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While evaluating the accuracy of high-precision ma-
chine tools, it is critical to reduce the error factors
contributing to the measured results as much as possi-
ble. This study aims to evaluate both the error motions
and geometric errors of the rotary axis without consid-
ering the influence of motion error of the linear axis.
In this study, only the rotary axis is moved consider-
ing two different settings of a reference sphere, and
the linear axes are not moved. The motion accuracy
of the rotary axis is measured using the R-test device,
both the error motions and geometric errors of the ro-
tary axis are identified from the measurement results.
Moreover, the identified geometric errors are verified
for correctness via measurement with an intentional
angular error. The results clarify that the proposed
method can identify the error motions and geometric
errors of a rotary axis correctly. The method proposed
in this study can thus be effective for evaluating the
motion accuracy of the rotary axis and can contribute
to further improvement of the accuracy of the rotary
table.

Keywords: five-axis machine tools, rotary axis, error mo-
tion, geometric error, R-test

1. Introduction

Five-axis controlled machine tools with three linear-
axes and two rotary-axes can control both the relative po-
sition and relative angle between the tool and the work-
piece. However, these machine tools exhibit inferior ma-
chining accuracy when compared to three-axis controlled
machine tools because of having more error sources re-
sulting from the addition of rotary axes. These errors
manifest as straightness errors of the translational axis
and squareness errors between the translational axes exist.
Moreover, particularly in five-axis machines, positional
and angular errors of the rotational center of the rotary
axes also exist, according to ISO 230-1 and ISO 230-7
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standards [1,2]. Therefore, these errors must be appro-
priately evaluated to improve the geometrical accuracy of
five-axis machines.

Many studies have investigated the motion accuracy of
the rotary axes in a five-axis controlled machine tool. For
example, some studies have proposed accuracy evaluation
methods employing a ball-bar. The ball-bar is a device
that can measure the relative motion displacement be-
tween two steel balls installed onto a spindle and a table.
It is widely used as a measuring device in circular motion
accuracy tests [3, 4]. Regarding the measurement method
of five-axis controlled machine tools using the ball-bar,
simultaneous 3- or 4-axis motions of the translational and
rotary axes are proposed [5—7]. It is also clarified that the
geometric errors of the rotary axes can be identified from
the measured trajectories. Cone frustum cutting tests have
also generally been applied to evaluate the accuracy of the
five-axis machines [8]. The identical measurement test
with the cone frustum cutting test employing a ball-bar
has also been reported [9]. These measurement methods
have been adopted as per the ISO standards published in
2014 (ISO 10791-6) [10].

The R-test device, which consists of a reference
sphere and three displacement sensors, has also been
proposed [11,12]. The device has been commercially
released by IBS Precision Engineering BV [13] and
Fidia.S.p.A. [14]. The R-test can also evaluate the ac-
curacy of five-axis machines [15], and the method also be
adopted to meet the ISO 10791-6 standard.

While these methods can evaluate the total motion ac-
curacy of the five-axis controlled machine tools, it is
known that the measured results include the influences of
both the translational and rotary axes because both these
axes move simultaneously during the evaluation [16-20].
Although Ibaraki et al. [21] proposes the error map of the
rotary axis, the measured results include the influence of
the errors associated with translational axes.

This study seeks to appropriately evaluate both the er-
ror motions and geometric errors of the rotary axis, with-
out involving the influence of motion error of the trans-
lational axes. Herein, only the R-test device attached to

399

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: Thisis an Open Access article distributed under the terms of
BY ND the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).


http://creativecommons.org/licenses/by-nd/4.0/

Kenno, T. et al.

— N

Exc radial error motion of C in X-direction
Eyc radial error motion of C in Y-direction
E;c axial error motion of C

E ¢ tilt error motion of C around X-axis
Epc tilt error motion of C around Y-axis
Ecc angular positioning error motion of C

Fig. 1. Error motions of C-axis.

the spindle and a rotary axis is moved, while preventing
synchronous motion with the translational axes. For the
identification of both of the error motions and geometric
errors of the C-axis, a rotary axis around Z-axis is pro-
posed. Furthermore, the positional geometric errors of the
rotary axis and the setting error of the reference sphere on
the table are assumed to be factors affecting the measure-
ment results, and the separation methods for the factors
are described.

2. Error Motions and Geometric Errors of
Rotary Axis

2.1. Error Motions

Error motions of a rotary axis refer to the changes in
position and orientation of the axis of rotation relative to
its axis average line as a function of angle of rotation of
the rotary axis. These are defined in ISO 230-1 [1] and
ISO 230-7 [2]. Fig. 1 shows the error motions of the
C-axis. Radial error motions in the X- and Y-directions
and an axial error motion are positional errors of the ro-
tational center line. Tilt error motions around the X- and
Y-axes and an angular positioning error motion are angu-
lar errors of the rotational center line. As shown in Fig. 1,
error motions are expressed by the letter £ followed by a
subscript, where the first letter refers to the name of the
axis corresponding to the direction of the error motion,
and the second letter refers to the axis of motion. For
example, the positional error motion of the C-axis in the
X-direction is represented as “Eyc,” and the angular er-
ror motion of the C-axis around the X-axis is represented
as “Exc” “A” refers to the rotational direction around
X-axis [1].

400

Fig. 2. Measurement set-up.

2.2. Geometric Errors

Geometric errors of a rotary axis are defined as the lo-
cation and orientation errors of the axis average line of the
rotary axis [1,2]. Two positional and two orientation ge-
ometric errors can be defined for a rotary axis. Location
errors of the C-axis in the X- and Y-directions are rep-
resented as “Exoc” and “Eyqoc,” respectively. Orientation
errors around the X- and Y-axes are also represented as
“Eaoc” and “Epgc,” respectively.

3. Measurement Method

In this study, error motions and geometric errors of
the C-axis of a vertical-type five-axis machining center
are identified. The five-axis machining center has B- and
C-axes on the table side. Fig. 2 shows the measurement
set-up. The sensor nest is attached to the spindle, and the
reference sphere is attached to the table. The center of the
sensor (zero position) is set to correspond with the rota-
tional center of the spindle. It is possible to compensate
for the offset between the rotational center and the center
of the sensor nest by setting the average of measured dis-
placement of the sensors to zero while rotating the spin-
dle. The tool length of the sensor nest is set as the length
between the spindle nose and the center of the reference
sphere when the sensor nest is located at the measurement
height.

During the course of obtaining the measurements, the
C-axis is rotated two times in both directions, and the
measured results are averaged to identify the error mo-
tions and geometric errors. The R-test device can detect
three-dimensional displacement of the reference sphere in
the sensor coordinate system. The sensor coordinate sys-
tem is matched with the machine coordinate system be-
fore the measurements are recorded. In case the center of
the sensor nest corresponds with the designed rotational
center of the C-axis, the measured results are influenced
by the error motions and geometric errors of the C-axis.

To identify the angular error motions and orientation
error of the axis average line, the measurement processes
are conducted using two different height settings of the
reference sphere, as shown in Fig. 3. The origin point of
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Fig. 3. Measurement setting with different height.

Rotational center of C-axis

Fig. 4. Measurement test with setting error of reference sphere.

the measurement is set to be the designed cross-sectional
point of the B- and C-axes. The reference sphere is set to
be both the lower height Z,,, and higher height Z;,,.
Ideally, the center of the reference sphere should be lo-
cated at the rotational center line of the C-axis. In reality,
however, the center of the reference sphere is offset from
the rotational center line. The offsets along the X- and
Y-directions are termed “setting errors” in this study. It
is expected that the setting errors affect the measured re-
sults; thus, these errors must be divided from the results.

4. Influence of Setting and Geometric Errors

4.1. Influence of Setting Error of Reference Sphere

In the real measurements, although a reference sphere
is set onto the rotational center line of the C-axis, it is
offset from the actual center line position. The influence
of the setting error is verified to compensate for its influ-
ences. To perform the verification, simulations and ex-
periments are conducted with an intentional offset of the
reference sphere, as shown in Fig. 4. During the verifi-
cation process, the reference sphere is set onto the table
with intentional setting errors of 0.2 mm in the X-, Y-,
—X-, and —Y-directions.

Figure 5 shows the simulated trajectories of the sphere
in the XY -plane. As shown in the figure, the sphere moves
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Fig. 5. Influence of sphere setting error on trajectory of
sphere (simulation).
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Fig. 6. Influence of sphere setting error on X-axis motion of
sphere (simulation).
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Fig. 7. Influence of sphere setting error on Y-axis motion of
sphere (simulation).

on the circle with the radius of 0.2 mm. Figs. 6 and 7
also show the displacement of the sphere along the X-
and Y-directions during the motion. Figs. 6(a) and 7(a)
show the results with Cartesian plot representation as pro-
jections of the results shown in Fig. 5, and Figs. 6(b)
and 7(b) show the results with polar plot representation of
the displacement with reference to the rotational angle of
the C-axis. The radius of the circle in Figs. 6(b) and 7(b)
represents the vertical axis of Figs. 6(a) and 7(a). In the
figures with the polar plot, the results are plotted on the
reference circle with the radius of 1 mm for clarity. The
figures show that the influence of the setting error can be
observed as eccentricity of the circular trajectory of the
X- and Y-directional displacements.

Figures 8-10 show the measured results with inten-
tional setting errors of the sphere. Although it is impossi-
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Fig. 8. Influence of sphere setting error on trajectory of
sphere (experiment).
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Fig. 9. Influence of sphere setting error on X-axis motion of
sphere (experiment).
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Fig. 10. Influence of sphere setting error on Y-axis motion
of sphere (experiment).

ble to set the sphere with the precise offset of 0.2 mm, the
sphere is set at the desired points to the maximum extent
possible. According to the figures, the influence of the
setting error can be observed in the same manner as that
depicted by the simulated results.

4.2. Influence of Geometric Errors

Geometric errors of a rotary axis are assumed to be the
differences between the designed and actual locations and
orientations of the rotary axis. Therefore, the influence
of the geometric errors can be expressed by change of the
location of sensor nest attached to the spindle, as shown
in Fig. 11.

Figure 12 shows the simulated trajectories of the
sphere in the XY -plane with the location offset. It is as-
sumed that the sphere is located on the rotational center
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Rotational center of C-axis

Fig. 11. Measurement with positional error of C-axis rota-
tional center.
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Fig. 12. Influence of C-axis positional error on trajectory of
sphere (simulation).
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Fig. 13. Influence of C-axis positional error on X-axis mo-
tion of sphere (simulation).

line of the C-axis. As shown in the figure, the influence
of geometric errors can be observed as the eccentricity of
the trajectories. Figs. 13 and 14 also show the simulated
results in the X- and Y-directional displacements of the
sphere during motion. Figs. 13(a) and 14(a) show the re-
sults with Cartesian plot representation, and Figs. 13(b)
and 14(b) show the results with polar plot representation.
In the figures with the polar plot, the results are plotted on
the reference circle with the radius of 1 mm to depict that
these are identical to the results of the influence of setting
errors. The influence of geometric errors can be observed
in the form of change of the radius, as shown in the fig-
ures. The X- and Y-directional offsets affect the radii of
the X- and Y-directional displacements, respectively. This
implies that the influence of geometric errors in the direc-
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Fig. 14. Influence of C-axis positional error on Y-axis mo-
tion of sphere (simulation).

0.2
£ 01 N — At the center
g e X40,1 mm
2 0 R X-0.1 mm
3 01 . --- Y+0.1 mm
== Y-0.1 mm
-0.2

-0.2-0.1 0 0.1 0.2
X-axis mm

Fig. 15. Influence of C-axis positional error on trajectory of
sphere (experiment).
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Fig. 16. Influence of C-axis positional error on X-axis mo-
tion of sphere (experiment).

tion perpendicular to the measurement direction cannot be
recognized in the figures.

Figures 15-17 show the measured results with inten-
tional offsets of the sensor nest. According to the figures,
the influence of the offset can be observed in the same
manner as that depicted by the simulated results.

4.3. Separation of Error Motions and Geometric
Errors

The R-test device can measure the X-, Y-, and
Z-directional displacements during the motion. As men-
tioned earlier, the setting error of the reference sphere
causes change in the eccentricity of the trajectory of the
X- and Y-directional displacement, and the offset of the
rotational center identical to the geometric error of the ro-
tary axis changes the radius of the trajectory of the X- and
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Fig. 17. Influence of C-axis positional error on Y-axis mo-
tion of sphere (experiment).
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Fig. 18. Measured motion trajectories of sphere with setting
error compensation.

— At the center
e X402 mm == -Y+0.2 mm
== Y-0.2 mm
4 A
3 3
g 2 g2
5] =1
£0 g0
51 g
5-2 g2
a3 a3
4 -4
3 5

90 180 270 360 0 90 180 270 360
C-axis angle deg. C-axis angle deg.
(a) In X-direction (b) In Y-direction

Fig. 19. Comparison of measured translational errors in case
of setting error exists.

Y-directional displacement. Therefore, it is possible to
divide the influences of both the setting and geometric er-
rors from the measured results. Resultantly, the influence
of the error motions can be obtained. The obtained result
is then defined as the “error motion components” in this
study. The eccentricity and radius of the trajectories can
be identified by applying the least square method, which
is commonly used to identify such parameters.

Figures 18 and 19 show the obtained error motion com-
ponents from the measured results with the setting errors
shown in Figs. 9 and 10, respectively. Figs. 20 and 21
also show the obtained error motion components from the
measured results with geometric errors shown in Figs. 16
and 17, respectively. According to the figures, wave forms
of the obtained error motion components are identical,
even though small differences of less than 1 m can be
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Fig. 20. Measured motion trajectories of sphere with posi-
tional error compensation.
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Fig. 21. Comparison of measured translational errors in case
of positional error exists.

observed in the results shown in Fig. 19. These results
confirm that the setting and geometric errors can be ade-
quately identified by applying the least square method to
the measured trajectories along the X- and Y-directions.
Unfortunately, however, the reason behind the small dif-
ferences observed in the results shown in Fig. 19 have not
been clarified yet.

5. Identification Method and Results

5.1. Error Motions

The error motion components can be obtained from
two sets of the measured results at higher and lower mea-
surement settings of the sphere. The measured results at
two measurement heights are defined as (X, Yie, Zpe ) and
(Xie,Yie, Zie ), Tespectively.

Figure 22 shows the comparison of the measured er-
ror motion components at higher and lower measurement
settings. Fig. 22(d) shows the radial directional errors ob-
tained from the X- and Y-directional error motion compo-
nents. It is expected that the results do not depend on the
measurement height if angular error motions do not exist.
According to the figure, the error motion components in
the Y-direction depend on the measurement height.

Based on the error motions of the rotary axis (Exc,
Eyc, Ezc, Eac, and Epc) and the height of the reference
sphere (Zygn and Zj,,,), the error motion components can
be represented as shown in Eq. (1). Therefore, by solv-
ing the equation on the error motions, the error motions

404

— Lower setting of the ball
---- Higher setting of the ball

—_
—_

Deviation pm

_ =

Deviation pm
=

'
—_

90 180 270 360 0 90 180 270 360
C-axis angle deg. C-axis angle deg.
(a) X-direction (X,) (b) Y-direction (Y},)

180°Y

—

o0t

(=)

Deviation pm

'
—

0 90 180 270 360
C-axis angle deg.
(c) Z-direction (Z,,,)

(d) Radial direction

Fig. 22. Measured error motion components of C-axis.

Deviation pm
Deviation pm

90 180 270 360
C-axis angle deg.

(b) Y-direction (Ey)

90 180 270 360 0
C-axis angle deg.
(a) X-direction (Ey)

"

0 90 180 270 360
C-axis angle deg.
(c) Z-direction (E,.)

X103 %1073

Deviation pm
o

e

Deviation deg.
S

s &

o —

Deviation deg.
(=)

S o
N ==

0 90 180 270 360
C-axis angle deg.

(e) Around Y-axis (Eg)

0 90 180 270 360
C-axis angle deg.
(d) Around X-axis (E,.)

Fig. 23. Identified results of C-axis error motions.

can be obtained as shown in Eq. (2) from the measured
error motion components. Fig. 23 shows the identified
results of the error motions corresponding to those when
the heights of the reference sphere are Zj;e, = 146.8 mm
and Zj,, = 66.7 mm. The figures show that the five er-
ror motions except the angular positioning error motion,
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Table 1. Identified geometric errors of C-axis.

B =0.00 deg. B=-0.01 deg. B =-0.02 deg. B =-0.03 deg.
Eoc -0.00095 deg. -0.00097 deg. -0.00081 deg. -0.00061 deg.
Egoc 0.0011 deg. -0.0087 deg. -0.0187 deg. -0.0284 deg.
Exoc 2.4 pm 24 pm 2.4 pm 2.8 um
Eyoc -10.0 pm -10.0 pm -9.6 um -9.4 pm

Ecc, can be identified from the measured result using the
proposed identification method.

(Xhm Yhevzhe>

= (—Exc + Esc - Znigh, —Eyc — Eac - Zhigh, —Ezc)
(Xlea Yle‘7Zl€)

= (—=Exc + Esc - Ziow, —Eyc — Eac - Ziow, —Ezc)

(D
Xpe — X
EBC _ he le
Zhigh —Ziow
Yie — Y,
EAC _ he le
Zhigh - Zlow Ce . (2)

Exc = —Xne + EBc - Znigh
Eyc = —Ype — Eac - Zhigh
Ezc = —Zpe

According to the figures, the radial and error motions
Exc and Eyc, respectively, fluctuate periodically, and the
amplitude of the fluctuation is approximately 1 um. The
axial error motion Ey¢ is smaller than the radial error mo-
tions. Moreover, the tilt error motions Egc and Eac, re-
spectively, are approximately 1/10000°.

5.2. Geometric Errors

The geometric errors (error of axis average line) of the
rotary axis in the four directions (Esoc, Epoc, Exoc, and
Eyoc) can also be identified from the measured results.

The measured positional errors of the C-axis rotational
center in the X- and Y-directions at two different mea-
surement heights are defined as CXjgn, CYigh, CXjoyw, and
CY,y, respectively. From the positional errors, the four
geometric errors of the rotary axis can be calculated as
shown in Eq. (3).

CYpion, — CY,
Exoc = tan_l ( high low)
Zhigh - Zlaw
CXpion — CX,
Epoc = tan,l ( high low> 3)
Zhigh —Ziow
Exoc = CXiow — EpocZiow
Eyoc = CYjow — EaocZiow

Here, as explained above, the positional errors can be
identified by applying the least square method to the mea-
sured trajectories of the X- and Y-directions. The posi-
tional errors of the C-axis center line can be obtained as
the radius of the trajectories.

Int. J. of Automation Technology Vol.14 No.3, 2020

To verify the effectiveness of the identification method,
measurement tests were performed with intentional tilting
of the C-axis. The tilt angles of the C-axis employed were
0.0°, —0.01°, —0.02°, and —0.03°. The change in tilt
angle implies the change in orientation error of the axis
average line Epgc.

Table 1 shows the comparison of the identified geo-
metric errors for each tilt angle condition. According to
the results, the orientation error around the Y -axis Epgc is
changed by the same extent as the tilt angle changes of the
C-axis. It can thus be inferred that the proposed identifica-
tion method can adequately evaluate the geometric errors
without considering any motions of the translational axes.
The difference between the commanded tilt angle changes
and identified changes is smaller than 0.001°. Ideally, al-
though the other geometric errors, Exoc, Exoc, and Eyoc
should not change with the C-axis tilt angle, the errors
are observed to change slightly in reality (the change is
smaller than 1 um for the location errors). Though it can
be expected that the causes of these changes are the re-
peated recording of the measurement or the influence of
the C-axis error motions, the actual cause has not been
clarified yet. In future, we will attempt to clarify the fac-
tors affecting the identification accuracy of the proposed
method.

6. Conclusions

This study aims to appropriately evaluate both the error
motions and geometric errors of the rotary axis without
considering the influence of motion errors of the transla-
tional axes. Herein, the R-test device is attached to the
spindle, and only a rotary axis is moved without moving
the translational axes. A method for identification of both
the error motions and geometric errors of the rotary axis
is proposed. In this method, the positional geometric er-
rors of the rotary axis and the setting error of the reference
sphere on the table are assumed to be factors affecting the
measurement results, and these factors are divided based
on the investigated results. The conclusions can be sum-
marized as follows.

1) The influence of the setting error can be observed as
eccentricity of the circular trajectory of the X- and
Y-directional displacements.

2) The influence of geometric errors can be observed as
change in the radius of the circular trajectory of the
X- and Y-directional displacements.
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3) The setting and geometric errors can adequately be
identified by applying the least square method to the
measured trajectories along the X- and Y-directions.

4) Five error motions except the angular positioning er-
ror motion, Ecc, can be identified from the measured
result upon using the proposed identification method.

5) The proposed identification method can adequately
evaluate the geometric errors without involving any
motions of the translational axes.

It is essential to first evaluate motion accuracy to im-
prove the overall accuracy of five-axis control machine
tools. The results of this study suggest that the proposed
method can comprehensively identify and evaluate both
the error motions and geometric errors of the rotary axis.
Furthermore, the method presents the advantage of per-
mitting the identification without involving any effect of
the translational axes.

In future, we will try to evaluate the error motions and
geometric errors of the tilt axis and try to clarify the fac-
tors that affect the identification accuracy of the proposed
method by comparing the results with other evaluation
methods. Further, we will try to compare the results from
the simultaneous three-axis motions of translational and
rotary axes as specified in ISO10791-6 [11].
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