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Abstract. The R-Test measures the three-dimensional displacement of a tool center
point with respect to a work table in five-axis machine tool, as linear axes are driven
synchronously with a rotary axis. This paper experimentally compares the measuring
performance of the R-Test instruments with 1) tactile linear displacement sensors, 2)
laser displacement sensors based on the refraction in a glass ball lens (Laser R-Test),
and 3) laser interferometers, in dynamic tests described in ISO 10791-6:2014. A tactile
displacement sensor pushes its measuring contact to the target surface by a spring, and
its stiffness can limit the measurement bandwidth. This paper experimentally inves-
tigates this influence in the measurement of dynamic synchronization error of rotary
and linear axes particularly near the reversal point in the present tests. This paper
also presents a test to measure the bandwidth of a tactile displacement sensor.
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1. Introduction

The radial, axial and tilt error motions of a rotary axis are typically measured by placing
a spherical or cylindrical artefact on the axis of rotation, as is described in ISO 230-7 [1].
In a five-axis machine tool, such a setup may not be possible or difficult. For example, a
swivel axis to tilt a rotary table may has its axis of rotation below the table surface. In
such a configuration, a special fixture is needed to place a sphere on the axis of rotation.
For such cases, the R-Test is accepted in ISO 10791-1 [2]. The application of the R-test
to the error calibration of a five-axis machine tool was first reported by Weikert [3] and
Bringmann and Knapp [4]. In typical R-Test setups, a precision sphere is attached to
a machine spindle, and the sensors nest is installed on work table (an opposite setup is
possible). As the rotary axis rotates, linear axes are synchronously driven on a circular
path such that there exists nominally no displacement of the sphere with respect to the
sensors nest. The sensors nest continuously measures the sphere’s three-dimensional
(3D) displacement. Bringmann et al. [4] and Ibaraki et al. [5] presented the identification
of position and orientation errors of rotary axis average lines based on the static R-Test.
Ibaraki et al. [5, 6] further extended it to position-dependent error motions of two rotary
axes and presented a software to perform this assessment [7]. Commercial products are
currently being offered by the likes of IBS Precision Engineering [8]. Many of dynamic
interpolation tests for rotary axes described in ISO 10791-6 [9] can be done using the
R-Test.

While many pioneering works [3, 4, 5, 10, 11] employed tactile linear displacement,
sensors for the R-Test, some works presented non-contact R-Test instruments. The
commercial R-Test instrument by IBS Precision Engineering [8] is non-contact.
Zargarbashi and Mayer [12] presented an R-Test instrument with non-contact capacitive
sensors. Hong and Ibaraki [13] and Guo et al [14] presented a non-contact R-Test
instrument by using a triangulation-based laser displacement sensor. Jiang et al. [15]
employed eddy current displacement sensors.

Past works [13, 15] discussed potential advantages with non-contact linear
displacement sensors: a contact linear displacement sensor is subject to the friction
between the contact surface and a sphere, which can potentially cause the measurement
uncertainty. Furthermore, more importantly, a contact linear displacement sensor
typically has a spring to push its plunger to the target. The spring’s stiffness can
limit the measurement bandwidth.

On the other hand, drawbacks with non-contact linear displacement sensors
include shorter working distance and measurable range. Capacitive and eddy current
displacement sensors typically have the working distance < 1mm and the measurable
range < 3 mm|[12], which increases a risk of unwanted interference in machine operation
or setup. An optical displacement sensor, e.g. a triangulation-based laser displacement
sensor, can have longer working distance, but it is well recognized that a triangulation-
based laser displacement sensor is typically subject to noise-like higher frequency
measurement error, due to the laser beam speckle [16, 13].
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Considering potentially limited bandwidth of tactile displacement sensors, non-
contact displacement sensors have a potential advantage particularly in a dynamic test.
No past works, however, have presented their experimental comparison. The objective
of this paper is to experimentally compare the measuring performance of tactile and
non-contact R-test instruments in a dynamic test.

In the literature, the R-Test has been often applied to the static measurement of
rotary axis geometric errors. Fewer works have studied its application to dynamic tests.
Nishiguchi et al. [17, 18] dynamically measured the synchronous error of a rotary axis
and two linear axes, when the rotary axis reverses its rotation direction. They showed
that this error is caused by the difference in the transient response of rotary and linear
axes, and can cause a “scratch” on the finished surface of a significant depth (about 30
pum in [17]). To measure this error, they employed a non-contact R-Test instrument using
a triangulation-based laser displacement sensor. Jiang et al. [19] applied a contact-type
R-Test to dynamically measure the 3D contour error for a “8-shaped” path within its
measurable range. They did not study the measurement uncertainty of the contact-type
displacement sensor in the dynamic test. The influence of the dynamic synchronous error
of a rotary axis to linear axes can be often observed in five-axis machining tests. In the
S-shape machining test, described in ISO 10791-7 [20], a “scratch” can be often observed
on the finished surface due to the dynamic synchronization error induced by the five-axis
singularity [21, 22]. Li et al. [23] presented a machining test designed to observe the
influence of the dynamic synchronization error under the reversal of rotation direction.
These works clearly show potentially significant influence of the dynamic synchronous
error of rotary and linear axes on the machining accuracy.

Several different non-contact displacement measuring principles are available. This
paper compares the following two sensors: 1) a laser displacement sensor based on the
refraction in a glass sphere (Laser R-Test) and 2) a laser interferometer. 1) Laser R-Test,
commercially available from Prof. Jywe Wen-Yuh’s Group, Department of Mechanical
Engineering, National Taiwan University [24, 25, 26], measures the 3D displacement of a
glass sphere, installed on the work table, by measuring the refraction of two orthogonally
aligned laser beams going through the glass sphere. 2) A laser interferometer is often
subject to smaller measurement noise than other laser displacement sensors, but its cost
is significantly higher than 1). The major test objective is to compare the measuring
performance of a tactile R-Test instrument with 1) and 2), to observe if the friction
and the spring stiffness give significant influence on dynamic R-Tests in practical test
conditions. The bandwidth of the tactile R-Test instrument is also experimentally
measured.



2. Measuring instruments

2.1. Tactile R-Test instrument

Figure 1 show the tactile R-Test instrument tested in this paper. Three contact linear
displacement sensors, ST1288 by Heidenhain, are installed in the sensors nest. The
major specifications oft he linear d isplacement sensor are shown in Table 1 . Figure 2
shows its configuration [ 27]. T he p lunger is p ushed t o t he t arget by t he l eaf spring.
The sensor has a flat-ended m easuring ¢ ontact ( carbide, ¢ ontact s urface s ize: ¢4.8
mm). A ceramic precision sphere with nominal diameter of 25.4 mm was attached
to the spindle (diameter tolerance: +1pum, sphericity tolerance: 0.13 ym (ABMA Grade
GR5)). Compared to the machine’s positioning uncertainty, this sphericity error of the
sphere is sufficiently small.

The following parameters must be calibrated in advance: 1) unit vectors
representing the sensor directions, and 2) the position of the sphere center from the
spindle axis average line. See [5, 7] for further details of these pre-calibrations.

2.2. Laser R-Test

Figure 3 show the Laser R-Test. Figure 4 illustrates its measuring principle. The Laser
R-Test head, installed on a machine spindle, has two laser beam sources (LS) aligned
orthogonal to each other. The displacement of the glass ball lens (BL) in the direction
normal to the laser beam can be estimated by measuring the displacement of the incident
light by the quad-detector (QD) (Fig. 4 b). Table 2 shows its major specifications.
Longer working distance, thus safer operation, relatively smaller measurement noise
than other optical displacement sensors, and simpler configuration, and thus lower
manufacturing cost, are its major advantages. The glass BL of the nominal diameter 8
mm was used as the target.

2.3. R-Test with laser interferometers

A laser interferometer, Keyence SI-F10, was employed. Table 3 shows its major
specifications. Figure 5 shows t he t est s etups. Since only one sensor is available, the
sensor is installed on the work table in the a) tangential, b) radial, and c) axial direction
of the rotary axis to be tested. A tungsten-carbide sphere with anti-reflection coating
(the diameter: 20.000 mm +2.5 pum, the calibrated sphericity: 0.17 pum) was installed
on the machine spindle. Such separate measurement setups for radial, tangential and
axial directions are described in ISO 10791-6 [9], which can be seen equivalent to the
R-Test with three displacement sensors within the machine tool’s repeatability.

Hong et al. [13] compared the measuring performance of four different laser
displacement sensors, 1) spectral interferometer (SI-F10, Keyence), 2) triangulation-
based using specular reflection (LK-G10, Keyence), 3) triangulation-based using diffuse
reflection ( LK-H052, K eyence), a nd 4 ) ¢ onfocal ( LT-9010MS, K eyence) i n scanning
measurement of a spherical surface. Their tests showed that the interferometer, SI-F10,
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Figure 1. C-axis test setup with the tactile R-Test instrument.

Table 1. Major specifications of liner displacement sensor used in the tactile R-Test
instrument (ST1288 by Heidenhain [27]).

Measuring principle | Photo-electric scanning of an incremental
scale with spring-tensioned plunger
Measurement range | 12 mm

Signal pitch 20 pm

System accuracy +1 pum

Connecting cable

Scanning unit with light
source, photocells and
scanning electronics

Measuring standard

Ball-bush guide

Plunger

Rubber bellows

Measuring contact

[ |

Figure 2. Configuration of the tactile linear displacement sensor, ST1288 by
Heidenhain [27].

has significantly smaller noise-like higher frequency measurement error. Its drawbacks
include higher sensitivity to the inclination of the target surface, and higher cost.



Figure 3. C-axis test setup with Laser R-Test.

Table 2. Major specifications of Laser R-Test.

Resolution 0.05 pm
Measurable range | £ 0.1 mm

System accuracy | 0.5 ym




Signal module Master detector module

(o

Measured
displacement of
incident light

Laser beam

b)

Figure 4. Measuring principle of Laser R-Test [24]. LS: laser source, QD: quad-
detector, BL: ball lens. a) Configuration. b) Principle of measuring the displacement
of the BL.

Table 3. Major specifications of the interferometry-based laser displacement sensor,
Keyence SI-F10 [28].

Measuring principle | Spectral interferometry
Measurement range | 1.05 mm

Resolution 10 nm
Linearity 0.3 pm
Head size
@8 mm 00.32"
Dimensions Measurement
range
11.310
_l_ / 12.35 mm

i 0.44"to 0.49'




Figure 5. C-axis test setups with the laser interferometer. a) In tangential direction
of C-axis, b) in radial direction, ¢) in axial direction.
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Figure 6. B-axis test setup with the contact R-Test instrument.

3. Test procedure

The machine tool has a rotary table (C-axis), mounted on a swivel axis (B-axis), in the
workpiece side. The test procedure is in accordance with ISO 10791-6:2014 [9], Annex
B ((1) in BK2 and (2) in BK1).

(1) Dynamic measurement of C-, X- and Y-axes synchronized motion

Figures 1 (with the tactile R-Test), 3 (for the Laser R-Test), and 5 (with the laser
interferometer) show the test setups. C-axis is rotated from C' = 0° to 360°, and then
to 0°. X- and Y-axes are synchronously driven with C-axis such that the tool center
point nominally does not move with respect to the rotary table.

(2) Dynamic measurement of B-, X- and Z-axes synchronized motion

Similarly as (1), B-axis is rotated from B = —90° to 90°, and then to —90°. The
three instruments were compared. Figure 6 shows the test setup with the contact R-Test
instrument.

4. Evaluation of measured trajectories

4.1. Objective

In the definition in ISO 230-7 [1], radial, tangential and axial error motions of a rotary
axis represent the change in the position and orientation of the axis of rotation from
its axis average line. The measured sphere displacement profiles contains the influence
of the position and orientation errors of the rotary axis average line (also called the
position-independent geometric errors (PIGEs)). It is well recognized that the position
and orientation errors of the rotary axis average line can quickly change by the thermal
influence [29, 30]. For the comparison in error motions, their influence should be
removed.

More importantly, the present tests can be influenced by various setup errors.
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Annex D in ISO 10791-6 [9] describes the precaution on the setup errors in the ball
bar tests or the R-Test, and in principle, the same applies to any sensors. For example,
when the Laser R-Test, attached to the machine spindle, is applied to the test in Fig. 3,
the measured displacement should be defined zero when the sphere is precisely on the
spindle axis of rotation. Any alignment error changes the measured profile.

This section presents an algorithm to numerically remove the influence of the
position and orientation errors of the rotary axis average line from the measured profiles.
The sensors nest of the Laser R-Test (Fig. 3) is attached to the machine spindle, and
thus it measures the sphere displacement in the machine coordinate system (MCS). On
the other hand, the tactile R-Test sensors nest (Fig. 1) and the laser interferometer
(Fig. 5) are fixed on the machine table, and thus measure the sphere displacement in
the workpiece coordinate system (WCS). The WCS is a local CS that rotates with C-
and B-axes. For their comparison, in accordance with ISO 10791-6 [9], the measured
trajectories are converted to a) radial, b) tangential and c) axial directions of the rotary
axis.

4.2. Conversion to radial, tangential and axial directions of the rotary axis with
eliminating the influence of position and orientation errors of rotary axis average line

As an example, consider the C-axis test by the Laser R-Test (see Fig. 3). Denote the
k-th measured 3D displacement of the sphere by "Ap(k) € R®, when the C-axis angular
position is given by C'(k) € R. Note that the sphere displacement is measured in the
MCS, since the Laser R-test sensors nest is installed on the machine spindle. The left-
hand side superscript, ", represents a vector in the MCS. Suppose that the initial sphere
position at C'(1) = 0° in the MCS is given by "py € R®. Then, the nominal sphere
position in the MCS at the time k is given by:

p*(k) = Re(=C(k)) - "po (1)

where R.(—C(k)) € R**® represents the rotation matrix around the Z-axis by the angle
—C(k). The measured displacement of the sphere in the radial and tangential direction
of C-axis are respectively given by:

Eradial,C(k> = TAP(@ : Uradial,C(k>
Etangential,c<k) = TAp(k) : vtangential,C(k) (2)

”:iiigl]zg“ and Vsangential,c(k) = R (—g) Uradial (k) are respectively a

unit vector representing the radial and tangential direction of the C-axis. Note that the

where Vragial,c (k) =

origin of the MCS is defined at the nominal intersection of C- and B-axes. By using
Eradial,c (k) and Eiangential,c(k), the measured sphere position is represented in radial and
tangential directions with respect to the nominal position, "p*(k) by:

"Pradiar,c(k) = "P"(k) + Vradiat,c (k) - Eradial,c (k)
rptangential,C(k) - Tp*(k) + Utangential,C<k) : Etangential,C(k) (3)
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From the trajectory of "pragiarc(k), the (X, Y) position of the C-axis average line,

. rc}2 @

Then, the nominal sphere center trajectory around this identified center can be

"PDeenter,c € IR27 can be identified by solving the following problem:

. 1007, .
min Z {H [ ‘| : pradial,C(k> —  Pcenter,C
k

"Pcenter,C,TC O ]. O

formulated by:

rﬁ*(k) = RC(_C(k)) (rpo - 7npcenter,C) (5)
Re-calculate the radial and tangential errors with respect to this nominal trajectory:

Eragiane(k) = vradiatc (k) - ("Pradgiarc (k) — 57 (k)) (6)

Etangential,c<k) - Utangential,C(k) ' (Tpradial,C(k) - Tﬁ*(k)) (7)

Eradial,c(k) and Etangential,C<k) respectively represent the measured tool center point
profiles in radial and t angential d irections of C-axis, with e liminating t he i nfluence of

the position error of the C-axis average line, "peenter.c- If error motions of linear axes (X-
and Y-axes) are negligibly small, they can be seen as the radial and angular positioning
error motions of C-axis. The profiles by the tactile R-Test and the laser interferometer,
measured in the WCS, can be first converted to the MCS, and then the same calculation
can be applied.

5. Experiment

5.1. Experimental comparison

A vertical five-axis machining center, NMV3000DCG by DMG Mori Co., Ltd., was
tested. Figure 7 shows its machine configuration. The positioning resolution is 1 um for
linear X-, Y- and Z-axes and 0.001° for rotary B- and C-axes.
(1) Dynamic measurement of C-, X- and Y-axes synchronized motion

Figure 8 compares the measured error profiles in the radial direction of C-axis,
Eradial,c(/f), calculated in Eq. (6). The same test was performed by using a) the
tactile R-Test instrument (in Fig. 1), b) the Laser R-Test (in Fig. 3), and c¢) the laser
interferometer (in Fig. 5). They are shown in a polar plot format with respect to
C(k). The black full circle represents zero error, and the error in the radial direction
is magnified 1,000 times (see the error scale, “10 pum/div”) . This representation is in
accordance with ISO 10791-6 [9] (Annex D). The initial sphere position at C(1) = 0
was "po = [1.3,117.8, 179.4]T mm (the nominal path radius is approximately 117.8 mm)
and approximately the same for all the three setups (the difference was within 2 mm,
and such a small difference does not influence the test results). The command C-axis
feedrate was 4,500 deg/min.

All profiles in Fig. 8 show a steady-state error in the C-axis radial direction of 30
pm approximately. This is caused by the steady-state contouring error in the circular
interpolation by X- and Y-axes due to the reduction of the gain of their closed-loop
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frequency responses (the same influence c an b e o bserved in t he ¢ onventional circular

test with two linear axes, see [31]). Figure 9 shows the same profiles magnified near

starting and reversal points. The three measuring instruments showed a good match,
although they show minor differences. The following discusses possible causes for the
difference:

(1) The profile measured by the Laser R-Test (Fig. 9b) contains a higher-frequency
“noise” of the amplitude up to 10 pgm. This is most likely due to the influence of
the laser beam speckle.

(2) Compared to Fig. 9¢c, the profile measured by the tactile R-Test (Fig. 9a) shows a
small delay between CW and CCW profiles. This may be due to a synchronization
error between the measured sphere displacement, and the rotary axis angular position,
logged from the machine tool controller (time delay in the logging of these signals).
Alternatively, it can be possibly due to the influence of the friction between the probe
and the sphere. The difference between CW and CCW profiles is, however, about 1
pm, which is not significant compared to the machine’s positioning resolution (1 pm).

Figure 10 compares the measured error profiles in the axial (Z) direction of C-axis.
The axial (Z) displacement, Eaxial,c<k)7 is plotted in a polar plot format. For the com-
parison in dynamic measurement, only close-up views near starting and reversal points
are shown. There was a small bidirectional displacement (about 1 pm) before and after
the reversal. Such a small displacement can be observed by all the measuring instru-
ments. It is interesting to note that the higher frequency “noise” on the Laser R-Test
measurement (Fig. 10b) seems significantly smaller than the radial profile in Fig. 9b.
This is probably because the actual relative displacement of the glass sphere was smaller
in the Z-direction than in X- or Y-directions (actual sphere displacement in X- or Y-
directions was influenced by the position error of C-axis average line and larger, but this
influence is removed in Fig. 9). Furthermore, in Fig. 10c, there is an abrupt “noise” near
X=25 mm, Its cause is not clear but a laser interferometer is typically more sensitive to
a small surface disorder or contamination.

(2) Dynamic measurement of B-, X- and Z-axes synchronized motion

The nominal path radius was approximately 195.1 mm. Figure 11 compares the
measured error profiles in the tangential direction of B-axis. The tangential displace-
ment, Etangential,g(k), calculated similarly as in Eq. (7), is plotted in a polar plot format
with respect to B(k). In all the three plots, the error is defined positive (outward) when
the spindle is ahead of the table.

(3) Summary

In all the tests in (1) and (2), the three measuring instruments showed similar
profiles. For dynamic errors, which are evident near t he starting/finishing and reversal
points, the tactile R-Test show similar measuring performance as non-contact instru-
ments. Although the manufacturers of the Laser R-Test and the laser interferometer
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i

Figure 7. Five-axis machine configuration considered in this paper.

do not disclose the bandwidth of these sensors, it is typically much larger than the
bandwidth of a tactile displacement sensor. The experiment in Section 5.2 will show
that the bandwidth of the tactile displacement sensor (Heidenhain ST1288) is about 54
Hz. Despite of this limited bandwidth, similar dynamic responses in Figs. 9 to 11 show
that the bandwidth of the tactile R-Test was sufficiently high for a large portion of the
frequency components contained in these particular tests. If the machine’s motion con-
tains frequency components higher than the spring’s bandwidth, the tactile R-Test may
be subject to larger measurement error. This will be further studied in the following
subsection.
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Figure 8. Error profiles in the radial direction of C-axis measured by a) the tactile
R-Test, b) the Laser R-Test, and c) the laser interferometer.
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5.2. Measurement of frequency response of the tactile R-Test

(1) Measurement setup

As shown in Fig. 2, the tactile linear displacement sensor pushes the plunger to
the target surface by a leaf spring. Its stiffness limits the measurement bandwidth.
Non-contact optical displacement sensors do not have such a spring and thus can have
significantly larger bandwidth, which is potentially advantageous in dynamic measure-
ment. This subsection presents an experiment to measure the bandwidth of the tactile
linear displacement sensor.

Figures 12 and 13 show the experimental setup. The linear displacement sensor,
ST1288, used in the tactile R-Test instrument, was tested. A cylinder of the nominal
diameter 10 mm was installed on the machine tool spindle. A flat-ended measuring
contact of the linear displacement sensor touches the cylinder. First, its radial runout
is measured by rotating the spindle in a sufficiently low speed. It was 58 pum.

The spindle speed was increased from 0 Hz with a increment of 3 Hz (180 min™1).
At every rotation speed, the displacement was continuously measured for several rota-
tions. It was verified by an experiment that the change in the spindle’s actual radial
error motion is sufficiently small for the frequencies up to 60 Hz. Thus, the amplitude
of the measured displacement gives the gain of the frequency response of the linear dis-
placement sensor at the given frequency. By increasing the frequency, the gain profile
can be obtained.

(2) Result

From the spindle speed 3 Hz to 51 Hz (=3,060 min~!), the amplitude of the mea-
sured displacement profiles was approximately the same as the quasi-static runout, 58
pm. As an example, Fig. 14a shows the measured displacement profile at 45 Hz. At the
spindle speed 54 Hz (=3,240 min~!), as shown in Fig. 14b, the measured displacement
became significantly larger than the actual runout. This is because the probe lost the
contact with the target surface, due to the finite stiffness of the plunger spring. At the
frequencies equal to or higher than 54 Hz, the amplitude was similarly much larger than
58 pum, and thus the test was terminated.

This test result shows that this linear displacement sensor’s bandwidth was 51 Hz.
In dynamic tests presented in Section 4, when the motion of linear and rotary axes
contains the components of the frequencies higher than 51 Hz, this tactile displacement
sensor can be subject to significant measurement errors, and non-contact sensors should
be used. However, in the particular test conditions in Section 4, such influence was not
evident and the tactile R-Test showed sufficient dynamic measurement performance.

6. Conclusion

This paper experimentally compared the measuring performance of the R-Test
instruments with 1) tactile linear displacement sensors, 2) laser displacement sensors
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Figure 12. Setup to measure the bandwidth of a tactile linear displacement sensor.
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Figure 14. Measured displacement profiles at the spindle rotation speed a) 45 Hz and
b) 54 Hz. At sufficiently small spindle speed, the radial runout was 58 mum.

based on the refraction in a glass ball lens (Laser R-Test), and 3) laser interferometers,
in dynamic measurement of synchronization error of a rotary and linear axes. Its
contributions and findings are summarized as follows:
(1) For clearer comparison, an algorithm to eliminate the influence of setup errors, as
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well as the position error of the rotary axis average line, is presented.

(2) It was experimentally verified that the trajectories, measured by the three R-Test
instruments, show a good match. The profiles measured by the Laser R-Test contains
a higher-frequency “noise” of the amplitude up to 10 um, which is attributable to the
laser beam speckle influence. The limited bandwidth of a tactile linear displacement
sensor (see below) can potentially cause a measurement error particularly for dynamic
profiles. In the test conditions presented in this paper, however, such influence was not
evident, and the tactile R-Test showed a good dynamic measurement performance.

(3) A tactile displacement sensor pushes its measuring contact to the target surface by
a spring. The stiffness of the spring determines the bandwidth of the sensor. When
the target’s motion has the frequency higher than the spring’s bandwidth, the probe
can lose the contact with the target surface, which causes large measurement error.
This paper presented a simple experiment to measure this bandwidth. A non-contact
displacement sensor does not have such a limitation.
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