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Abstract

Geometrical error (GE) is a key criterion for machine tools performance evaluation. GE measurement methods can be classified as direct and
indirect methods. As an indirect GE measurement method, the scale and master ball artefact (SAMBA) method can estimate the GE of linear and
rotary axes by probing series of master balls and a scale bar artefact installed on the machine tool pallet. The purpose of this study is to research
the performance of direct and indirect GE measurement methods (i.e. laser interferometer and SAMBA method) in linear positioning error
measurement such as EXX and EY'Y. These errors of the X- and Y-axis are separately measured on a five-axis machine tool with the two methods.
The results reveal that the SAMBA method yields similar results as the laser test in error shape and range. However, there are some minor
differences which are discussed.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Selection and peer-review under responsibility of the scientific committee of the 6th CIRP Global Web Conference “Envisaging the future
manufacturing, design, technologies and systems in innovation era”.
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1. Introduction Nomenclature

Five-axis machine tools are one of the most important |EXX Linear positioning error of X axis
components in modern manufacturing facilities owing to their  |EYY Linear positioning error of Y axis
ability for machining complex shapes in a single setup. |EXXg Linear positioning error estimated by SAMBA
However, their complexity increases the number of error |EXX| Linear positioning error measured by laser
sources which directly affects the quality of machined parts. |EYYg Linear positioning error estimated by SAMBA
Factors such as geometric error (GE), thermally induced errors,  |EYY, Linear positioning error measured by laser
tool wear and force-induced deformation and control errors |EXXg, Converted linear positioning error of SAMBA
contribute to the machining inaccuracy [1]. Among these |EYY5;,  Converted linear positioning error of SAMBA
factors, GE, resulting from the inaccuracies built in at the |EXX g Fitted linear positioning error measured by laser
assembly and from the individual axes of the machine with |EYYg Fitted linear positioning error measured by laser

degeneration, are the largest error sources (once estimated as

70% of the errors in machine tools) [1]. Direct measurement and indirect identification are the two

approaches to determine GE. The selection of specific GE
measurement methods need to consider the machine geometry
and the purpose of its evaluation. For the general machine tools,

2212-8271 © 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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one or more specific errors are individually or simultaneously
measured when using direct measurement. These methods can
be classified in three groups based on their metrological
reference: the material-based methods, the laser-based methods
and the gravity-based methods [1]. Positioning errors can be
measured with calibrated artefacts with limited sampling data
or laser interferometer with almost infinite spatial sampling rate
[2]. Angular errors are measured by an electronic level meter or
interferometry [3], and straightness errors can also be inspected
by interferometry. Generally, laser interferometer is a common
method for the measurement of the various geometric errors.
However, its disadvantage is that it needs skilled operators, a
careful setup and a long measurement time [4]. In addition,
Structure Integrated Sensors for Fast Calibration of machine
tools have also been developed recently [5]. As for indirect
methods, multi-axes motion of the machine tool is involved
(movement to measure positions at different X, Y, Z positions,
simultaneous movement of at least two axes [1]. Indirect
measurement methods may use partially or totally uncalibrated
artefacts to estimate the geometric errors [6].

For five-axis machine tools, GE can be measured directly by
the devices such as the laser interferometer and 6 degrees of
freedom laser system. However, the presence of a rotary axis
adds difficulty for the indirect GE measurement [7][8]. Some
indirect methods of identifying the GE of five-axis machine
tool have been proposed in the past decades. 1D, 2D and 3D
ball plate has been used to identify a single GE with developed
formulas [9-11]. Measurement based on the displacement using
the ball bar or the laser tracker has been presented for the
indirect evaluation of GE [12]. R-test combines movements of
rotary and linear axes for GE estimation [13]. In addition,
chase-the-ball measurement firstly assumes that there is no
relative movement between the tool side and the workpiece side
of the machine in the nominal state. Then the coordinates
deviations of the artefacts are recorded in the simultaneous
linear and rotational movements. The relative movement
caused by the GE can be reflected in these recorded coordinates
and be separated using machine error models [14]. The scale
and master ball artefact (SAMBA) method has been applied to
five-axis GE estimation in recent years [15]. It can estimate
different types of GE based on the user’s needs. However, its
suitability for updating the linear axis positioning compensation
tables in the CNC controller has not been studied. Therefore,
comparing the SAMBA method and the direct GE measurement
method, which is usually used for this purpose, is a relevant
question to answer.

This paper presents a testing plan of a five-axis machine tool
GE based on the SAMBA method. The linear positioning error
of the X- and Y-axis is estimated and adjusted to the same
reference coordinate as the laser interferometer measurement
results. Repeated experiments using the SAMBA method and
laser interferometer method are conducted separately to test and
evaluate the performance of the SAMBA method. The structure
of this paper is as follows. The scale and master all artefact
method is described in detail in Section 2. Section 3 discusses
the experimental study and Section 4 describes the
transformation of SAMBA results to Laser measurement
results. The experimental results are discussed in Section 5, and
finally the conclusions are drawn in Section 6.

2. The scale and master ball artefact method

The SAMBA method models the machine tools with the
rigid body assumption and homogenous transformation
matrices. It uses master balls and a scale bar artefact which are
installed on the machine tool pallet and the touch trigger probe
which is installed on the spindle. When there are no errors in
the machine tool loop structure, there will be no differences
between the actual master balls’ positions and the measured
master ball positions. However, owing to the existence of the
GE in each linear and rotary axis, and between them, there will
be some differences (Fig. 1(a) and (b)).
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Fig. 1. Nominal (a) and real (b) kinematic models of a five-axis machine tool
with WCBXFZYT topology

The measured master ball artefacts coordinates are the
inputs of the SAMBA mathematical model. The Jacobian J is
generated from the SAMBA model describing the sensitivity
of the observed volumetric deviations to the machine error
parameters (Eq. 1). V is a column matrix representing the
volumetric errors of each master ball probing position. P is a
column matrix representing the machine errors (Table 1, 26
errors, some errors such as EAY, EBY and ECY errors are not
distinguishable from EXY, EYY and EZY) which are
expressed with third degree polynomials with a total of 84
coefficients. For details of the SAMBA modelling, please refer
to [15-17]. The linear positioning errors of the X- and Y-axis
are modeled by Eq. 2 and Eq. 3. Where x and y is the position
value in SABMA coordinates.

V=Jp )
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EXXg(x) = EXX1-x + EXX2 * x? + EXX3 - x3 2)
EYYs(y) = EYYO + EYY1 -y + EYY2 - y2 + EYY3 - y3 ©)
Based on the topology of the laboratory machine tool
(Mitsui Seiki HU40-T) and the calculation requirements of the
geometric error coefficients in the SAMBA modelling, 109
probing positions and 29 indexation pairs of the B- and C-axes
are including in the SAMBA measurement plan.

Table 1. Geometric errors estimated from SAMBA method on HU40-T five-
axis machine tool. The EAY, EBY and ECY errors are not distinguishable
from EXY, EYY and EZY because a single tool length was used.

Axis Error items
Xaxis  EXX EYX EZX EAX EBX ECX
Yaxis  EXY EYY EZY - - -
Z axis EXZ EYZ EzZ EAZ - ECZ
B axis EXB EYB EZB EAB EBB ECB
C axis EXC EYC EZC EAC EBC ECC

3. Experiment setups

Fig. 2 (a) shows the experimental setup for the SAMBA
measurements. The machine touch probe, which is installed in
the spindle, triggers readings of the individual axis positions
when touching an artefact’s surface. These readings are then
recorded. This allows measuring the positions of the four
master ball artefacts and one scale bar installed on the machine
tool pallet using the three linear axes of the machine. All 109
probing results are acquired in one test, lasting 194 minutes.
During the test the ambient temperature of the machine tool is
controlled around 21°C (+/-1°C), and the SAMBA
measurement is repeated three times. The probing results
processed with the SAMBA mathematical model are used to
estimate the linear position errors of the X-axis and Y-axis.

Fig. 2. SAMBA (a) and laser measurement (b, ¢, d) of the X- and Y-axis
linear positioning error of HU40-T five-axis machine tool

After the SAMBA measurement, a Renishaw XL-60 laser
interferometer is used to measure the linear position error of the
X-axis and Y-axis (Fig. 2 (b, ¢, d)). Similarly, the ambient
temperature of the machine tool is controlled around 21 °C, and
the tests are repeated for three times. The moving corner cube
retroreflector is installed on the pallet while the interferometer
is installed on a fixture attached on the spindle. The pallet
moves in X with the X-axis but for the Y-axis it is the spindle
which moves in Y. The measurement points for each axis were
programmed at 5 mm intervals, including the zero point, to
cover the whole axis motion range. The measurement range of
the X-axis and Y-axis are 610 mm and 560 mm respectively.
The tests employed a bidirectional alternate strategy. The
number of passes for the X and Y axis was three. The obtained
results were subsequently processed according to the standard
ISO 230-2:2006 [2] using XCal-View 2.2 software. The key
parameters of linear positioning error measurement are shown
in Table 2.

Table 2. Key parameters of laser measurement in X and Y axis linear
positioning error

Types Run type Axis Targets Temperature Humidity
range
X e 610 o 44.35
axis Bidirectional mm 123 20.9 °C oRH
Y Bidirectional >0 113 212°C 44.35
axis mm %RH

4. Result and discussion
4.1. Laser measurement results

The linear positioning error is the mean bi-directional
positional deviation of an axis [2], it is calculated by Eq. 4.
Where EXX(x) is the mean value of the original measured
values in the three passes (Example of X axis).

Error = Max. |EXX(X)] — Min. [EXX(x)] 4)
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Fig. 3. Initial measurement results of linear positioning error with laser and
SAMBA methods
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The original measured results are processed with XCal-
View 2.2 software, and the final laser measurement results of
X axis and Y axis are shown in Fig. 3. The linear positioning
error for the X- and Y-axis are 9.8 um (EXX}) and 5.1 um
(EYY,,) respectively.

4.2. SAMBA measurement results and their conversion

Three repeated SAMBA tests were carried out on the
experimental machine tool. As for the laser test, the average
values of EXX and EYY are calculated for the SAMBA results
and are shown in Fig. 3. The linear positioning error for the X-
and Y-axis estimated by the SAMBA method are 8.7 pm (EXXg
) and 4.8 um (EYYs). The error values of the SAMBA and laser
methods are similar in magnitude; however, the error shapes do
not match. This is caused by the different definitions of the
origin and positive directions of the machine, laser and
SAMBA model.

Y 280+ :." End Slul'éos
: ’,’ -610
s z
ol 560
"""""" |""""""""""':""
771 -560
,/’ : 0
/! : End
X / i Start
-305.7 5 — SAMBA axis defination
“S’t ‘[t] ! == Laser axis defination
ar |
End 280> 560
()
Y axis A

Machine tool pallet
X axis-SAMBA
Origin-SAMBA
(0,0,0

i Guideway\\ Origin-Laser (305,0,0)
X axis-machine tool

(b)

Fig. 4. Explanation of the differences between laser and SAMBA
measurements in origin definition (X axis as an example)

Indeed, the SAMBA coordinate is set in the machine tool
pallet (Fig. 2 (a)) while the laser coordinate is related to the
starting point of the measurement. For example, the origin of

laser testing result is (305,0,0). However, it becomes (0,0,0) for
the SAMBA method (Fig. 4). In addition, in different
coordinate systems, the error of each measurement point
calculated from the two methods have different sign towards
the same measurement position (Fig. 4). Therefore, the
transformation process of SAMBA result to Laser result
includes two steps. Firstly, change the sign of the SAMBA
result. Secondly, move the origin of SAMBA result to laser
result (from (0,0,0) to (305,0,0), this setup). Then, the
converted result of SAMBA method to laser method (EXXg;, and
EYYs;) can be achieved in Eq. 5 and Eq. 6.

EXXs1(9) = =1 % [(EXX1-x + EXX2 x* + EXX3 %) o
— EXXs(x = 305)]
EYYs (y) = —1# [(EYYO + EYY1 -y + EYY2 - y?

+EYY3-y?) — EYYs(y = 280)] O

4.3. Results comparison

Fig. 5 shows transferred SAMBA results and laser results.
The initial linear positioning error measured by the laser has
also been fitted (EXXyg) with the third-degree polynomial
coefficients which are the same as SAMBA error modelling.
The error fitting is processed with Matlab using (2 and (3 in the
laser coordinate. The fitting operation of laser measured results
can bring an equal comparison ruler for laser and the SAMBA
method. The error range, error value and error differences of
the two methods are compared and discussed. In the full range
of the X and Y axis, the error ranges of the linear positioning
error of X and Y axis measured by Laser are (-2 pm ~ 7.8 um,
EXX1), (-1.9 pm ~ 7.2 um, EXX;r) and (-1.2 pm ~ 3.9 pm,
EYYy), (-0.7 um ~ 3.2 um, EYY; ) respectively. However, for
the SAMBA measurement, they are (-3.2 um ~ 5.5 pm, EXXg;)
and (-4.8 pum ~ 0 pm, EYYg;) respectively. In addition, the
linear positioning error of X and Y axis are (9.8 um, EXX;, 9.1
pm, EXX;r) and (5.1 pm, EYY;,, 3.9 pum, EYY;r). For the
SAMBA results, they are 8.7 um (EXXg;,) and 4.8 um (EYYs;,)
respectively. Therefore, the results of the two methods are not
only closing in the error range but also closing in error value.
The error differences of each measurement position are also
discussed in Fig. 6. When using the laser as a reference, this
result can reflect the capability of the SAMBA method in linear
positioning error estimation in a single measurement position.
The maximum differences and their ranges (differences
between EXXg; and EXX; g and differences between EYYg; and
EYY;r ) of the SAMBA and Laser methods in X and Y axis
linear positioning error estimation are around 2.2 pm, (0.7 um
~ 22 pum, 1.5 pm) and 4.9 pm, (0 um ~ 4.9 um, 4.9 um)
respectively. The difference is relatively big for Y axis linear
positioning error.

When considering the effective working space of the
machine tool (the machine tool pallet size is 400mmx400mm),
the maximum differences and their ranges indicating in the area
between two blue lines towards X and Y axis are around 2.1
pm, (1.5 pm ~ 2.1 um, 0.6 pm) and 4.9 um, (1 pm ~ 4.9 um,
3.9 um) respectively. These differences between the two
methods are relatively small.
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4.4. Discussion

Comparison results reveal that the SAMBA method and
Laser method all perform well in the five-axis machine tool
linear position error measurement. The maximum differences
of the two methods are within 4.9 um which is small when
considering error sources such as laser alignment, abbe errors,
the thermal state of machine tool. Fig. 2 reveals the actual
measured axis of X and Y axes which are indicated by the red
and yellow axis. Take the X axis as an example, the alignment
differences between the SAMBA modelled X axis and Laser
measured X axis is about 50 mm in the Z direction and 10 mm

in the Y direction. This 3D dimensional offset of axes can
contribute to the differences between the SAMBA and laser
measurement in linear positioning error measurement. The
presence of angular error motions due to Abbe effects and the
differences in the machine thermal state between the two tests
could also contribute to the differences. Therefore, these
possible factors need to be further investigated.

5. Conclusions

In this paper, a direct geometric error (GE) measurement
method, i.e. laser interferometer, and an indirect GE
measurement method, i.e. the SAMBA method, are compared
for a five-axis machine tool linear positioning error
measurement. After the transformation of the SAMBA testing
results, the two sets of measurement results are comparable in
error range and shape. The results from the two measurement
methods are not only closing in the error range but also closing
in error value. The differences range between SAMBA and
laser testing in linear positioning error are around 1.5 pm and
4.9 pm in X and Y axis. In the range of machine tool pallet
indicating the effective working space for X and Y axis, the
differences range can decrease to 0.6 um and 3.9 pm.

Future works will focus on the SAMBA model optimization
of the linear positioning error calculation considering different
setup position of actual axis of laser measurement and the
testing conditions of machine tool.
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