and a CCW trace in the plane of the measurements. 
 

 (2) 

  

 (3) 

  

 (4) 

  
where n is the number of repetitions, m is the number of the readings in one 
circle and   and  marks the 

corresponding reading for the given rotating angle . It has to be noted that the 
velocity of the feed-rate can vary during the circular motion which will effect an 
error in . The contribution of this error was investigated and found to be 
negligible. 

The second expression is defined through the type A uncertainty (Eq. 5-7), 
as the average value of the experimental standard deviations of the means for 
each reading angle . 
 

 
(5) 

 

 
(6) 

 

 
(7) 

 
These statistical indicators are used in order to have a representative single 

value information which can be used for deriving conclusion on the uncertainty 
and the repeatability of the measurement along the circular trajectory under 
different measurement conditions. 
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3.2. Test setup - inhomogeneities in the repeatability condition 

 
According to the repeatability conditions the performance of a multi-axis system 
can be effected through non-systematic parameters such as: backlash, hysteresis, 
contouring error of each axis, play in the spindle, stick-slip motion errors, 
certain thermal errors, vibrations from the servo drives, interpolation errors and 
servo errors. As it will be demonstrated the effects of these sources are varying 
depending on certain parameters in the workspace. The test setup was designed 
to investigate the reproducibility of the effect of the inhomogeneities connected 
to the repeatability (see Figure 2). The considered inhomogeneities are 
connected to the effect of:  (1) the magnitude, (2) the direction and (3) the 
position of the applied quasi-static force.  

 
Figure 2: The measurement setup for a three-axis machine tool 

 
The proposed test setup for the investigation of the repeatability 

performance of a three-axis milling machine contains measurement at four 
different positions on the table, 4 different load levels, clockwise and anti-
clockwise feed-directions. The effect of the feed-rate was not investigated in this 
study (it was selected to be low, 500 mm/min).  
 
4. Results and discussion 
 
The computed indicators for the measurement uncertainty and repeatability can 
be seen in Table 1. The largest gap indicators ( , , ) are representing the 

 scenario ,  and  are influenced 
by the repetitions, and representing more the whole sample. According to ISO 
230-9 [11] the maximum value of the estimated standard deviation is the base 
for calculating the standard uncertainty, while GUM uses the standard deviation 
of the mean of the repetitions. Following the GUM approach another indicator 
was used to indicate the maximum value of the standard deviation of the mean. 
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Table 1. Indicators for the measurement uncertainty and repeatability

The big majority of the indicators are following a clear tendency that 
maximum deviations, and the variability of the repeated measurements, are 
decreasing with the higher applied load. Figure 3 highlights the tendency related 
to the increase of the applied load by showing the mean values of the indicators 
from different positions on the machine tool table. Only the bi-directional 
repeatability ( values do not show this behaviour. As this indicator is the 
largest gap between a CW and a CCW traces, it is sensitive for the hysteresis in 
the system and also can be used to indicate its value. Uni-directional indicators, 

and are sensitive to the backlash and the play (unloaded case) in the 
system, but even in their case the tendency is clear. 

Figure 3: Mean values of the defined indicators 

It is obvious that the Type A measurement uncertainty (according to ISO or 
GUM) also decreases. With respect to the test uncertainty contributors, the 
source of the change in , and indicators on different load levels is the 

[µm] Pos. 1 Pos. 2 Pos. 3 Pos. 4 Pos. 1 Pos. 2 Pos. 3 Pos. 4 Pos. 1 Pos. 2 Pos. 3 Pos. 4 Pos. 1 Pos. 2 Pos. 3 Pos. 4

5.73 3.14 1.51 2.73 1.07 2.31 1.46 2.25 1.70 1.66 1.02 1.83 1.63 1.05 0.82 1.45
2.14 2.71 1.74 1.73 1.36 2.16 0.94 2.24 1.60 1.89 0.87 1.33 1.40 1.15 0.63 1.07
9.44 6.39 6.63 6.86 5.53 5.84 5.11 7.44 7.10 8.32 7.47 9.43 8.14 9.57 7.96 10.81
1.49 1.45 0.64 1.38 0.53 1.18 0.62 1.33 0.97 0.77 0.41 0.77 0.87 0.35 0.28 0.73
0.72 1.18 0.61 0.91 0.68 1.25 0.54 0.94 0.97 0.87 0.39 0.8 0.70 0.70 0.23 0.61
1.11 1.31 0.62 1.15 0.60 1.21 0.58 1.14 0.97 0.82 0.4 0.79 0.78 0.53 0.26 0.67

Estimated standard 
deviation (max. value) 3.20 1.59 0.88 1.42 0.69 1.20 0.73 1.22 0.92 1.02 0.51 1.02 0.83 0.66 0.41 0.73

Max. value of the 
standard uncertainty 

(k=3)
5.54 2.75 1.53 2.46 1.20 2.08 1.26 2.12 1.59 1.77 0.89 1.76 1.44 1.15 0.71 1.26

28.45 N (unloaded) 111.16 N 363.16 N 740.65 N
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change of the repeatability of the machine tool, since the rest of the parameters 
should not affect the change in the level of the applied load. However, the 
quantification of this change has a dependency on the experimental setup as the 
repeatability is inhomogeneous in the workspace. 
 In case of a multi-axis system it is possible that the repeatability of each axis 
is different, furthermore certain contributors for instance the play in the spindle 
can be sensitive to the direction of the applied load. So the final repeatability is 
dependent on the involvement of the axes and the response of all random 
sources for the direction of the load. Figure 4 shows how these differences can 
be indicated with circular measurements at different load levels. For unloaded 
case due to high variability of the measurements, the tendency is not clear, 
however after increasing the load and elimination of axis play, the significant 
differences between X (0°, 180°, 360°) and Y direction (90°, 270°) is more 
obvious. 
 

 
Figure 4: Experimental standard deviation of the mean of the repeated 

measurements around the circular path (~28350 readings, y axis is changed for 
each condition to highlight the details) 

 
5. Conclusions 
 

According to the experiments conducted in the study the repeatability 
 of the system can be in the magnitude of the errors. The sources 

of the repeatability of a machine tool are random errors, which cannot be 
compensated, just corrected. Furthermore, the drawn conclusion of the 
measurement can be misleading, since in many cases the instrument or the setup 
itself is seen as the biggest contributor to the measurement uncertainty. 
However, in case of loaded machine tool testing, as it can be seen on the 
indicators, the machine tool itself can be the biggest contributor for type A 
measurement uncertainty.  

The quasi-static response of the machine tool for a higher loads result in a 
higher systematic deviation (uncut material) on the workpiece, meanwhile as it 
was introduced in this paper the random sources affecting the repeatability of the 
system are reduced. The conclusion was proved besides different reproducibility 
conditions. So practically from machine tool performance point of view, the 
accuracy of the machine tool is reduced, while the precision is increased. The 
identification of these opposing effects is important because the systematic 
deviation (uncut material) can be compensated (as it was demonstrated in [12]) 
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meaning that with a higher load level, higher part quality can be reached. 
Furthermore in case of finishing conditions the role of repeatability is more 
important as low repeatability can result in serious capability variation. As was 
also shown in this paper the repeatability is inhomogeneous for different 
directions as well, which information after the characterisation can be used to 
identify sensitive directions. 
 According to GUM, the type A measurement uncertainty of the investigated 
machine tool was reduced by more then 60% through the increased repeatability 
of the system with the higher load levels during testing. As a conclusion it can 
be stated, that one can gain twice from a stiff and repeatable machine tool: on 
one hand for the same level of load the accuracy is not reduced as much, 
however the precision is enhanced, while in addition the test uncertainty can be 
reduced. 
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