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Abstract

Lately, a cylindrical workpiece of relatively large diameter is often machined
by turning operations by a swiveling rotary table in a five-axis machining
center. This paper presents a machining test containing features finished
by a turning operation by a swiveling rotary table. Unlike conventional
machining tests for turning operations described in ISO 13041-6:2009, the
present machining test can identify a complete set of position and orientation
errors of the axis average line of rotary axes from the geometry of the finished
test piece. The radial and axial error motions of the rotary table can be
also observed when the swiveling axis is positioned horizontal (A = 0°) and
vertical (A = —90°). Experimental demonstration is presented. The rotary
axis geometric errors identified from the finished test piece’s geometry are

compared with those estimated by a conventional error calibration test using
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a touch-triggered probe and a precision sphere. The uncertainty analysis for
the present machining test is also presented.
Keywords: five-axis machine tool, machining test, turning, error

calibration, geometric error




1. Introduction

Conventionally, a cylindrical workpiece of relatively large diameter is ma-
chined by turning operations on a large vertical-type numerically controlled
lathe. Lately, such a large cylindrical workpiece is often machined by turning
operations by a swiveling rotary table on a five-axis machining center (see
Fig. 1 for an example machine configuration). Typical examples of such a
workpiece include a cylindrical casing part in an aircraft jet turbine engine

(e.g. Rolls-Royce[1]). Its machining process can be described as follows:
e [ts cylindrical faces and flanges are finished by turning operations.

e [t has many holes. Some are in the axial direction and others are in

the radial direction.

e [t also has features on flanges that are finished by end milling operations

from either axial or radial direction.

It does not require simultaneous five-axis operation. To minimize the influ-
ence of the machine’s error motions, the manufacturer often prefers “3-+2
axis machining”, where each feature is machined with the workpiece (or the
tool) fixed at a limited set of angular positions — typically only in verti-
cal (A = 0°) and horizontal (A = —90°) directions. By machining it on a
five-axis machining center with a swiveling rotary table of the capability of
turning operations, the machining time and cost can be significantly reduced,
compared to conventional processes using both a vertical-type lathe and a
machining center.

For example, the position tolerance for holes on a jet engine casing part is



typically below 50 ym. The workpiece’s diameter is typically up to 1.5 m. For
such a machining operation, one of major error contributors is quasi-static
position and orientation errors of rotary axis average lines (the mean location
of the axis of rotation is referred to as the axis average line in ISO 230-1 [2]).
They are typically caused by the assembly error by a machine tool builder,
but they can significantly change in a machine user’s site due to environ-
mental influence, or long-term performance deterioration (“aging”) [4, 5, 6].
To maintain the finished workpiece’s geometric accuracy within the given
tolerance, it is important for a machine tool user to periodically perform the
calibration of rotary axis geometric errors and then compensate for them.
Numerous error calibrations schemes for five-axis machines have been
presented in literature. Their good review is in [7, 8]. ISO 10791-1 [9] was
revised in 2015 with quasi-static tests for rotary axes. ISO 10791-6 [10] was
revised in 2014 with dynamic interpolation tests for rotary axes. Although it
is important to evaluate rotary axis geometric errors by such a non-cutting
test, typical machine tool users consider more the machine’s accuracy when
it performs actual machining. Non-cutting tests are sometimes performed
when the machine is “cold” without sufficient machine warm-up. In normal
operating conditions with spindle rotation, the machine’s geometric errors
may be significantly different. For this reason, a machining test is often
considered crucial to evaluate a machine’s actual performance. ISO 10791-
7 [11], revised in 2015, contains two machining tests for a five-axis machine
tool. The cone frustum machining test was first presented in NAS979 [12]
and is now adopted in [11]. Many researchers presented its analysis [13, 14|

and clarified that it is difficult, or not possible, to separately diagnose error



causes from the geometric error of the finished test piece. Many five-axis ma-
chining tests proposed in the literature can be seen as a non-diagnostic test,
e.g. the S-curve test [15], the NCG recommendation 2005 [16], the truncated
square pyramid test [17], and the ball end milling test of hemisphere [18].
Refs. [19, 8] presented more thorough review.

On the other hand, simpler cutting tests, e.g., a planar grinding test [20],
a grooving test by a single-point cutting tool [21], can be used to calibrate the
position of rotary axis average lines. In [6, 19], a part of the authors proposed
the pyramid-shaped machining test such that all position and orientation er-
rors of rotary axis average lines can be separately identified by evaluating the
finished test piece’s geometric error. Similarly, some researchers presented
machining tests to indirectly assess the machine’s geometric errors. Velenosi
et al. [22] presented the test analogous to the one in [6]. The test M4 in
[SO 10791-7 [11] can be seen as a sub-set of the test in [6]. Morimoto et
al. [23] presented a machining test by a non-rotating tool to calibrate a part
of rotary axis location errors.

The machining tests reviewed above are mostly for milling operations. In
turning operations, a motor for a rotary table generates the heat. The ob-
jective of this paper is to propose a machining test for turning operations by
a swiveling rotary table such that machine geometric errors can be observed
under the thermal influence of table rotation. To our knowledge, machining
tests for turning operations are only presented in ISO 13041-6 [24] (for turn-
ing machines and turning centres), and ISO 1708 [25] (for general-purpose
lathes). These tests only check a main workholding spindle, and the geome-

try of the finished test piece is influenced only by its radial and axial error
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Figure 1: Machine configuration.

motions.

Compared to these conventional tests, the novelty of the machining test
proposed in this paper can be summarized as follows: 1) a complete set of
position and orientation errors of the axis average line of two rotary axes can
be identified from the geometry of the finished test piece. 2) Error motions
of a rotary table may vary with the angular position of its swiveling axis due
to e.g. the gravity-induced deformation of machine structure or bearings.
They can be assessed from the geometry of the finished test piece when the
swivelling axis is positioned horizontal (A = 0°) and vertical (4 = —90°). 3)

The squareness errors of linear axes can be also identified.



2. Proposed machining test

2.1. Machining procedure

The target machine is a five-axis machine tool that performs turning op-
erations using a swiveling rotary table, with angular discrete indexing of a
workpiece at A = 0° (horizontal) and A = —90° (vertical) (continuous five-
axis contouring is out of this paper’s focus). The paper’s basic idea can be
exteded to other five-axis machine configurations, e.g. a rotary table and a
spindle with one swivel axis.

Figure 2 shows the nominal geometry of the finished test piece. The di-
mensions are examples only; they can be modified according to e.g. the ma-
chine’s table size (see Remark #3). This paper considers a five-axis machine
shown in Fig. 1 with two rotary axes in the workpiece side. The finishing

procedure is as follows:

1. Reference circular groove: Its cylindrical inner side face is shown by
Sk and its bottom face is shown by By in Fig. 2. At A =C =0°, it
is end-milled by driving X- and Y-axes along a circular path, centered
at the origin of the machine coordinate system (MCS). The MCS is a
fixed coordinate system with its origin at the intersection of nominal
A- and C-axis centerlines (see ISO 230-1 [2], Annex A).

2. Holes, Hy to Hy5: at A = C = 0°, the hole H; is finished at (X,Y) =
(140,0) mm in the MCS. By indexing the C-axis at every 22.5°, total
16 holes, H, to Hyg, are finished at the same position in the MCS.

3. Turning of Sy and By: At A = 0°, rotate the test piece in a constant
speed by the C-axis. At Y = 0, feed the tool to -X direction toward

X = r; to turn the bottom faces, By, where ry is the nominal radius
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of the face Sy (r; = 160 mm in Fig. 2). The machine setup is shown in
Fig. 3a. Similarly, feed the tool to -Z direction toward Z = z; to turn
the side faces, Si, where z; is the nominal Z position of the face B; .

. Turning of Sy and By: The side face, Sy, and the bottom face, By, are
turned similarly at lower Z = z4,. Its setup is shown also in Fig. 3a.

. Turning of Sy and By: The side face, By is turned at X = 0 by feeding
the tool to -Y direction toward Y = ry, where r, = 165 mm in Fig. 2.
Its setup is also shown in Fig. 3a. The bottom face, B, is turned
similarly.

. Turning of S5 and Bs: The faces, S5 and Bj are turned similarly as S
and B, at lower Z = z5. Its setup is shown also Fig. 3a.

. Turning of Ss and Bs: Index the A-axis at A = —90°. At X =0, feed
the tool to -Z direction toward Z = r3 to turn the bottom face Bj,
where r3 is the nominal radius of the face S3 (r3 = 170 mm in Fig. 2).
Its setup is shown in Fig. 3b. The side face, S3, is turned by feeding
the tool to +Y direction.

. Turning of Sg¢ and Bg: At A = —90°, the side face, Sg, and the bottom
face, Bg, are turned similarly as S; and Bj. Its setup is shown also in

Fig. 3b.

Remark #1: The machining conditions, e,g. the feed speed, the C-axis

rotation speed, the depths of cut, should be chosen properly such that 1) the

surface finish is good enough not to disturb the CMM measurement, and 2)

the influence of cutting forces on the finished test piece’s geometry can be

minimized. ISO 230-1 [2] (Annex B) states that “machining tests related to

a machine tool’s quasi-static geometric accuracy should be performed as the
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machine tool moves slowly and behaves in a quasi-static manner, i.e. with no
dynamic influences and servo control limitations. The machine tool should
not be influenced by any significant machining forces.” It is assumed that the
influence of cutting vibration, servo control dynamic errors, and tool wear is
suffciently small. It is also noted that the test piece’s setup error does not
affect the test result, as long as it is sufficiently small not to significantly
influence the actual depth of cut in the finishing process.

Remark #2: The number of the holes in Step 2 (16 in Fig. 2) should
be designed according to the expected radial error motion of C-axis. If the
number of the holes is too few, larger radial error motion may significantly
influence the calculated concentricity of the pitch circle of the holes (#1 in
Table 1).

Remark #3: In principle, the size of the test piece should be in accordance
with typical uses for the machine tool under test. The weight of the test piece
may change rotary axis geometric errors particularly at A = —90°. When
the test piece is smaller, the surface roughness of the machined surface may
give larger uncertainty for the parallelism error, i.e. #2 in Table 1, but other
errors are less influenced in principle by the size of the test piece. When the
test piece is larger, the CMM measurement uncertainty can be larger. The
influence of linear axis error motions, which are not included in Table 2, can

be also larger.

2.2. Measurement

Table 1 shows geometric errors of the finished test piece that should be
measured by using a coordinate measuring machine (CMM). The definition

of geometric errors is in accordance with ISO 1101 [27]. The measurement
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Figure 2: Nominal test piece geometry. The geometric errors are shown by the GD&T
(geometric dimensioning and tolerancing) tolerance symbol in ISO 1101 [27]. See Table 1

for their definition.
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Figure 3: Machining procedure. a) at A = 0°, b) at A = —90°.
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coordinate system is defined as follows: its origin (X,Y) is defined at the
center of the best-fit circle to probed points on the reference circular groove’s
side face, Sg. Its Z origin is defined at the Z-position of the plane best-fit
to probed points on the reference circular groove’s bottom face, Bgr. The
orientation of the X-axis is defined by a line connecting this origin and the
best-fit center of the hole H;. The orientation of the Y-axis around the X-
axis is defined from the origin and the face Bp.

The circularity profile of side circular faces, S; (i = 1,3,4,6), denoted by
Arg,(C) (items a to d in Table 2), is defined as the deviation of the measured
profile from its best-fit circle. “(C)” represents a profile as a function of the
(C-axis angular position, C'.

Remark: in the GD&T symbols defined in [27], concentricity and parallelism
errors are defined by a single value describing the size of the tolerance zone.

In this paper, they are defined in two directions.

3. Identification of machine tool geometric errors

3.1. Machine geometric errors to be identified

Table 2 shows machine tool geometric errors that can be identified from
the geometric error of the finished test piece. At A = 0°, (dz¢r(0°), dycr(0°))
represents position errors of the C-axis average line from its nominal position
in X- and Y-directions. (acg(0°), Bcr(0°)) represents orientation errors of
the C-axis average line around X- and Y-axes of the machine coordinate
system. The subscript, “CR”, represents the error of the C-axis with respect
to the machine coordinate system (“R” for the reference).

At A = —90°, the position error of C-axis is parameterized by the position
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Table 1: Geometric errors of the finished test piece and their causes. The column ”Mea-
sured on finished test piece” shows measured errors of the finished test piece in the exper-
iment to be presented in Section 4.

Geometric error

Symbol

Major causes

Measured on

finished test piece

Concentricity of the pitch Azc, s, in X Position error of C-axis 10.1 pm
circle of holes, C},, to Sg Ayc, s, inY at A=0° and Z = z, -17.2 pm
Parallelism of By to Bg Aap, By around X | C-Y squareness error at A = 0° || -8.7 prad
Abp, B, around Y | C-X squareness error at A = 0° || 1.7 yrad
Error in distance between B3 | Adp, B, Position error of A-axis in Y 23.0 pm
and Br Position error of A-axis in Z
Error in diameter of Sy Arg, Position error in 7Z of C-axis -14.5 pm
at A =-90°
Concentricity of Sy to Sp Azg, 5, in X Position error of C-axis 12.9 pm
Ays, s, In'Y at A=0°and Z = 2z -23.3 pm
Concentricity of Sy to Sp Azg, s in X C-Z parallelism around Y -1.2 pm
Ayg, s, in'Y C-Z parallelism around X -0.7 pm
Concentricity of Sg to S3 Azgg s, in X C-Y parallelism around Z -0.3 pm
at A = -90°
Aygs 5, InY C-Y parallelism around X -2.2 pm
at A =-90°
Circularity profile of Sy Arg, (C) Radial and tilt error motions See Fig. 8a.
of C-axis at A =0°
Circularity profile of S3 Arg,(C) Radial and tilt error motions See Fig. 8b.
of C-axis at A = —90°
Circularity profile of S, Arg, (C) Radial and tilt error motions See Fig. 8a.
of C-axis at A =0°
Circularity profile of S Arg,(C) Radial and tilt error motions See Fig. 8b.

of C-axis at A = —90°
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error of A-axis, (0yar(—90°),d24£(—90°)), and the intersection error of C-
to A-axis, dyca(—90°). Its orientation error is parameterized by acr(—90°)
around the X-axis and yor(—90°) around the Z-axis.

Remark #1: In ISO 230-1 [2], position and orientation errors of the axis
average line of a rotary axis, or “location errors” in ISO 230-7 [3], are defined
as “mean” position and orientation errors over its entire angular work range.
For example, when the squareness error of C- to A-axis average line differs
at A =0° and A = —90°, the parameter Epa)c, defined in ISO 230-1 [2],
represents its mean value. Many previous works. e. g. [8, 13, 17, 22, 28] use
this notation. This paper does not assume position and orientation errors of
C-axis average line are the same at A = 0° and A = —90°, and identify them
separately. When they can be considered the same as the notation in [SO

230-1 [2], they can be converted as follows:

orcr(0°) = Exoa (1)
0ycr(0°) = Evoa+ Eyayc (2)
acr(0°) = Eaoa (3)
Ber(0°) = Epgoa + Epoayc (4)
Syan(—90°) = FEyoa (5)
5ZAR(—900) = Ezoa (6)
0yca(—90°) = Ey(ayc (7)
acr(—=90°) = FEapa (8)
Yer(—=90°) = Ecoa + Epoayc (9)
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Table 2: Machine geometric errors to be identified by the proposed machining test. The
column “Estimated from finished test piece” shows the values estimated from geometric
errors of the finished test piece in the experiment in Section 4.3. The column “Estimated
from probing test 7 shows the values estimated from the probing test presented in Sec-
tion 4.4.

Symbol [29]

Description (“E,” shows the corresponding
symbol defined in ISO 230-1 [2]).

Estimated from
finished test piece

Estimated from
probing test

Position and orientation errors of C-axis average line at A = 0°

dzcr(0%) Position error in X of C-axis at A = 0° 12.4 pm -5.8 pm
dycr(0°) Position error in Y of C-axis at A = 0° -16.8 pm -26.1 pm
acr(0°) Squareness error of C-axis to Y-axis at A =0° | -8.7 urad -0.1 prad
Ber(0°%) Squareness error of C-axis X-axis at A = 0° -7.0 prad 5.2 prad
Position errors of A-axis at A = —90°
dyar(—90°) Position error in Y of A-axis at A = —90° 36.5 pm 46.5 pm
dzar(—90°) Position error in Z of A-axis at A = —90° 28.6 pm 18.7 pm
Position and orientation of C-axis average line at A = —90°
dyca(—90°) Intersection error of C- to A-axis -25.4 pm -31.6 pm
acr(—90°) Parallelism error of C-axis at A = —90° 36.7 prad 47.1 prad
to Y-axis around X-axis
Yor(—90°) Parallelism error of C-axis at A = —90° 1.6 prad 2.4 prad
to Y-axis around Z-axis
Squareness errors of linear axes
BY Squareness error of Z- to X-axis (Fpx)z) 3.5 prad -
oYy Squareness error of Z- to Y-axis (E4(oy)z) 19.2 prad -
C-axis error motions. “(C)” represents a function of the C-axis angular position, C.
Azcr(C)(A=0°) Radial error motion of C-axis See Fig. 8a -
at A =0° (Exc)
Ber(C)(A =0°) Tilt error motion of C-axis See Fig. 8a -
around Y at A = 0° (Epc)
acr(C)(A=0°) Tilt error motion of C-axis (from profiles -
around X at A =0° (Exc) of Sy and S5)
Azcr(C)(A = —90°) | Radial error motion of C-axis See Fig. 8b -
at A= —90° (Byc)
acr(C)(A=-90°) | Tilt error motion of C-axis See Fig. 8b -

around X at A = —90° (Ea¢)
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This paper uses this notation because the present test investigates rotary
axis geometric errors only at A = 0° and A = —90°, and there is no need to
take their average.

Remark #2: Similarly, radial and tilt error motions of C-axis are also
defined separately at A = 0° and A = —90°, as shown in Table 2. C-axis error
motions may vary due to e.g. the gravity-induced deformation of machine
structure or bearings. This influence can be larger when the workpiece is

heavier.

3.2. Identification of machine geometric errors

The five-axis kinematic model describes the TCP position in the work-
piece coordinate system under machine geometric errors. It is the basis of
the formulation presented in this subsection. It has been presented in many
previous publications, e.g. [8, 28, 29] and thus is not presented here.
Position and orientation errors of C- and A-axis average lines: For exam-
ple, Fig. 4 illustrates the influence of the position error C-axis at A = 0°,
namely dzcg(0°) and dycr(0°) (in Table 2), on the concentricity of the
pitch circle of holes, Cj, to Sk, namely Ayc, s, (#1 in Table 1). When
Ber(0°) — %) = 0, the difference between the C-axis position assumed in
the CNC controller and its actual position moves the center of the pitch cir-
cle by (6zcr(0°),0ycr(0°)). When there exists the parallelism error of C- to
Z-axis, the centerline position at Z = z, is displaced. Thus we have: #1:

Concentricity of C}, to Sg

Az, s, = (Ber(0°) = Byx)zn + 0xcr(0°) (10)

Ayc,sp = —(acr(0°) —a%y )z, + dycr(0°) (11)
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Analogously, the geometric errors of the finished test piece shown in Table 1

are related to rotary and linear axis geometric errors shown in Table 2 in the

following formulae:

#2: Parallelism of B; to By

Aap, g, = Bcr(0°)

AbBl,BR = O(CR(OO)

#3: Error in distance between B3 and Bpg

Adp, p, = —0yar(—90°) — 6z4r(—90°)

#4: Error in diameter of S

Arg, = —024r(—90°) — dyar(—90°) — dyca(—90°) + acy (—90°) 23

#5: Concentricity of Sy to Sg

Azg, s, = (Ber(0°) = Byx)zs + 6xcr(0°)

Ays,sp = —(acr(0°) — ayy )z + 0ycr(0°)

#6: Concentricity of Sy to S}

Azg,s, = (=Ber(0°) + Byx) (21 — 24)

Ays,s, = (acr(0°) —ady) (21 — 24)

17
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#7: Concentricity of Sg to S3

Azse s, = (=70r(=90°) +7vx) (23 — 26) (20)

AySG,SS = OZCR(—QOO)(Z?,—ZG) (21)

where z; represents the nominal distance of the probed points on the face .S;
in the Z-direction from the A-axis average line. zj, and zp are respectively the
nominal distance of the holes, H;, and the reference circular groove’s bottom
face, Bpg, in the Z-direction from the A-axis average line.

o]

C-axis radial error motions: The C-axis radial error motion at A = 0°,
Azcr(C)(A=0°), Aycr(C)(A = 0°), and its tilt error motion, acpr(C)(A =
0°), Ber(C)(A = 0°), can be identified by solving the following equations:

Ars,(C) = Awcr(C)(A=0°) + fer(C)(A=0%) -2 (22)
Arg,(C+90°) = Aycr(C)(A=0°) —acp(C)(A=0°) -2 (23)
Arg,(C) = Azcpr(C)(A=0°)+ Ber(C)(A=0%) -2 (24)
Arg,(C+90°) = Aycr(C)(A=0°) —aca(C)(A=0°) -2 (25)

The C-axis radial error motion A = —90°, Az¢r(C)(A = —90°), and its
tilt error motion, acr(C)(A = —90°), can be identified by:

AT53 (C) == AZCR(C) (A == —900) + OZCA(C) (A == —900) * 23 (26)
Arg,(C) = Azer(C)(A=—90°) + aca(C)(A = —90°) -z (27)
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4. Experiment

4.1. Machining test setup

The machine configuration is shown in Fig. 1. The experimental setup is
shown in Fig. 5. The tool, the workpiece material, and turning conditions
are shown in Table 3. The C-axis rotation speed is regulated such that the
cutting speed becomes the value shown here. Additionally, the reference
circular groove (faces Sp and Bpg) were finished by a radius end mill (tool
material: coated carbide, number of teeth: 4, diameter: 8 mm) with cutting
speed: 100 m/min for the side face, and 62.8 m/min for the bottom face,
feed per tooth: 0.019 mm/tooth for the side face, and 0.025 mm/tooth for
the bottom face, cutting direction: down cut, cutting fluid: Emulsion. The
holes, H; (i = 1,---16), were finished by a reamer (tool material: carbide,
number of teeth: 4, diameter: 10.7 mm) with cutting speed: 13.5 m/min,
feed per tooth: 0.006 mm/tooth, cutting fluid: Emulsion.

On the machine table, the distance between the reference circular groove’s
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Table 3: Machining conditions for turning of cylindrical faces (S; to S¢ and By to Bg in

Fig. 2).
Chip | Included angle | 80° (positive
relief angle)
Material carbide
Nose radius 0.8 mm

Aluminum alloy
(JIS A5053)

0.8 mm

Workpiece material

Depth of cut
Cutting speed
Feed rate
Cutting fluid

250 mm/min

0.2 mm/rev

Emulsion

bottom face, By, to the nominal A-axis centerline was zz = 405.702 mm.
Therefore, z; = 400.702, z3 = 380.702, z4 = 160.702, and 25 = 140.702 (see
Section 3.2 for their definitions).

4.2. Measured test piece geometry

On each face of the finished test piece, Sg, Bgr, S to Sg, and B; to B,
total 16 points (at every 22.5°) are probed on a CMM. With good under-
standing of five-axis kinematics, many observations can be made:

Figure 6a shows measured hole positions, H; to Hyg, on the XY plane.
The error between nominal and measured hole positions is magnified 1,000
times, i.e. the error 50 pm is magnified to 50 mm in the plot (see “Error
scale”). The holes’ pitch circle has the concentricity error to the origin of the
measurement coordinate system, in other words, the concentricity error to
the datum face Sg, which is denoted by (Azc, s,, Ayc,.s,) in Table 1 #1.
Figure 6a shows that (Az¢, 5., Ayc,,s,) = (10.1,—17.2) pm. This is mostly

caused by the position error of C-axis average line at A = 0°. Its relationship

20



Figure 5: Experimental setup. a) At A =0°, b) at A = —90°.
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is formulated in Eq. (10)(11).

Figure 6b shows measured points on the face By, projected onto the XZ
plane. They show the parallelism error of B; to the datum surface Bpg,
(Aap1,sr, Abp1pr) = (—=8.7,1.7) prad, as shown in Table 1 #2. This is
caused by the squareness error of C-axis average line to X- and Y-axes, as is
formulated in Eq. (12)(13).

Figure 6¢ shows measured points on the face Bj, projected onto the XZ
plane. They show the error in distance between Bs and Bg, Adg, g, = 23.0
pm, as shown in Table 1 #3. It is caused by the position error of A-axis
average line in both Y- and Z-directions, as is formulated in Eq. (14).

Figure 7a shows measured points on side faces S; and Sy, projected onto
the XY plane. The concentricity error of S, to the origin is mostly caused
by the position error of C-axis average line at A = 0°, as formulated in
Eqgs. (16)(17). On the other hand, the concentricity error of Sy to Sy repre-
sents the parallelism errors of C- to Z-axis, as formulated in Egs. (18)(19) (In
Eq. (18), notice that Scr(0°) represents the oriention error of C- to X-axis,
and %, represents that of Z- to X-axis. Therefore, their difference repre-
sents the parallelism error of C- to Z-axis around the Y-axis). Furthermore,
the circularity profiles of S; and S; contain radial and tilt error motions of
C-axis a A = 0°, as is formulated in Eqs. (22)(24).

Figure 7b shows measured points on side faces S3 and Sg, turned at
A = —90°. The error in the mean diameter of S3 is mostly caused by the
Z-position error of C-axis at A = —90°, and is formulated by Eq. (15). The
concentricity error of Sg to S3 represents the parallelism error of C- to Y-axis

at A= —90° (see Egs. (20)(21)). The circularity profiles of S3 and Sy repre-
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sent radial and tilt error motions of C-axis at A = —90° (see Eq. (26)(27)).
The column “Measured on finished test piece” in Table 1 shows measured
geometric errors of the finished test piece, calculated from all the probed po-

sitions.

4.8. Identification of machine geometric errors

Position and orientation errors of rotary/linear axis average lines: The
column “Estimated from finished test piece” in Table 2 shows the estimated
position and orientation errors of rotary/linear axis average lines, identified
by solving the equations presented in Section 3.2.

Error motions of C-azis: Figure 8 shows the circularity profiles measured
on side faces a) Sy and Sy, and b) S and Sg. The circularity profile, Arg, (C)
(1 =1,4,3,6), is the deviation of measured points, shown in Fig. 7, from its
best-fit circle (see Section 3.2)..

The C-axis radial and tilt error motions at A = 0° can be calculated from
Fig. 8a by Eqgs. (22)(23)(24)(25). The C-axis radial and tilt error motions at
A = —90° from Fig. 8b by Egs. (26)(27). In all the faces shown in Fig. 8,
the deviation is at most 3 pm and no significant radial and tilt error motion

is observed.

4.4. Comparison with conventional non-cutting probing test

For experimental comparison, some parameters in Table 2 were identified
by applying a conventional non-cutting test. As is reviewed in [8], many
schemes have been studied to (semi-)automatically identify position and ori-
entation errors of rotary axis average lines (location errors). The schemes

using a touch-triggered probe are probably the most popular, since many
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Figure 6: Geometric errors of the finished test piece measured by using a CMM. The
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Measured hole positions, H; to Hig, on the XY plane. b) Measured points on the bottom
face By, projected onto the XZ plane. c¢) Measured points on the bottom face Bs.
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Figure 9: Probing test setup. a) At A =0°.b) A = —-90°.
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Figure 10: Probing test setup.

machine tools have it as a default on-machine measuring instrument. Many
research works have been reported [30, 31, 32, 33, 34|, and commercial prod-
ucts are available from several vendors.

Figure 9 illustrates the test procedure. A precision sphere is fixed on the
machine table. At A = 0°, the C-axis is indexed at every 90° and the sphere
center’s three-dimensional position is measured by probing five points on its
surface (see Fig. 9a). Analogously, at A = —90°, the sphere center’s position
is measured at C' = 0,45,90,135,180°. This test is essentially the same as
the R-test [35, 36]. The algorithm to identify rotary axis location errors in
Table 2 from the R-test is presented in details in [37, 36].

Figure 10 shows the experimental setup. A precision sphere (ceramics,
$25 mm +1 pm) was fixed on the machine table near the finished test piece.
A commercial touch-triggered probe, RMP600 by Renishaw (stylus ball: ¢6.0
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mm, stylus length: 200 mm, unidirectional repeatability: 0.35 um (for stylus
length 100 mm)), was used.

The column “Estimated from probing test” in Table 2 shows the identi-
fied rotary axis position and orientation errors. For most of position errors
(0ycr(0°), 0yar(—90°), 6z4r(—90°), and dy2,)), the difference from the es-
timates by the finished test piece is within 10 pm. Jdxcg(0°) has larger
difference (about 18 pm). The maximum difference in estimated orientation
errors was about 12 prad (for Scx(0°)), which is not significant in this setup;
its influence on the Z-displacement of the face B; is about 4 ym at maximum
(the diameter of By is 320 mm).

The difference can be due to the thermal influence. In the machining test,
cutting fluid was used. Research works [38, 4] showed that cutting fluid can
give significant influence on rotary axis position and orientation errors. A
machining process can be influenced by many other factors, e.g. the heat gen-
erated by the rotary table’s motor, the heat by the material removal process,
and the influence of cutting force on e.g. tool deflection or surface roughness.
The probing test is not influenced by them. The machine’s geometric errors
in actual machining processes may be observed better in the machining test.

The present experiments can compare both schemes only within each
scheme’s uncertainty. It cannot legitimately validate the present scheme’s
accuracy. The following section will present the uncertainty analysis for the

proposed machining test.
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5. Uncertainty analysis

5.1. Objective of uncertainty analysis
Major potential contributors to the uncertainty in the estimation of ma-
chine geometric errors in Table 2 by the proposed machining test are as

follows:

1. Unmodelled machine error motions: Error motions of each linear axis,
i.e. linear positioning, straightness and angular error motions, are ig-
nored in this paper (only squareness errors of linear axes are consid-
ered), and thus they can be uncertainty contributors.

2. Unrepeatable error motions of linear and rotary azres: In addition
to “random” error motions, the change in machine geometric errors
during the machining process due to the thermal influence can be also
an uncertainty contributor.

3. Influence of machining process: The machine’s error motions may not
be exactly copied to the finished test piece’s geometry. The cutting
force or the surface finish could influence test results.

4. Measurement uncertainty of CMM: Larger surface roughness could in-

crease the CMM’s measurement uncertainty.

The contributors 1 and 2 can be major uncertainty contributors for many
“indirect” error calibration schemes proposed in past works. Researchers
presented their uncertainty analysis for e.g. the R-test [39, 40], the probing
test [31] and the machining test [6]. The contributors 3 and 4 are present only
in machining tests. The objective of this section is to present experimental
assessment of the uncertainty in the measured geometry of the finished test

piece and its propagation to the identified machine geometric errors.
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Figure 11: The error bars show the assessed uncertainty (k = 1) in the estimated paral-
lelism error of the face By to Br (left) (Aapi,pr around the X-axis, and Abg; pr around
the Y-axis), and that of By to B (right) (Aaps,pr around X and Abpy pgr around Y).
The columns show the estimated values shown in Table 1 #2 and #12.

5.2. Uncertainty assessment procedure and results

Each geometric error of the finished test piece shown in Table 1 was
calculated by fitting a set of points measured by a CMM by a circle or a
plane. For example, the parallelism error of the face B; to Br, Aapi Br
and Abpg pr in Table 1 #2, is calculated by measuring 16 points on both
faces, and then fitting them by a plane, whose orientations define Aapg; pr
and Abp; pr. Each measured point contains some variation caused by un-
certainty contributors discussed above. Its propagation to the uncertainty in
Aap pr 1s assessed as follows: take three points randomly from 16 points
and calculate parallelism errors, Aap; pr and Abp; pr. Repeat this for many
other combinations of points, and the standard deviation of the calculated set

of Aa'Bl,BR (AbBl,BR) is regarded as the uncertainty in Aa'Bl,BR (AbBl,BR)
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Figure 12: The error bars represent the uncertainty (k = 1) in the estimated machine
geometric errors shown in Table 2. The blue bars shows the estimates from the machining
test (Table 2 (“Estimated from finished test piece”)).
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(the coverage factor k& = 1). Figure 11 shows the assessed uncertainty in
Aap),pr and Abp; pr in error bars, as well as that in Aaps pr and Abpy pr.
The uncertainty in all the geometric errors shown in Table 1 is assessed anal-
ogously.

Then, their propagation to the combined uncertainty in the identified
machine geometric errors, shown in Table 2, can be assessed by applying
the standard statistical uncertainty analysis procedure [41] to Eqgs. (10) to
(21). Figure 12 (error bars) shows the assessed uncertainties (k = 1) in es-
timated position and orientation errors of C-axis. It should be noticed that
the estimated value of some parameters, e.g. 0xcr(0°), dycr(0°), acr(0°)

and Scp(0°), is not significantly large compared to the assessed uncertainty.

6. Conclusion

This paper proposed a machining test containing features finished by
a turning operation by a rotary table, which is indexed either horizontal
(A = 0°) or vertical (A = —90°) by a swiveling axis. The relationship
between the geometric errors of the finished test piece to position and orien-
tation errors of the rotary table’s axis average line is formulated. Based on
this formulation, 1) position and orientation errors of the rotary table’s axis
average line at both A = 0° and —90°, 2) squareness errors of linear axes, and
3) the rotary table’s radial and axial error motions at both A = 0° and —90°,
can be observed from the finished test piece’s geometric errors measured by
using a CMM.

Experimental demonstration was presented. The rotary axis geomet-

ric errors identified from the finished test piece’s geometry were compared
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with those estimated by a conventional error calibration test using a touch-
triggered probe and a precision sphere. The difference was larger in some
errors, e.g. the X-position error of C-axis average line at A = 0° was different
by about 18 pm. This can be due to the thermal influence, since the probing
test can be performed only when the rotary table (and the spindle) was not
rotating, and thus it may not show the machine’s geometric errors in actual
machining operations.

On the other hand, a potential issue with a machining test is the uncer-
tainty caused by the variation due to the machining process (cutting forces)
and CMM measurement on a machined surface. As a part of uncertainty
contributors, the influence of the variation in the measured geometric errors

of the finished test piece was assessed.
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