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Paper

Identification of Rotary Axis Location Errors

under Spindle Rotation by using a Laser

Barrier Tool Measurement System
—Experimental Comparison with R-Test*

Soichi IBARAKIT and Eita YANATI'

Position and orientation errors of rotary axis average lines are often dominant error sources in
the five-axis machining. Many schemes have been studied, and some are now commercially available,
such that they can be identified on-machine, and then numerically compensated, by a machine tool
user. Many conventional schemes install a measuring instrument or a measured target in a machine
spindle, and thus cannot be performed when the spindle is rotating. Rotary axis location errors are
often influenced by the machine’s thermal deformation. When the spindle is not rotating, they can
be different from actual machining operations. This paper presents the application of a non-contact
laser barrier tool measurement system to the identification of rotary axis location errors, when the
spindle rotates in the same speed as in actual machining applications. An experimental thermal test
is presented to observe the change in rotary axis location errors under continuous machine warm-up
by spindle rotation and reciprocal linear axis motions. Experimental comparison with the R-Test,
a typical conventional scheme that can be performed only when the spindle does not rotate, shows
that rotary axis location errors change quickly after the machine warm-up is terminated.

1.

Position and orientation errors of rotary axis av-
erage lines are often dominant error sources in the
five-axis machining. The axis average line of a rotary
axis represents the average position and orientation of
the axis of rotation over its full rotation (the term in
ISO 230-1[1]). They are sometime referred to as the
location errors[2] or position-independent geometric
errors(3] of rotary axes. They are primarily caused by
machine assembly errors, and thus it is important for
machine tool builders to assess these errors in machine
accuracy inspection, and then to perform mechanical
adjustment or numerical compensation if they do not
meet the tolerance. For such a purpose, ISO 10791-
1[4] describes static tests to measure position and ori-
entation errors of rotary axis average lines for five-axis
machining centers. ISO 10791-6[5] describes interpo-
lation tests with a main focus on their assessment.

While such an accuracy inspection by machine
tool builders is indispensable, it alone cannot ensure
the permissible accuracy over the entire life of the
machine. Thermal deformation of machine structure,
typically caused by the heat generation in a spin-
dle, feed drive motors or environmental temperature
change, is clearly among major error sources for any
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machine tools. As reviewed in[6-8], numerous efforts
have been reported on the measurement, modelling
and compensation of thermal errors. To ensure a
machine tool’s accuracy under thermal influence, it
should be assessed not only by its manufacturer, but
also by its user periodically, and numerical compensa-
tion should be updated based on it. Numerical com-
pensation for the position and orientation errors of ro-
tary axis average lines is possible on many commercial
CNC systems[9,10]. For such a purpose, many ma-
chine tool builders commercialized a scheme to assess
rotary axis location errors on-machine. A typical one
is based on the measurement of the three-dimensional
(3D) position of a precision sphere, installed on a ma-
chine table, by using a touch-trigger probe[11]. The
R-Test[12-14] is also based on the 3D displacement
measurement of a sphere but uses a set of thee dis-
placement sensors. The application of the ball bar
has been also studied by many researchers[15,16].
All of them install a measuring instrument or a
measured target (a sphere) in a machine spindle. The-
fore, they cannot be performed when the spindle is
rotating. Rotary axis location errors are often influ-
enced by the machine’s thermal deformation. When
the spindle is not rotating, they can be different from
actual machining operations. Ibaraki et al.[11] exper-
imentally investigated such an influence by a machin-
ing test. The standards[1,5] require a user to perform
sufficient machine warm-up before performing accu-
racy tests, such that a machine can be tested under
a thermal steady-state. In practice, the machine may
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be quickly cooled down immediately when the spindle
stops, no matter how long the warm-up is performed.
One of this paper’s original contributions is on exper-
imental demonstration of this issue.

To identify position and orientation errors of ro-
tary axis average lines under spindle rotation, Ibaraki
et al.[17] proposed a scheme using a laser light barrier
tool measurement system. A laser light barrier tool
measurement system (the term in ISO 230-10[18]) is
an instrument to measure tool dimensions and geome-
tries, e.g. the tool radius or length, by detecting light
interruption by a rotating tool. Many products are
commercially available, and are widely accepted by
machine tool users. Ref.[17] used it to measure the
position of a rotating tool with respect to the work
table, when the work table is indexed at various angu-
lar positions, and presented an algorithm to identify
rotary axis location errors from this test. Its crucial
advantage is that it can be performed when the spin-
dle rotates in the same speed as in actual machining
processes, with exactly the same tool as the one used
in actual machining processes.

Compared to [17], this paper’s original contribu-
tions are as follows: 1) this paper presents the applica-
tion of the proposed scheme to a thermal test, where
the machine is continuously warmed up by spindle
rotation and reciprocal linear axis motions, and the
change in rotary axis location errors are periodically
observed. 2) An experimental comparison with the R-
Test is presented. The R-Test can be performed only
when the spindle is stopped. The experiment shows
that rotary axis location errors can quickly change
when the spindle stops. Therefore it is difficult for the
R-Test to capture rotary axis location errors in ma-
chining processes. 3) Ref.[17] employed a laser light
barrier system with a single opto-electronic receiver
to detect light interruption. This paper employs a
laser tool measurement system with CMOS (Comple-
mentary Metal Oxide Semiconductor) sensor arrays
to measure the 2D position of a rotating tool inter-
rupting the light. The proposed scheme requires the
tool measurement when the measuring system is ro-
tated by 90° (at B=—90°). In such a setup, the laser
tool measurement system with sensor arrays can have
lower measurement uncertainty, since it can directly
measure the 2D position of the tool.

This paper is based on our work presented in the
conference paper[19]. A large portion of this paper
is completely rewritten from [19]: Section 1 is com-
pletely rewritten to clarify a novelty of this paper
compared to past works. Section 2.1 is newly added
to describe the measuring instrument. The algorithm
presented in Section 2.3 is re-organized and the pre-
sentation of the test results in Section 3.3 is modified.

2. Proposed Measurement Procedure

2.1 Measuring Instrument
This paper employs a laser light barrier tool mea-
surement system with CMOS opto-electronic sensor

Fig. 1 Outlook of the laser light barrier tool measure-
ment system (Dyna Line by Big Daishowa Seiki
Co., Ltd.)

Rotating tool
Laser light spot E

\

Vertical tool

\%¢
N
ey

ensors array
each pixel size: 1.2
umx 1.2 pm)

[No tool]

Rotating tool

LED light focused
on tool surface to
be measured

Fig. 2 Measuring principle of the laser light barrier tool
measurement system with CMOS sensor arrays
(Dyna Line by Big Daishowa Seiki Co., Ltd.). The
LED light is focused at the tool surface. When the
rotating tool interferes with the light (upper-right
diagram), the vertical sensor array measures the
vertical position of the tool’s bottom face.

arrays. Figure 1 shows its outlook (Dyna Line by
Big Daishowa Seiki Co., Ltd.). Figure 2 illustrates its
measuring principle. When a rotating tool blocks the
laser beam, its vertical or horizontal position is mea-
sured by vertical or horizontal CMOS sensor arrays.
Its typical applications contains the measurement of
tool length or radius, by comparing with a reference
cylinder of the calibrated geometry. Its signal sam-
pling rate is sufficiently high to measure the run-out
of a rotating tool. Table 1 shows major specifications
of Dyna Line by Big Daishowa Seiki Co., Ltd.
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Table 1 Major specifications of the laser light barrier
tool measurement system (Dyna Line by Big
Daishowa Seiki Co., Ltd.)

Light source LED (green)

Measurement resolution 0.1 pm
Repeatability in static tool | 0.12 pm (20)
radius measurement

Repeatability in static tool | 0.12 pm (20)

length measurement
Measurable range of
Sensor arrays

3.2 mm (X), 1.4 mm (Z)

—

Fig. 3 A conventional laser light barrier tool measure-
ment system [18]. The light interruption is de-
tected by a single opto-electronic receiver.

More commonly used, conventional laser barrier
tool measurement systems have a single light detec-
tor (see Fig.3). When a rotating tool, fed to the
laser beam in a constant low feedrate, blocks the laser
beam, it is detected by the brightness measured by
the sensor. Then its trigger signal is sent to the ma-
chine tool controller, where the machine position is
logged. Unlike the one with sensor arrays in Fig. 2,
the instrument itself does not measure the tool’s po-
sition. It works as an optical switch when a defined
degree of shading is reached. Potential advantages of
the instrument employed in this paper (Fig.2) over
more common laser barrier tool measurement systems
(Fig. 3) include:

e Similarly as a touch-trigger probe, a conven-
tional laser barrier tool measurement system is
influenced by the pre-travel, i.e. the distance
between the point of the first interference of a
tool to the laser beam and the point where the
probe signal is generated[18]. This pre-travel of-
ten varies with the approaching direction. The
instrument employed in this paper measures the
tool position and thus is not influenced by the
pre-travel at all.

e Since a conventional laser barrier tool measure-
ment system has a single light detector only,
actual distance from the laser spot center to
the point where the trigger signal is generated
most likely varies with the tool’s approaching
direction, due to the roundness error of the laser
spot. This is not a critical issue for its typical
applications to the measurement of tool dimen-
sions, since the tool’s approaching direction is
usually the same. For the application presented

X

Fig. 4 Five-axis machine configuration considered in this
paper

in this paper, however, it can potentially be a
significant uncertainty contributor.

2.2 Test Procedure

This paper considers the five-axis configuration
depicted in Fig.4. It has two rotary axes, a rotary
table C-axis mounted on a swivel axis B-axis, and
their angular positions are respectively represented
by b and c€ R. The paper’s basic idea can be ex-
tended to any five-axis configurations. A cylindrical
end mill is attached to the machine spindle, and is
rotated throughout the test. At b=c¢=0°, the laser
light barrier system is fixed on the machine table as
shown in Fig. ba (at “C'=0°"), where the laser beam
is roughly aligned to the Y-direction and its focus is
roughly at Y =0 in the machine coordinate system
(MCS). The MCS is the fixed coordinate system with
its origin at the nominal intersection of B- and C-
axes.

The following test procedure is basically the same
as the one proposed in [17], except for that the mea-
surement at b=90° is removed:

(1) At b=c=0° (see Fig.ba), according to the instru-
ment’s recommended procedure, find (X, Y, Z) po-
sition to measure the tool’s X position, and then to
measure the tool’s Z position. Typically, the tool’s
X position is measured at the position where the
laser beam focuses roughly on the tool’s side edge
at the tangential YZ plane. Similarly, the tool’s Z
position is typically measured at the position where
the laser beam focuses on one of the bottom edges.
The Y position is not measured. Denote this com-
mand position in the workpiece coordinate system
(WCS) by “pg o € R®. The WCS is a local coor-
dinate system which is identical with the MCS at
b=c=0° and rotates with B- and C-axes. At
b=c=0°, denote the tool’s X- and Z-displacements
respectively by Az and YAz € R, measured
with respect to “pg o by the laser beam barrier sys-
tem.

(2) Rotate the C-axis to ¢=90° (see Fig. 5a, C'=90°).
Move the rotating tool to the command position in
the MCS, "p*(b,c) € R?, given by:

— 15 —
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At C=180°

At C=90°

/C
b)

Fig. 5 Test procedure. a) at b=0° and ¢=0,90,180 and
270°. b) at b=—90° and c¢=180°

Tk W ok

70| =pienp-o| H0] (1
with b=0 and ¢=090°. Throughout this paper,
D.(x) e R*** represents the homogeneous transfor-
mation matrix (HTM) representing the translation
to X, Y, or Z direction (x=x, y, z) or the rotation
around X, Y, or Z axis (x=a,b,c). Their formula-
tion is given in many publications, e.g.[13,20]. The
left-hand side superscripts, w and r, respectively
represent a vector in the WCS and the MCS.
Then, measure the tool’s displacement in the X and
7 directions in the WCS, respectively denoted by
wAIIT()’gO and wAZovgo.

(3) Analogous tests are performed at ¢=180° to mea-
sure (“Axo.180, “ Az0,150), and at ¢=270° to mea-
sure (wAl'()’z'yo, wAZO’Q'm).

(4) Analogous tests are performed at b= —90° and

c=180° to measure (wAI_907180, wAZ_g(),lgo) (see
Fig. 5b).

Remark: When the tool rotation has the run-out,
the measured tool position moves in the XY plane of
the WCS within a full rotation. The sampling time
of the laser barrier tool measurement systems is typ-
ically sufficiently high to observe this run-out. In the
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Table 2 Position and orientation errors (location errors)
of rotary axis average lines for the machine con-
figuration in Fig. 4

Symbol[20] | Description

2% Position error of B-axis average line in X
5% Position error of C-axis average line in Y
82%n Position error of B-axis average line in Z

5zl g Intersection error of C- to B-axis average line
aln Squareness error of C- to Y-axis

8% R Squareness error of C- to X-axis at B=0°

test procedure above, the tool’s mean X position is
taken as “Axp .. The influence of spindle rotation
speed on the measurement uncertainty of the tool’s
mean position is negligibly small.

2.3 Identification of Rotary Axis Lo-

cation Errors

The objective of the proposed test is to identify

position and orientation errors of rotary axis average
lines (rotary axis location errors) shown in Table 2.
Their definition is described in [1,20].
Remark: For the machine configuration in Fig. 4,
eight parameters are sufficient to fully describe the
position and the orientation of B- and C-axis aver-
age lines[1,20]. Among them, the parallelism error of
B- to Y-axis around X-axis, a% r» and the squareness
error of B- to X-axis, 7% r» are excluded in Table 2,
since they do not impose distinguishable influence on
the present test.

The five-axis kinematic model plays an essential
role in many previous publications on rotary axis in-
direct measurement schemes[21]. Ibaraki[20] showed
that the five-axis kinematic model can be rewritten
in the following form: when the command tool center
point (TCP) in the WCS is given by “p* € R3, and B-
and C-axes are respectively indexed at b and c € R,
then the actual TCP position in the WCS, “p € R?,
under the rotary axis location errors in Table 2, is
formulated by:

(7]~ p.ax)p,avp.(82)

DANDARDea)| V| @

AX = —(62% geosb+ 2% psinb+ 62l ) cosc+ 6y psine
AY = —(02% peosb+62% psinb+ 52l ) sine — Sy pcosc
AZ =62% psinb—62% pcosb
AA=—(a%pcosb++%psinb+al ) cosc+ L psine
AB = —(a%pcosb+7% psinb+al p)sine — 8% pcosc
AC = % psinb— % pcosb

Notice that Eq. (2) is particularly useful to formu-
late the relationship of tool positions measured in the
proposed scheme and rotary axis location errors. For
example, at b=—90° and ¢=180° (see Fig. 5b), the
measured X displacement in the WCS, * Ax_gg 150, is
given by:
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YAz 99,180 * AX +AB-"pg o(3) (3)
YAz 90,180 ¥ AZ —AB-"pg (1) (4)

where AX, AZ, and AB are given in Eq. (2) with
b=-90° and c=180°. “pj; 4(1) and *“pg ((3) are the X
and Z components of “pg ;. Note that the nominal Y-
position at b=c=0°, i.e. “pg (2), is assumed approx-
imately zero. By substituting Eq. (2) into Eqgs. (3)(4),
we have:

YAz _g0,180 = —02% g +01%p +5%R'wp8,0(3) (5)
YAz _g0,180 = —5x%R—B%R-pr§,o(1) (6)

The measured tool displacement at (b,c) = (—90°,180°),

(" Az_g0,180, “Az_g0,180), is evaluated with respect
to the one measured at b=c=0°, (*Azg, “Azp,0).
By analogously formulating (* Axg,o, ' Azo,0), we have
the 8th and 9th rows in Eq (7). Analogous formu-
lation for each of (b,c)=(0,0), (0,90), (0,180) and
(0,270), we have:

[ Azg.90— " Az |
Y Azp.90 — ' Azp,0
Y Ao 180 — * Axo,0
Y Azg 180 — Y Azp o
Y Axg 970 — " Az o
Y Azg 270 — " Azp o
Y Axg,90 — " Axo 0

| YAz 90 —""Az0,0 |

11 0 1-"pl "“pi

0 0 00 “pr —vpt |[d2%p

2 0 02 O 2vp3 Y% R
10 0 00 0 —2vi||d%R .
01 =101 wpr wpk dxdp (™)

0 0 0 0-—p: —“p; alp

1 0 -12 0 2vp BLr

-1 0 10 0 —2p;]|

Error sources in Table 2 can be identified by solving
Eq. (7), when the tool displacements in the left-hand
side of the equation are measured.

2.4 Application to Thermal Test

By periodically applying the proposed test pro-
cedure, while the machine tool is subject to ther-
mal influence of internal or external heat sources, one
can observe how rotary axis location errors gradually
change over the entire test. The past works[22,23]
presented a thermal test for five-axis machine tools
by periodically applying the R-Test, and now it is
adopted in ISO 230-3 standard[24]. The R-Test in-
stalled a precision sphere (or the sensors nest) on a
machine spindle, and thus cannot be performed when
the spindle rotates. The proposed scheme is more
advantageous for a thermal test, since it can be per-
formed without stopping spindle rotation.

When the proposed test, described in Section 2.2,
is performed multiple times with the same nominal
initial tool position, “pg o, the tool displacement mea-
sured at each angular position should be evaluated

— 17 —

with respect to the measured displacement at b=c=
0° in the first test. Suppose that the proposed test
is performed N times (k=1,---N) and the measured
tool displacements at the k-th test are denoted by
Y Axy, (k) and ¥ Az, (k). The rotary axis location
errors identified at the k-th test are denoted with (k),
e.g. 02%5(k). Then, for the k-th test, Eq. (7) is re-
placed by:

wA.CL‘o,go(k) — A‘T:o,o(l) 7
wAZo’go(k) — 7AZ(),0(1)
wAl'o,lgo(k)f Axo,o(l)
wAZngo(k‘)— AZo,o(l) _
Y Axo,270(k) = Azo,0(1) |
wAZo,Qn)(k)f AZ()70(1)
Al‘o,go(k) — A‘T:o,o(l)
L " Azo,00(k) —" Azo,0(1) |
ro 1 0 0—-"p: 0 7]
0 0 —10 “p; O 0% n (k)
1 0 01 0 “pt Sypr(k)
0 0 -10 0 —vps 825 (k)
0 -1 00 “p: O 522 5 (k)
0 0 —-10—-"p: 0 alp(k)
0 0 -11 0 “p B g (k)
L-1 0 00 0 —"“pi]
"1 0"
01
10
_ |01, — (02 p(1) + 028 5(1)) —“p - Ber(1) (8)
10 —0zpr+"p: - Ber(1)
01
10
LO 1]

3. Experiment

3.1 Objective

The objectives of the experiment are: 1) To demon-
strate a thermal test for a five-axis machine tool. By
continuously generating the heat by spindle rotation
and reciprocal motion of linear axes, and performing
the present scheme periodically, the change in rotary
axis location errors can be observed. 2) To experi-
mentally compare the present test with the R-Test.
The R-Test[12-14], described in ISO 10791-6[5], is a
well-accepted scheme to evaluate rotary axis average
lines. Its disadvantage is that it can be performed
only when a spindle is stopped, since a sphere must
be installed on the spindle. The R-Test is performed
immediately before and after the machine warm-up,
and its estimates are compared to those estimated
during the warm-up cycles by the proposed scheme.

3.2 Experimental Setup and Procedure

The proposed test was performed on a five-axis
machine, NMV3000DCG by DMG Mori Co., Ltd., of
the configuration in Fig.4. Figure 6 shows the ex-
perimental setup. The laser light barrier tool mea-
surement system, Dyna Line by Big Daishowa Seiki
Co., Ltd. (Table 1), and the R-Test sensors nest were
installed on the machine table. The R-Test device
has three tactile displacement sensors, and measures
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the 3D displacement of the precision sphere installed
on the machine spindle. The details of the R-Test
instrument, its test procedure, the algorithm to iden-
tify rotary axis location errors based on the R-Test,
are given in [13,14]. The experimental procedure is
as follows:

(1) First, without performing any machine warm-up
cycles, the R-Test cycle was performed. The sphere
was installed to the spindle (see Fig.6c). The 3D
sphere displacement was statically measured at C'=
0,90,180,270° and B =0°, and then at B = —90°
and C'=180°.

(2) Then, a cylindrical end mill (diameter: 10 mm,
corner radius: 1 mm) was installed to the spindle
and the spindle started rotating by 6,350 min~1!.
Then, the proposed test procedure presented in Sec-
tion 2.2 was performed (see Figs. 6 b and ¢). It took
about 10 min. All the points were measured three
times to check the measurement’s repeatability.

(3) Then, at the retracted Z position, while the spindle
kept rotating in the same speed, repeat the recip-
rocal motion of X, Y, and Z axes to the distance
200 mm for 15 min. This is the machine warm-up
cycle.

(4) Repeat (2) and (3) six times. The total test took
125 min.

(5) When the thermal test was finished, the spindle
was stopped, and the sphere was installed to the

spindle. Then, the same R-Test cycle was performed.

It was performed in about 10 min after the spindle
stopped. Finally, the same R-Test cycle was again
performed in about 30 min after the first R-Test
cycle.

3.3 Thermal Influence on Rotary Axis

Location Errors

Figure 7 show the rotary axis location errors iden-
tified by the proposed test (Step 2 in Section 3.2)
performed at every 25 min during the thermal test.
It also shows those estimated by the R-Test before
and after the thermal tests.

Figure 8 shows the temperatures measured by us-
ing thermocouples attached to a) the Z-axis servo mo-
tor frame, b) the spindle unit frame near its front
bearing, and c) in the air near the test piece. The
temperature on the Z-axis servo motor frame was in-
creased by about 1.0 °C in 125 min, but no clear tem-
perature increase was observed on the spindle frame.
Note that only the temperature on the spindle unit
frame, not its inside, was measured, which may not
directly show the spindle’s thermal deformation.

The following observations can be made on the
test results:

(1) The Z-position of B-axis average line, 62%p, was
displaced by 12 pm by the machine warm-up for 125
min. It is typical for the heat generated by a spindle
to cause its deformation to the Z-direction. When
the spindle is displaced to -Z direction, it causes the
positive Z-position error of B-axis average line with

Laser barrier
— system

c)

Fig. 6 Experimental setup. a) at B=C=0°, b) at B=
—90° and C'=180°, c¢) R-Test setup at B=C'=0°

respect to the tool.

(2) Thermal displacement to X- or Y-direction was at
maximum 2 pgm. The orientation errors of the C-
axis average line, aoc r and B% gr» were changed by
about 2 x 1075 rad. Considering that the distance
of the measured point to the C-axis centerline was
about 120 mm, its influence on the tool’s position

— 18 —
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Fig. 7 Rotary axis location errors estimated in the ther-
mal test by the proposed scheme, in comparison
with the estimates by the R-Test before and af-
ter the machine warm-up cycles. See Table 2 for
the definitions of rotary axis location errors. a)
position errors, b) orientation errors.
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Fig. 8 Temperatures measured in the experiment

in the WCS is about 2 um. These may not be sig-
nificant, compared to the measurement uncertainty
or the machine’s repeatability.

(3) When the spindle was stopped, the Z-position of
B-axis average line, 62% 5, measured by the R-Test,
was reduced by 5 pm only in 10 min. In 40 min
after the spindle stopped, §2%, was reduced to 4
pm, which is approximately the same as its initial
value. This shows that the machine was quickly
cooled down and deformed when the machine warm-
up cycles were terminated, even after the machine
was warmed up for 125 min.

The experimental result clearly shows that rotary axis
location errors can be subject to a potentially signif-
icant influence of the heat generated by spindle and
linear axes. Since rotary axis location errors can be a
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major contributor to the machining error, it is crucial
to evaluate them in machining processes. The val-
ues estimated by the first R-Test, performed before
the thermal test, have significant difference from the
values when the machine is in thermal steady state
by the warm-up cycles. Even when the R-Test was
performed right after the 125 min warm-up cycles,
Fig. 7a shows that the machine can quickly be cooled
down when the spindle stops. This shows a critical is-
sue with many conventional error calibration schemes.
e.g. the R-Test, the ball bar tests, and probing-based
schemes, which can be performed only when the spin-
dle does not rotate.

4. Conclusion

The position and orientation errors of rotary axis
average lines can change due to thermal influence or
machine “aging”. Many schemes are commercially
available, e.g. a tough-trigger probe system with a
precision sphere or the R-Test, to measure and then
to compensate them. Their critical issue is that they
can be performed only when the spindle does not ro-
tate, and thus they may not capture rotary axis loca-
tion errors in actual machining processes. This paper
presented the application of a laser barrier tool mea-
surement system to the identification of rotary axis
location errors. An essential principle is common with
conventional schemes; the position of a tool with re-
spect to the work table is measured at various angular
positions of rotary axes.

Since the present scheme can be performed with
the spindle continuously rotating, it can be applied
to a thermal test. The experiment showed the change
in rotary axis location errors, when the heat is gen-
erated by spindle rotation and reciprocal motion of
linear axes for 125 min. The comparison with the R-
Test showed that rotary axis location errors quickly
changed when the spindle stopped, even after 125 min
warm-up cycles. This shows a potential effectiveness
of the present scheme for compensating rotary axis
location errors in machining processes.

Similarly as many conventional “indirect” rotary
axis error calibration, the present scheme inherently
cannot separately identify linear axis error motions.
When the machine has significant linear axis error
motions, they can be major uncertainty contributors.
Ref.[17] presented the uncertainty analysis to assess
the influence of linear axis error motions and an anal-
ogous analysis can be applied to this paper’s scheme.
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