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Self-calibration of rotary axis and linear axes error motions by
an automated on-machine probing test cycle

Nico Zimmermann · Soichi Ibaraki
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Abstract Efficient, precise and automated in-process
calibration schemes are essential to improve the accu-

racy and productivity of five-axis machine tools. This
paper presents a new calibration approach, which com-
bines an on-machine measurement cycle and self-calibra-

tion techniques, to evaluate the position errors and the
error motions of a rotary axis using a touch trigger
probe and an uncalibrated cylindrical artefact. This
significantly reduces the downtime of machine tools re-

quired for the calibration process. In contrast to many
common calibration strategies for rotary axes of five-
axis machine tools, the presented self-calibration con-

cept does not neglect the positioning errors of the linear
axes when identifying the position errors and the error
motions of the rotary axis. The self-calibration proce-

dure is able to separate the positioning errors of the lin-
ear axes in radial direction, the radial error motions and
the position errors of a rotary axis, as well as the errors
related to the uncalibrated artefact. This error separa-

tion is realized by a test cycle consisting of four tests
in which the measurements are conducted by particular
axis movements. Furthermore, the uncertainty analysis
of the self-calibration concept is conducted to visualize
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the uncertainty propagation within the mathematical
model. The self-calibration procedure is analysed by an

experimental evaluation, which includes a comparison
between the results of the self-calibration approach and
an R-Test. This comparison shows that the results of

both measurement procedures are consistent.

Keywords Five-axis machine tool · Touch trigger

probe · Error calibration · Geometric error · Self-
calibration · Error separation

1 Introduction

Five-axis machine tools are characterized by a high pro-

ductivity for complex workpieces, because the reclamp-
ing effort is drastically reduced. Therefore, they are
essential in industrial application and precision man-

ufacturing. However, due to the two additional rotary
axes, five-axis machine tools have a more complex kine-
matic chain compared to three-axis machine tools. Con-
sequently, it is challenging to ensure an accurate rel-

ative movement between the workpiece and the tool.
Direct and indirect measurement approaches have been
designed to estimate and calibrate the geometrical er-
rors of five-axis machine tools [13]. In order to realize an
efficient calibration of five axis machine tools many indi-
rect calibration approaches such as the R-Test [25], dou-
ble ball bar tests [27,16] and test piece machining pro-
cedures [12,26] have been developed. These approaches
are based on multi axes movements and specific math-
ematical models to identify the considered geometrical
errors. Therefore, they do not require to identify each
error parameter separately as in the direct calibration
approaches.

In recent years, touch trigger probes are frequently
used as measurement devices in order to improve effi-



2 Nico Zimmermann, Soichi Ibaraki

ciency and automation of calibration strategies for five-

axis machine tools. Touch trigger probes are available

by default on most five-axis machine tools. These cal-

ibration methods utilize precision spheres [5,19], cubic

artefacts [11,10] or the machine table itself [23,20] as

measurement artefact, which is analysed by the touch

trigger probe. The common principle of these schemes

is to measure the displacement of the Tool Centre Point

(TCP) relative to the rotary table, on which the artefact

is fixed, at a set of certain angular positions of the two

rotary axes. To perform this measurement, the works

[5,19,11,10,23,20] drive both a rotary and linear axes

in combination to identify the relative displacement be-

tween the workpiece and the TCP by keeping their dis-

tance small (in probing-based schemes or the R-Test)

or nominally constant (in the ball bar tests). Conse-

quently, not only the rotary axis but also the linear

axes influence the measured displacements. Therefore,

the separation of rotary and linear axis’ error motions is

a challenge. Frequently, assumptions such as neglecting

the linear axes related errors are made to avoid the er-

ror separation. This issue is also common in the R-Test,

double ball bar tests, and test piece machining tests and

results in an increased overall calibration uncertainty

as described by Bringmann and Knapp [4]. Other ap-

proaches realize the separation of the error sources by

using a kinematic model based on homogeneous trans-

formation matrices and a numerical optimization [23,

20,3]. For example, an on-machine calibration proce-

dure developed by Mayer et al. [20] allows to identify

errors associated with linear axes in addition to the

geometric errors of the rotary axes. However, they are

limited to squareness errors between the linear axes and

relative positioning error gain between two linear axes.

In Rahman and Mayer [23] the position and orientation

errors as well as the error motions of a five-axis machine

tool are determined by using a touch trigger probe and a

machine table equipped with a reference length as arte-

fact. However, this results in a measurement time of 2

h 41 min and they do not present a complete uncer-

tainty analysis including the uncertainty propagation

within the mathematical model when the geometric ac-

curacy of the artefact is not ensured. Therefore, further

developments to combine on-machine measurement cy-

cles and efficient error separation techniques are essen-

tial for a precise and fast calibration of machine tools.

High precision measurement methodologies, includ-

ing coordinate measurement machines (CMM) [22,21,

24], spindle [17,18], roundness [7] and gear measure-

ment procedures [9,15], often use error separation and

self-calibration techniques to separate the errors of the

artefact and the measurement device. Self-calibration

procedures provide an accurate measurement result with-

out using externally calibrated artefacts. A review of

the fundamental theory of self-calibration can be found

in [6]. In the field of gear measurement, Guenther et

al. [9] developed a method for the self-calibration of a

ball plate artefact on a coordinate measuring machine

(CMM). This method relies on the Rosette method,

which is presented in [15] and is able to separate the

errors of the artefact and the used CMM. The approach

can separate the error contributions of the artefact, the

linear axes and the rotary axes in radial direction. Wang

et al. [24] present a method to separate the error mo-

tions of a rotary table from the linear axes of the CMM

by using a similar ball plate artefact as in [9] and a

specific sequence of three Rosette method procedures.

This calibrates the rotary table, the 3-axis measure-

ment device and the artefact simultaneously. However,

this error separation strategy uses a circular ball arte-

fact, which has to be mounted on the machine tool table

to separate the influences of the different error sources.

The calibration procedure presented in this paper

combines self-calibration techniques which are mainly

used in the field of high precision measurements, with

an on-machine measurement cycle to realize an efficient

error separation without requiring a complicated mea-

surement setup and a long measurement time. The pro-

posed calibration scheme can separate the linear and

rotary axis error motions while conventional schemes

neglect linear axes error motions. Additionally, the pro-

posed calibration approach can be fully automated, in-

cluding the loading and unloading of the test piece

and the probe, when the test piece’s geometry is only

roughly known. Furthermore, any test piece, e.g. the

blank part before being machined, can be used and

there is no need to keep an artefact with a calibrated

geometry. Thus, this approach can be used for regu-

lar performance checks of five-axis machine tools be-

fore machining high-precision parts without triggering

a long downtime. An explicit and efficient calibration

approach for rotary axis including an effective error

separation is especially required in the case of large

machine tools. On large machine tools, for example en-

vironmental changes often initially influence the linear

axis error motions, which can subsequently influence

the calibration result of rotary axis’ position errors in

the machine coordinate system. Conventional calibra-

tion schemes without error separation techniques can-

not clearly observe such errors [4].

In Section 2 of this paper the concept and the math-

ematical model of the new self-calibration approach,

which allows to the position errors and the error mo-

tions of a rotary axis as well as the positioning er-

ror of the linear axes in radial direction by an on-

machine measurement cycle. are introduced. An exper-
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imental case study of the proposed self-calibration pro-

cedure is presented in Section 3. The uncertainty anal-

ysis, which is based on a Monte Carlo simulation of

the self-calibration approach, is described in Section 4.

Section 5 illustrates an extended experimental evalua-

tion including a comparison with a conventional mea-

surement procedure. To close the paper, a conclusion is

given in Section 6.

2 Concept of the self-calibration approach

The presented self-calibration approach determines the

positon errors and the radial error motions of a rotary

axis. The method separates the rotary axis related er-

rors from the influence of the positioning errors of the

linear axes in radial direction as well as the artefact

related errors. The methodology of the self-calibration

approach includes four different tests. In each of these

tests, a specific combination of the considered axes is

moved to arrive at the different measurement positions

and ensure a separation of the relevant error sources.

The error separation strategy allows to use an uncali-

brated cylindrical artefact such as a workpiece or the ro-

tary table for the measurement cycle. This decreases the

downtime of the machine tool, because no specific mea-

surement setup is required. The following sections ex-

plain the self-calibration approach by means of a work-

piece as artefact.

2.1 Error variables to be identified

The objective of the proposed self-calibration approach

is to identify four error variables that describe the influ-

ence of the different error sources on the measurement

results. Table 1 describes these error variables. Figure

1 shows the machine tool configuration that is investi-

gated in this paper.

The measurements of the self-calibration approach

are conducted in radial direction with respect to the

used artefact. Thus, only the radial displacements re-

sulting from the total error motions of the rotary axis

as well as the errors of the linear axes and the artefact

are detected. With EXC,total(Ci) and EY C,total(Ci), it

is possible to determine the position errors of the ro-

tary axis EX0C and EY 0C in the defined coordinate

system as well as the pure radial error motions (EXC

and EY C). The position errors of the rotary axis can be

calculated using the least-squares circle centre accord-

ing to ISO 230-7:2015 [2].

For the mathematical description of the self-calibration

approach, two coordinate systems are defined. One co-

ordinate system, called the machine coordinate system,

Fig. 1 Configuration of the machine tool under investiga-
tion.

Table 1 Definition of the error variables.

Variable name Description

EXC,total(Ci) Superposition of the influence of the
rotary axis’ position error, EX0C ,
and the radial error motion, EXC ,
in the X- direction as a function of
the rotation angle Ci.
EXC,total(Ci) = EX0C +EXC(Ci)

EY C,total(Ci) Superposition of the influence of the
rotary axis’ positon error, EY 0C ,
and the radial error motion, EY C ,
in the Y- direction as a function of
the rotation angle Ci.
EY C,total(Ci) = EY 0C + EY C(Ci)

Eradial,XY (θi) Positioning error of the linear axes in
radial direction at the angular posi-
tion θi.
Eradial,XY (θi) = EXX(θi) ·
cos(θi) + EY Y (θi) · sin(θi)
Where EXX respectively EYY is the
2D positioning error of the X- and
the Y- axis when they are positioned
at (R · cos(θi), R · sin(θi)).

Wradial(θi) Shape deviation of the workpiece in
the radial direction at the angular
position θi. It includes the influence
of the setup position error of the
workpiece with respect to the origin
of the machine coordinate system.

has a constant position with respect to the machine

tool, the other coordinate system, called the workpiece

coordinate system, rotates with the workpiece. The ori-

gins of both coordinate systems are located at the nom-

inal position of the C-axis. The Z- position of the origin

can be set arbitrarily, since this paper only considers the

errors in the XY-plane. Therefore, all measurements of

the self-calibration approach are conducted at the same
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Fig. 2 Combination of the axis movements during the different tests composing the measurement cycle of the self-calibration
approach a) Test 1a, b) Test 1b, c) Test 2, d) Test 3.

height and it is not possible to obtain the orientation

errors EA0C and EB0C and the angular error motions

EAC and EBC of the rotary axis. Consequently, the ro-

tary axis related errors identified by the self-calibration

approach depend on the Z- position at which the mea-

surements are conducted. EXC,total(Ci), EY C,total(Ci)

and Eradial,XY (θi) are described in the machine coordi-

nate system and Wradial(θi) is defined in the workpiece

coordinate system. The rotation of the C-axis is posi-

tive in clockwise direction. The angular positions θi of

Eradial,XY (θi) and Wradial(θi) are positive in counter-

clockwise direction in its respective coordinate system.

2.2 Proposed test procedure

Figure 2 introduces the measurement procedure con-

sisting of the four different tests, which are developed

for the self-calibration approach to separate the influ-

ence of the different error sources. During each test, the

artefact is touched in radial direction at the defined an-

gular positions. The radius of the uncalibrated artefact

is assumed to be unknown. Therefore, the first measure-

ment in the test cycle along the X-axis is the reference

for all other measurements.

In Test 1a and Test 1b the rotary axis is turned to

reach the measurement positions which are uniformly

distributed around the circumference of the artefact.

The touch trigger probe is always located at the same

position. During Test 1a the touch trigger probe is placed

along the X-axis, which is the position φa = 0◦, of

the machine coordinate system. Test 1b differs from

Test 1a, because the touch trigger probe is placed at

the angular position φb instead of φa. In Test 1b the

touch trigger probe is located at φb = 45◦ to capture

additionally the effect of EY C,total(Ci). In contrast to

Test 1a and Test 1b, in Test 2 only the linear axes X

and Y are moved to reach the different measurement

positions. The rotary table is fixed at C1 = 0◦ dur-

ing this test. Consequently, the measurement results of

Test 2 are not affected by the rotary axis related errors

and the measurement results are only influenced by the

linear axes and the workpiece errors. The purpose of

Test 3 is to measure the radial displacements without

the influence of the workpiece related errors. Therefore,
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the touch trigger probe touches approximately the same

point of the workpiece at each measurement position.

Consequently, the rotary axis and the linear axes move

simultaneously in order to reach the different measure-

ment positions.

2.3 Algorithm to identify the error variables

In Tests 1a and 1b, the position errors and the radial

error motions of the rotary axis, and the workpiece er-

rors at each considered angular position influence the

measurement results. The positioning errors of the lin-

ear axes in radial direction do not vary at the different

measurement positions because the touch trigger probe

is always located at the same position. Equation (1)

presents the mathematical formulation for Test 1a and

Test 1b.

r1a/b(Ci) − r1a(0◦) =

[
EXC,total(Ci)

EY C,total(Ci)

]
·
[

cosφa/b
sinφa/b

]
+Wradial (φ1,b + θi)

− Eradial,XY (φa/b)

(1)

In the equations of the different tests, rj(Ci) describes

the measured radius of Test j at the rotation angle Ci

and respectively rj(θi) specify the radius at the angular

position θi. The angle φa/b describes the angular posi-

tion of the touch trigger probe during Test 1a and Test

1b. In contrast, the measured values of Test 2 are only

influenced by the workpiece related errors and the po-

sitioning errors of the linear axes in radial direction at

the different measurement positions. The corresponding

mathematical relation is shown in Equation (2).

r2(θi) − r2(0◦) = −Eradial,XY (θi) +Wradial(θi) (2)

In Test 3, the measured values depend only on the ro-

tary axis and linear axes related errors, because the

touch trigger probe always measure the same point of

the workpiece. Equation (3) presents the mathematical

description of Test 3.

r3(Ci) − r3(0◦) =

[
EXC,total(Ci)

EY C,total(Ci)

]
·
[

cosCi

sinCi

]
− Eradial,XY (−θi)

(3)

The mathematical model of the self-calibration approach

is established by consolidating the equations of the four

tests at the considered angular positions to a system of

equations. At each of the N considered angular posi-

tions (i = 1, . . . , N for Eqs. (1) to (3)) one equation is

generated for each of the four tests. The difference be-

tween the measured radii and the reference radius can

be expressed as a linear function of the four error vari-

ables at all N considered angular positions. The combi-

nation of Eqs. (1) to (3) for i = 1, . . . , N can be written

in the form shown in Eq. (4), where the A matrix has

the size of 4N × 4N .



∆r1a(C1)

∆r1b(C1)

∆r2(θ1)

∆r3(C1)
...

∆r1a(CN )

∆r1b(CN )

∆r2(θN )

∆r3(CN )

EY C,total(Ci)


= A ·



EXC,total(C1)

EY C,total(C1)

Eradial,XY (θ1)

Wradial(θ1)
...

EXC,total(CN )

EY C,total(CN )

Eradial,XY (θN )

Wradial(θN )


(4)

As an example, in the experimental case study pre-

sented in Section 3, eight rotation angles respectively

measurement positions between 0◦ and 360◦ in steps

of 45◦ are considered. Consequently, N = 8 and A has

the size 32 × 32. However, the matrix does not have

full rank and therefore the following boundary condi-

tions have to be defined to ensure the solvability of the

mathematical model.

1) EXC,total(0
◦) = EY C,total(0

◦) = Eradial,XY (0◦) =

Wradial(0
◦) = 0

All the errors are defined with respect to the initial

angle Ci = 0 or θi = 0.

2) Eradial,XY (90◦) = Eradial,XY (−90◦)

This does not result in any information loss, because

it only defines the reference in the Y-direction.

3) Eradial,XY (0◦) = Eradial,XY (180◦)

This constraint, in addition to 1), assumes that there

is no positioning error along the X axis. This leads

to a limitation of the proposed self-calibration ap-

proach. This constraint is needed because it is not

mathematically possible to get the absolute value of

Eradial,XY (180◦) out of the proposed self-calibration

scheme. The proposed scheme can only estimate the

linear positioning error of Y-axis relative to the X-

axis. If the linear positioning error of X-axis needs

to be calibrated, a direct measurement can be for

example realized by a length artefact which is mea-

sured by the touch trigger probe.

In consideration of these boundary conditions, the math-

ematical model of the self-calibration approach includes

26 unknown variables and becomes solvable for N = 8.
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Table 2 Machine tool specifications.

Stroke X: 500 mm, Y: 350 mm, Z: 510 mm,
B: +160 - +180°; C: 360°

Resolution X, Y, Z: 0.001 mm, B,C: 0.001°

Table 3 Touch trigger probe specifications (Renishaw
OMP400).

Sense direction ±X, ± Y,-Z
Repeatability (2σ) 0.35 µm
Stylus length 100mm

3 Experimental Case Study

3.1 Experimental Setup

The presented self-calibration approach is applied to

a commercial mid-size five-axis machine tool, which is

shown in Figure 2. The rotary axis and the swiveling

axis are arranged on the workpiece side and the linear

axes on the tool side. According to ISO 10791-2 [1] the

kinematic chain of the machine tool is described as fol-

lows: V [w − C −B − b− Y −X − Z − (C) − t] . The

relevant characteristics of the machine tool are summa-

rized in Table 2. Furthermore, the high accuracy touch

trigger probe OMP400 by Renishaw is used for the ex-

periments. This touch trigger probe is recommended

for process setting, in-process control and post-process

monitoring and thus provides good characteristics for

the usage in the self-calibration approach. The radial

offsets of the stylus sphere from the spindle axis was

caibrated before the experiments. The characteristics

of this touch trigger probe are listed in Table 3. In the

experimental case study, a workpiece with a diameter
of about 90 mm is employed. The corresponding exper-

imental setup is shown in Figure 3. The workpiece is

fixed on the machine tool table by two screws.

3.2 Measurement results

The eight measurement positions, which are spread over

the circumference of the workpiece in steps of 45◦, re-

sult in a total cycle time of about 6 minutes and 30 sec-

onds for the complete test sequence. The difference be-

tween the target positions and the measured positions

are used to calculate the defined error variables by us-

ing the mathematical model presented in Eq. 4. The re-

sulting four error variables EXC,total(Ci), EY C,total(Ci),

Eradial,XY (θi) and Wradial(Ci) are presented in Fig-

ure 4. The results show that Wradial(θi) is the dom-

inant error among the considered error sources. The

maximum value of the measured workpiece related er-

rors Wradial(θi) is 76.6 µm. Consequently, compared to

Fig. 3 Experimental setup of the self-calibration approach.

Table 4 Position errors of the C-axis under investigation
detected by the self-calibration approach.

Value [µm]

EX0C 3.0
EY 0C 5.10

EXC,total(Ci) and EY C,total(Ci) the workpiece related

errors are 7 times higher. The positioning errors of the

linear axes have the smallest contribution to the total

deviations. The maximal positioning error of the linear

axes in radial direction identified by the self-calibration

approach is Eradial,XY (−135◦) = 2 µm. Furthermore,

the profile of Eradial,XY (θi) shows the largest errors at

the two angular positions θi = −135◦ and θi = 45◦.

This indicates that the positioning error in radial di-

rection is larger in the first and third quadrant. This

suggests a squareness error between the X- and Y-axis.

The position errors EX0C and EY 0C of the rotary

axis and the actual radial error motions EXC and EY C

are determined by a Gauss circle fit according to ISO

230-7 [2] to realize a more detailed analysis of the C-

axis performance. Figure 5 shows the resulting Gauss

circle fit and the resulting position errors of the rotary

axis. The exact values of the position errors EX0C and

EY 0C are given in Table 4. Compared to the position

errors, the radial error motions EXC and EY C , which

are presented in Figure 6, are significantly smaller. The

detected values of EXC and EY C are smaller than the

linear axis’ resolution of the machine tool. Analysing

the machine tool related errors, the position errors of

the rotary axis are the dominant errors in the scope of

the considered error variables.

4 Uncertainty Analysis

This section discusses the output’s uncertainties of the

proposed self-calibration approach. The self-calibration
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Fig. 4 Resulting values of the error variables identified with the self-calibration approach. a) , b) , c) , d) .

Fig. 5 Position of the C-axis (red dot) identified by the self-
calibration approach and least square fitting.

approach is based on a multi-input and multi-output

model so that the uncertainty propagation within the

model has to be analysed. Following the GUM Uncer-

tainty Framework [14], the Monte Carlo method is used

to estimate the uncertainties of the output parameters.

In contrast to other indirect calibration approaches for

rotary axes, this self-calibration approach includes the

influence of the linear axes. Therefore, the uncertainty

analysis concentrates on the repeatability of the whole

Fig. 6 Actual radial error motions of the C-axis under in-
vestigation.

probing system and the error propagation within the

mathematical model of the self-calibration approach.

First, the probability density functions of the in-

put variables are estimated by using the procedure of

uncertainty Type A according to [14]. This allows to

estimate the repeatability of the complete probing sys-

tem consisting of the touch trigger probe as well as

the machine tool, because the uncertainty Type A is

estimated experimentally. The described procedure ex-
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Table 5 Expanded uncertainties (k=2) of the error variables
of the self-calibration approach estimated by the Monte Carlo
method with 1 million runs.

EXC,total EY C,total Eradial,XY Wradial

[µm] [µm] [µm] [µm]

−180◦ 1.72 6.68 0.0 1.94
−135◦ 4.07 4.41 3.26 3.71
−90◦ 4.01 3.44 3.04 3.28
−45◦ 3.48 4.71 3.19 2.75
45◦ 2.19 4.10 1.76 1.96
90◦ 3.49 3.28 3.04 3.09
135◦ 5.07 6.19 4.60 4.61

Table 6 Expanded uncertainties (k = 2) of the error vari-
ables of the self-calibration approach estimated by the Monte
Carlo method with 1 million runs.

Error variable Expanded uncertainty (k = 2)

EX0C [µm] 3.68
EY 0C [µm] 3.10

ceeds the pure probe repeatability defined in the sup-

plier’s handbook. The other factors contributing to the

measurement performance such as feed speed, acceler-

ation during the measurement, time delay between the

probing signal, and the read-out of the machine tool

position are also included in the experimental data if

the self-calibration approach is repeated several times.

The self-calibration approach is repeated 30 times in

order to determine the measurement uncertainty Type

A. The systematic error of the thermal drift is removed

from the measurement data because in total approxi-

mately six hours are required to conduct the 30 repe-

titions. The maximum standard uncertainty of the 30

repetitions is about 0.9 µm. Therefore, the calculated

uncertainty Type A is smaller than the minimum ma-

chine tool resolution, which is 1 µm. Consequently, the

machine tool resolution of 1 µm is taken as uncertainty

for the input quantities in the Monte Carlo method. In

order to estimate the uncertainty of the output quanti-

ties a Monte Carlo method with 1 million runs is used

to determine the standard uncertainty of the output

quantities. Table 5 presents the uncertainties of the er-

ror variables at the considered angular positions with

a confidence level of 95 % (k = 2). The resulting ex-

panded uncertainties of the different output variables

are between 2 µm and 7 µm. Furthermore, the result-

ing uncertainties of the estimated position errors of the

C-axis are analysed. The expanded uncertainties of po-

sition errors EX0C and EY 0C are listed in Table 6.

Fig. 7 Comparison between the surface of the non-machined
and the machined workpiece.

5 Experimental evaluation of the

self-calibration approach

This section experimentally evaluates the performance

of the self-calibration approach regarding its error sepa-

ration capabilities. In each section, a specific error type

is investigated in detail. First, the influence of differ-

ent workpieces and workpiece positions on the results

of the self-calibration approach is discussed. Afterwards

the position errors of the C-axis are enlarged by shift-

ing the machine tool related coordinate system in dif-

ferent direction and analysing the corresponding results

of the self-calibration approach. For a final evaluation,

the rotary table position errors identified by the self-

calibration approach are compared to that measured

by the R-Test. The experimental evaluation analyses

if the error separation between the artefact related er-

rors and the geometrical errors of the machine tool is

reliable.

5.1 Influence of the workpiece

The dependence of the calibration results on the used

measurement artefact is investigated by using two dif-

ferent workpieces. For this comparison, a workpiece with

a machined and a workpiece with a non-machined cir-

cumference are used for the self-calibration approach.

The machined workpiece is the same as in the exper-

imental case study presented in Section 3.2. The cir-

cumference of the machined artefact is processed by a

turning machine. Figure 7 shows the surfaces of the two

measurement artefacts.

Both workpieces have a radius of approximately 90

mm and are cylinders made of aluminium alloy. First,

the self-calibration approach is conducted using the cylin-

der with the non-machined surface and afterwards us-
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Fig. 8 Comparison of the error variables detected by the self-calibration approach using a machined and a non-machined
workpiece.

Fig. 9 Comparison of the error Wradial(θi) without the influence of the setup error identified by the self-calibration approach
and CMM measurements. The error bars of the self-calibration approach indicate the uncertainties (k=2) from uncertainty
analysis in Section 4 and the error bars of the CMM measurements indicate the uncertainties (k=2) resulting from 3 repetitions
of the measurements.

ing the workpiece with the machined surface. The self-

calibration measurement cycle is repeated ten times

per workpiece and the geometrical errors are calculated

from the average of those ten measurements to reduce

the influence of random effects in the measurements.

Figure 8 illustrates the results of both measurement

campaigns. This evaluation demonstrates that the iden-

tified workpiece errors Wradial(θi) differ significantly for

the two runs. Wradial(θi) of the machined surface indi-

cates mainly a position error of the workpiece relative

to the defined coordinate system. However, the non-

machined workpiece has additionally large shape devi-

ations for example at θi = 45◦.

To verify these results, the workpiece related errors

identified by the self-calibration approach are compared

to coordinate measurement machine measurements of

the two workpieces. The influence of the setup error,

which is included in the error Wradial(θi), is eliminated

so that the results can be compared to the CMM mea-

surements. Figure 9 illustrates the shape deviations of

the non-machined and machined workpiece for the self-

calibration approach and the CMM measurements. The

results of the non-machined workpiece show qualita-

tively similar shape errors. However, there are numer-

ical difference between the self-calibration and CMM

measurements due to the influence of the rough surface

of the non-machined workpiece. Consequently, slightly

different measurement positions of the touch trigger

probe during the self-calibration approach and CMM

measurements can result in different measurement val-
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Fig. 10 Identified geometrical errors for different workpiece positions.

Table 7 Comparison of the position errors of the C-axis us-
ing a machined and a non-machined workpiece.

Non-machined surface Machined surface

EX0C [µm] 3.0 3.9
EY 0C [µm] 4.3 6.8

ues. In the case of the machined workpiece there are

no significant shape deviation and the results of the

self-calibration approach and the CMM measurements

correspond to each other.

The error variable Eradial,XY (θi) shows related be-

haviour for both measuring campaigns. The maximum

difference between the determined values for Eradial,XY (θi)

is 1 µm at the angular position θi = −45◦. However,

EXC,total(Ci) and EY C,total(Ci) show more significant

deviations between the two measuring campaigns al-

though the underlying error sources do not depend on

the workpiece. The resulting position errors of the C-

axis for both measurement artefacts are summarized in

Table 7.

However, the thermal drift of the C-axis position can

explain the difference between the values of the position

errors in both cases. The results visualize that the C-

axis position drifts into positive X- and Y direction dur-

ing the experiments. Thus, the detected C-axis’ position

errors for the non-machined surface are smaller because

the measurements are conducted first. The same drift

of the rotary axis position is also observed during the 30

repetitions of the self-calibration, which are conducted

for the uncertainty analysis in Section 3 using only the

workpiece with the machined surface. The correspond-

Table 8 Identified position errors of the C-axis in the 10th
and 20th measurement of the self-calibration approach us-
ing the machined workpiece if the self-calibration approach is
successively repeated.

10th repetition 20th repetition

EX0C [µm] 2.70 2.97
EY 0C [µm] 3.31 5.44

ing position errors of the C-axis in the 10th and 20th

measurement are given in Table 8, which also indicates

a thermal drift into the Y direction.

The next analysis investigates the accuracy of the

geometrical machine tool errors without aligning the

workpiece to the rotary axis using a dial gauge. This

experiment uses the workpiece with the machined sur-

face. The workpiece is shifted in different directions

to the maximum deviation allowed by the play of the

holes. The three test cycles are carried out directly af-

ter each other to minimize the thermal influence on

the measurement results. Figure 10 presents the deter-

mined error variables of this evaluation. The results in-

dicate that Wradial is up to 1.5 mm. This is due to the

huge position deviations of the workpiece during the ex-

periments. However, the resulting geometrical errors of

the machine tool are consistent with each other despite

the large position deviation of the workpiece. For in-

stance, the maximum deviation between EXC,total(Ci)

of the different workpiece positions is 3 µm and be-

tween EY C,total(Ci), it is 4 µm. For Eradial,XY (θi) the

maximum difference is 2 µm at θi = −45◦. Thus, the

variation of the machine tool related error variables is
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Fig. 11 Error variables identified by the self-calibration approach for different shifted origins. The colors indicate the x and
y coordinate in microns.

only within the range of the measurement uncertainties.

The results suggest that even if the workpiece has a sig-

nificantly non-concentric position, the self-calibration

algorithm detects the correct machine tool errors. This

results in a time reduction of the calibration process and

consequently in a decreased downtime of the machine

tool, since no time-consuming alignment is required.

5.2 Accuracy of the C-axis position estimation

This subsection assesses the results of the self-calibration

approach for larger C-axis position errors. The measure-

ment results in subsection 3.2 shows that the geomet-

rical errors of the machine tool under investigation are

small compared to the measurement uncertainties of the

self- calibration approach. In order to imitate larger C-

axis position errors the origin of the machine coordinate

system used in the measurements is shifted to different

locations. It is expected that the radial positioning er-

rors of linear axes do not change significantly within

this experiment, because the coordinate system is only

shifted by few micrometres. The shift of the coordinate

systems relative to the initial origin causes position er-

rors of the C-axis as well as of the workpiece in the new

coordinate system. In total, eight different origins of

the coordinate system are analysed by conducting the

self-calibration approach. The origins are located on a

square with the side length of 40 µm around the initial

origin. The corresponding results of the self-calibration

approach are presented in Figure 11.

Figure 11 indicates that the induced behaviour of

EXC,total(Ci), EY C,total(Ci) andWradial(θi) is correctly

identified by the self-calibration algorithm, because the

error variables incorporate the shifts of the origin. Fur-

thermore, the radial positioning errors of the liner axes

differ only slightly between the implemented origins.

The maximum difference between the radial position-

ing errors at the same angular position is about 3 µm.

The detected position errors of C-axis for the different

origins are summarized in Table 9.

To evaluate Wradial identified by the different mea-

surements in Figure 11, the additional eccentricities

resulting from the shift of the coordinate system are

eliminated from the measurement data to compare the

measured real setup errors. Figure 12 indicates that the

workpiece related errors identified by the self-calibration

approach are reproducible for the eight measurements

within the expanded uncertainties except for one out-

lier. This experiment clarify that the self-calibration al-

Table 9 Position errors of the C-axis in the different coor-
dinate systems.

Origin position [µm] EX0C [µm] EY 0C [µm]

x=0, y=20 -0.17 -20.08
x=0, y=-20 1.06 20.40
x=20, y=0 -20.25 -2.06
x=-20, y=0 22.83 1.07
x=20, y=20 -18.70 -20.38
x=20, y=-20 -17.58 18.69
x=-20, y=20 22.43 -20.19
x=-20, y=-20 22.53 20.83
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Fig. 12 Identified error variables Wradial(θi) with the corresponding expanded uncertainties (k=2) of the measurements
after eliminating the influence of the additional eccentricities caused due to the shift of the coordinate system.

gorithm can reliably detect the implemented position

errors of the workpiece and the rotary axis within the

range of the measurement uncertainty.

5.3 Comparing the self-calibration approach to the

adapted R-Test

The final evaluation compares the results of the self-

calibration approach to the results of an established

measurement method. In order to measure the total

radial error motions of the rotary axis an adapted R-
Test is used. The setup of the adapted R-Test consists

of a precision sphere, which is mounted into the tool

holder of the machine tool, and a sensor nest containing

three displacement sensors fixed on the rotary table.

The experimental setup of the adapted R-Test is shown

in Figure 13.

The sensor nest of the adapted R-Test is mounted

in the centre of the rotary table instead of an eccentric

position as in the conventional R-Test. The spindle is

placed at the nominal position of the C-axis. Afterwards

the sphere displacement is measured by the adapted R-

Test discretely with the same rotation angles as the

self-calibration approach. In the conventional R-Test

setup, where the sensor nest has an eccentric position,

the measurement would be influenced by a rotary axis

and linear axes. In this setup, the influence of the linear

axes errors is avoided, which allows a direct comparison

of the rotary axis error motions, identified by the pro-

posed self-calibration approach, with the one measured

by the R-Test. Figure 13 compares the total radial error

Fig. 13 Experimental setup of the adapted R-Test discrete.

motions EXC,total(Ci) and EY C,total(Ci), measured by

the adapted R-Test and the self-calibration approach

including the corresponding uncertainties. The uncer-

tainties of the self-calibration approach are estimated

by the uncertainty analysis presented in Section 4. Geb-
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Fig. 14 Comparison of the total radial error motions measured by the adapted R-Test and self-calibration method.

Fig. 15 Comparison of the C-axis’ position errors detected by the adapted R-Test discrete and the self-calibration approach.

hard [8] estimates the expanded uncertainty of the R-

Test as ±2 µm. Consequently, the results of the adapted

R-Test discrete have a lower uncertainty than the re-

sults of the self-calibration approach.

Figure 14 shows that the results for the total ra-

dial error motions in X- and Y- direction identified by

the adapted R-Test and the self-calibration approach

are consistent. The maximum deviation between the

results of the adapted R-Test discrete and the self-

calibration algorithm is 4 µm for EXC,total(180◦). Con-

sidering EY C,total, the maximum difference between the

two methods is also about 4 µm at −90◦ and −135◦.

Only for the error variables EY C,total(180◦) there is no

overlapping of the expanded uncertainty intervals. In

conclusion, the self-calibration approach delivers accu-

rate results compared to the adapted R-Test. Therefore,

it is a suitable approach to detect EY C,total(Ci) and

Table 10 Comparison of the position errors identified by the
self-calibration approach and the adapted R-Test.

EX0C [µm] EY 0C [µm]

Self-calibration approach 3.00 5.00
R- Test discrete 2.00 5.50

EXC,total(Ci). Figure 15 presents the resulting position

errors EC0X and EC0Y measured by the self-calibration

approach and the adapted R-Test.

Table 10 compares the position errors of the C-axis

average line determined by the adapted R-Test and the

self-calibration approach. The maximal difference of the

C-axis position errors detected by the two approaches is

1 µm. This comparison shows that the self-calibration

approach and the adapted R- Test detect comparable
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position errors of the C-axis under investigation. In con-

trast to the adapted R- Test the self-calibration ap-

proach does not require a complicated measurement

setup to identify these position errors. However, the

simplification of the measurement setup results in an in-

creased expanded uncertainty of the self-calibration ap-

proach compared to the adapted R-Test. The expanded

uncertainty of the self-calibration approach depends on

the repeatability characteristics and resolution of the

linear scales of the machine tool. Thus, the expanded

uncertainty can be further reduced for machine tools

with a higher resolution of the linear scales.

6 Conclusion

The presented self-calibration approach enables the com-

plete error separation in radial direction between two

linear axes, one rotary axis and the errors of an un-

calibrated cylindrical artefact used in the measurement

cycle. Thus, the self-calibration approach considers all

relevant error source to detect the radial error motions

as well as the position error of a rotary axis, in con-

trast to many other on-machine measurement cycles,

which often neglect the influence of the linear axes on

the calibration result of the rotary axis. Furthermore,

the self-calibration approach provides an efficient and

automatic calibration procedure for a rotary axis par-

allel to the spindle by using a touch trigger probe and

an uncalibrated artefact. In contrast to conventional

calibration schemes, no double ball bar setup or preci-

sion sphere and linear displacement sensors are needed.

This results in a decreased downtime of the machine

tool during the calibration process because no specific

measurement setup has to be installed. The validity of

the self-calibration approach is investigated by a series

of experiments. This evaluation shows that neither the

used artefact nor the position of the artefact have a

significant influence on the machine tool errors identi-

fied by the self-calibration approach. Additionally, the

calculated errors obtained from the self-calibration ap-

proach are compared to the results of an adapted R-

Test discrete. The self-calibration approach obtains an

accuracy comparable to the adapted R-Test discrete

without requiring the complicated measurement setup.

The uncertainty analysis shows that the expanded un-

certainty (k = 2) of the identified geometrical errors

is maximum 7 µm. In conclusion, the proposed self-

calibration can be used as automated calibration pro-

cedure for rotary axes and linear axes of machine tools

with large geometrical errors.
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