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Abstract 
Modelling of non-systematic variations in the positioning performance of machine tools can support the understanding of 
capability variation in manufacturing processes. Kinematic characterisation is implemented through repeated measurements, 
which include variations connected to the performance of the machine tool. This paper addresses the integration of the positional 
repeatability to kinematic modelling through the utilization of direct measurement results. The statistical population of random 
errors along the single-axis travel first requires the proper management of experimental data. In this paper a methodology is 
presented for the determination of repeatability under static and unloaded conditions as an inhomogeneous parameter in the 
workspace. In a case study the component errors of a linear axis were investigated with repeated laser interferometer 
measurements to quantify the estimated repeatability and express it in the composed repeatability budget. The conclusions of the 
proposed methodology outline the sensitivity of kinematic models relying on measurement data, as the repeatability of the system 
can be in the same magnitude as systematic errors. 
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1. Introduction 

Machine tool repeatability is one of the root causes of 
capability variation in the manufacturing process. A sufficient 
quantitative description of these variations according to 
different conditions leads to a better characterisation of 
machine tool performance and yields higher controllability for 
the process. The field of kinematic modelling in manufacturing 
science is dominated by the characterization of reproducible 
systematic errors as they can be the object of compensation. 
As will be demonstrated, the repeatability can be in the 
magnitude of the systematic errors, thus relying only on 
systematic error sources and including only their effect in the 
error budget can be misleading.  

This paper presents an interpretation of direct measurement 
results that facilitates the integration of machine tool 
repeatability in kinematic modelling on the volumetric error 
level. The interpretation consists of I) the clarification of the 
conditions in which the repeatability is understood, II) the 
consideration of relevant inhomogeneities causing the 
variation of repeatability, III) the statistical management of 
experimental data, IV) the definition of new parameters and 
their comparison with existing standardised indicators in the 
repeatability budget for a single axis. In a case study the 
component errors of a three axis machine tool were 
investigated with repeated laser interferometer 
measurements. 

2. Estimator for machine tool repeatability  

Estimation of repeatability in this work follows the quasi-static 
and unloaded conditions defined in ISO 230-1 [1].  According to 
ISO, the repeatability of axis positioning is defined through the 
standard deviation of the positioning deviation values obtained 
by a series of repeated approaches to a given axis position 
[2][3].  

According to the repeatability conditions the performance of 
a multi-axis system can be affected by play in components, 
assembly, backlash, hysteresis (due to inertia forces), 
contouring error of each axis (including interpolation errors) 
and stick-slip motion errors. These effects are not evenly 
distributed along a single axis travel range or, in case of multi-
axis positioning, workplain or volume, resulting in 
inhomogeneities in the machine tool performance. The most 
significant factors, which can influence the estimation of 
repeatability, include the uncertainty of the measurement 
instrument and thermal deformations during testing or 
external environmental changes. Regarding the effects of these 
root causes on the repeatability of the system, the distribution 
of the experimental frequency needs to be properly analysed in 
order to separate random and systematic variations of the 
calculated standard deviations. Therefore it is not 
straightforward that the repeatability as standard deviations of 
the measurements can be directly utilized in kinematic 
modelling since it is spatial dependent in the measurement 
travel range. 

3. Methodology: Statistical management of experimental data 

ISO 230-9 [4] gives internationally accepted guidance for  the 
measurement uncertainty assessment of the estimator of 
standard deviation, representing the repeatability of the 
positioning performance of machine tools. All systematic 
variations along the axis travel range are considered as an 
attribute for the mean value of the repeated measurements. 
And, most importantly, it is assumed that “the measurement 
uncertainty for individual measurements does not change” [4]. 
According to the above mentioned inhomogenities, indication 
of random and systematic variation in the repeatability along 
the whole or one particular part of the measurement travel can 
highlight valuable information for a more accurate kinematic 
modelling. 
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The most important steps of the proposed iterative statistical 
assessment for the separation of random and systematic 
variations (and measurement accidents) can be seen in Figure 
1. The raw input data is the repeated direct measurement 
according to ISO 230-1 [1]. The assessment is iterative since 
any modification in the dataset will affect the outcome of the 
regression. 

 

 
 

Figure 1. The operational chart of the statistical management of the 
experimental data 

 

An example of the normality test results can be seen in Figure 
2. As noted in [5], as the machine will later make a workpiece 
just once, the standard deviation in a single measurement 
should be derived from the measurement dispersion, and not 
the ‘standard deviation of the mean’, which is the GUM [6] 
practice to express the standard uncertainty. 

 
 

 
 

 Figure 2. Normality tests before and after the statistical management 
of the measurement data in case of straightness errors 

4. Results and representation of repeatability performance 

A case study was implemented for the estimation of the 
repeatability of a linear axis of a three-axis milling machine. A 
laser interferometer was used for the repeated direct 
measurements of component errors of a single axis. Figure 3 
shows the quantified random variations of repeatability along 
the measurement travel at each position in case of a 
straightness error measurement.   

 

 
 

Figure 3. Repeatability along the measurement travel 
a-c) before the statistical management and  

b-d) the pure random variation - normality criteria is satisfied 

4.1 Repeatability budget 

The repeatability budget in Table 1 contains the maximum 
values (worst-case scenario) of the estimated repeatability in 
case of each component errors. The budget highlights the 
significant contribution of the separated systematic and 
random variation of repeatability along the measurement 
travel. 

 

Table 1 Single value representation of the repeatability performance 
(maximum value along the measurement travel), k=2 

 

 

5. Conclusions and future work 

The proposed methodology enables quantification of the 
repeatability inhomogeneities along the measurement range of 
linear axis. This supports advanced measurement data 
utilization for kinematic modelling. The proposed statistical 
management approach facilitates the proper handling of 
experimental data to represent systematic and random 
variations of repeatability, thus enabling the determination of 
position dependent repeatability performance. As was 
demonstrated in the repeatability budget (Table 1), the random 
variation of the repeatability along the axis travel range can be 
significant. This highlights that the “worst case” 
characterisation, through the maximum standard deviation of 
the measurements can be insufficient and can be far from 
normality criteria. Furthermore the determined repeatability 
performance of the investigated machine tool can be in the 
magnitude of the measured geometric errors (for instance 
positioning: 6-26 μm, straightness: 2-35 μm). 

The proposed methodology is the first step to drawing 
conclusions on volumetric error level on the repeatability of 
multi-axis performance. The following step is to compose a 
computational framework for the modelling of the effect of 
repeatability in kinematic behaviour. This requires the mapping 
of the dispersion due to the repeatability at the estimated 
positions from each axis to the work volume for the prediction 
of machine tool errors from probabilistic point of view. 
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