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Abstract: In this paper, a novel and robust measurement method is proposed for obtaining the
geometric errors of rotary tables by using LaserTRACER and the reflectors mounted on the reflector
standard fixture. For the machining accuracy, the six-degree-of-freedom (6-DOF) geometric errors of
the rotary axes interactively influence the manufacturing quality of the precise workpieces. Therefore,
this paper mainly aims to develop a measurement method for identifying the 6-DOF geometric
errors of rotary tables without using the external linear axis. Furthermore, the set-up errors of the
reflector standard fixture are also considered and identified to reduce the influence of the 6-DOF
geometric error measurements. For each rotary table geometric error measurement, the positions
of the LaserTRACER as well as the relative distance between the reflectors and the LaserTRACER
are measured and obtained for determining the 6-DOF geometric errors of the rotary tables. In
addition, the homogeneous transformation matrix (HTM), multilateration method, and least squares
method are used for building the mathematical measurement algorithm. Moreover, the experimental
verifications are implemented to demonstrate the accuracy of the proposed measurement method.
Conclusively, the experiment and simulation verification results clearly delineate that the maximal
relative differences in the linear errors and the angular errors of the 6-DOF geometric errors are, at
most, 3.25% and 2.30%, respectively.

Keywords: rotary table; geometric errors; multilateration method; auto-tracking laser interferometer

1. Introduction

In the modern manufacturing industry, ultra-precision multi-axis machining has be-
come the most important development direction [1,2]. In addition, along with the increasing
need for workpieces with complex geometries, the demand for multi-axis CNC machine
tools has significantly increased in recent years [3,4]. With regard to the efficiency and
convenience of manufacturing, multi-axis machine tools with rotary tables have superior
characteristics, such as the ability to aid in manufacturing deep holes in two different
orientations [5-7]. Moreover, many workpieces with precise angular specifications, such
as polyhedrons, are machined through tilting and rotating the rotary tables to meet the
requirements for precise positioning and orientation. Therefore, among the multi-axis ma-
chine tools, the five-axis CNC machine tools are more widely applied than three-axis CNC
machine tools because they have two additional rotary axes. However, the performance of
rotary tables immediately affects the position and orientation of the tools relative to the
workpieces and the machining accuracy of the machine tools [7-9]. In general, 6-degree-of-
freedom (6-DOF) geometric errors greatly affect the performance of rotary tables [10,11].
Consequently, how to accurately measure and identify the 6-DOF geometric errors of rotary
tables is particularly important for improving the accuracy of machine tools.

As defined by the International Organization for Standardization (ISO) 230-7, the
position-independent geometric errors (PIGEs) and position-dependent geometric errors
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(PDGESs) of a rotary axis are described as location and component errors, respectively [12-14].
In ISO 10791-1 to 10791-3, quasi-static tests to calibrate the static errors of the axis average
line of rotary axes have been proposed [15-17]. Furthermore, for measuring the position
and orientation errors of rotary axes in five-axis machine tools, ISO 10791-6 presents dy-
namic interpolation tests that use the double ball-bar or the R-test [18,19]. Although the
measurement methods mentioned in these ISO standards are effective for identifying the
geometric errors of the rotary axes, they lack efficiency and the automated calibration
procedures that embody the spirit of Industry 4.0 [7,20].

Over the past few decades, many research studies for identifying the geometric errors
of rotary axes have been reported that use double ball-bar (DBB), touch-trigger probes and
their artifacts, and geometrical optics methods, as well as interferometry techniques [21-23].
For example, Jiang et al. used the double ball-bar (DBB) to identify PIGEs in rotary axes of
a five-axis machine tool by establishing specific testing paths [24]. Furthermore, Xia et al.
presented a decoupled method to identify the PIGEs and PDGEs of a rotary axis based
on a double ball-bar [25]. By using touch-trigger probes and their artifacts, Ibaraki et al.
proposed a series of schemes to calibrate the error map and the location errors of rotary
axes with on-the-machine measurements of test pieces [20,26]. In our earlier research, a set
of methodologies was also proposed for measuring the PIGEs and PDGEs of rotary axes
by using a probe and artifacts. In addition, based on geometrical optics methods, He et al.
proposed a dual optical path measurement method (DOPMM) to identify error parameters
in the rotary axis of a machine tool by using two precise laser displacement sensors and a
self-designed fixture [27]. A single-mode fiber-coupled laser and two retroreflectors were
adopted by Li et al. for simultaneously measuring 5-DOF motion errors of a rotary axis [28].

In recent years, with the rapid development of interferometry techniques, there has
been many studies proposing geometric error methodologies for rotary axes that use laser
interferometers. Using laser interferometers for measuring geometric errors in machine
tools has two advantages: (1) a larger angle measurement range, and (2) minimizing the
error influences during measurement [9,29]. According to the literature, the interferometer-
based machine tool geometric error measurement technology can be mainly divided into
two methods: laser tracker-based measurement methods and laser tracer-based measure-
ment methods [30,31]. Regarding laser tracker-based measurement methods, Zhang et al.
proposed a general method based on point measurements for identifying the geometric
errors of multi-axis machine tools [32]. Li et al. also used a laser tracker to propose a novel
principle: a pose measurement principle to realize the precise calibration of a numerical
control (NC) machine tool [33]. The time-sharing measurement principle as well as the
multi-station methods were proposed to identify the relative position relationship between
the rotary and linear axes of a multi-axis NC machine tool by using a laser tracker [34].
As mentioned above, the single-base station and multi-base station measurement meth-
ods of using the laser trackers for measuring the geometric errors of machine tools have
been widely used. Using laser trackers for machine tool geometric error measurements
has advantages, as they are low cost and easy to set up; nevertheless, the measurement
accuracy is limited by the measurement principles and the encoder of the rotary axes in the
laser tracker. As a result, in order to address this issue, the LaserTRACER was designed by
researchers at the Physikalisch-Technische Bundesanstalt (PTB) and the National Physical
Laboratory (NPL) [35-37]. Compared to the laser tracker-based measurement methods,
the laser tracer-based measurement methods have more precise characteristics due to
them having a measurement algorithm and mechanism. As a result, for identifying the
geometric errors of the machine tools more precisely, the laser tracer-based measurement
methods have become much more popular and are utilized in high-precision machine tool
manufacturing [38].

Therefore, based on laser tracer-based measurement methods, this paper proposes
a novel measurement method to identify the 6-DOF geometric errors of rotary tables by
using LaserTRACER and reflectors. Based on the multilateration method, homogeneous
transformation matrix (HTM), and least squares method, the mathematical measurement
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algorithm is built for calculating the 6-DOF geometric errors of rotary tables. In addition, the
set-up errors of the reflector standard fixture that affect the geometric error measurement
accuracy are also considered and identified. Finally, verification of the simulation and
experiment is executed by using LaserTRACER and the reflectors, which are mounted on
the reflector standard fixture.

2. Measurement Principles

Due to the requirement for high measurement accuracy, the principles of multi-station
and time-sharing measurements developed by Wang et al. were adopted and improved in
this paper to obtain and identify the 6-DOF geometric errors of rotary tables [33,39]. In ad-
dition, to obtain the spatial coordinate position of the LaserTRACER and the reflectors, the
multilateration method was also adopted in this paper [30,31]. The multilateration method
was proposed by Takatsuiji et al. by solving a set of four equations [40,41]. Accordingly, the
positions of the LaserTRACER and the reflectors were identified through the measurement
principle and are depicted in this section.

Since the detailed mathematical derivation of the multilateration method can be found
in our previous publications [30,31], this section only reviews it briefly and presents how it
is different here. Based on laser interferometry techniques, the operation principle of the
LaserTRACER only involves the length measurement. When the LaserTRACER was placed
at each base station, the distances between the LaserTRACER and each reflector position
were obtained and recorded sequentially. As a result, the position of each LaserTRACER
base station can be calculated and obtained through Equation (1):

b+ loj + 13y = 53/ (= 30)” + (01 — yoy) + (2 — 207)’, ©)
where (x;, y;, z;) represents the coordinate position of the i-th measurement point;
(x0j, Yoj, zoj) represents the coordinate position of the j-th LaserTRACER; when the re-
flector is located at the i-th measurement point, li]- is the measured length; lo]» is the initial
distance between the reflector and the j-th LaserTRACER; and S is the scale factor for the
j-th LaserTRACER; finally, 7;; is the residual error.

As shown in Figure 1, the reflectors with the reflector standard fixture were mounted
on the rotary table, and the LaserTRACER was installed at different base stations externally
to the measured rotary table for the 6-DOF geometric error measurements. Moreover, Pi
(i = 1-6) in Figure 1 represents the six different LaserTRACER base stations, even though,
according to the literature, using four different reflector positions and LaserTRACER base
stations are enough to calibrate the 6-DOF geometric errors of a rotary table. However,
for a much better convergence of the measurement equations, the original principle of
multi-station and time-sharing measurements was improved and utilized in this paper.
Consequently, six different reflector positions and six different LaserTRACER base stations
were used in this paper to identify the position and orientation of the rotary table.

First, the rotary table (A-axis) was driven to the home position (zero position). When
the LaserTRACER was placed at the first base station (P1), the distances between P1 and
each reflector were measured. By using Equation (1) and the Levenberg—Marquardt method,
the position of the LaserTRACER at the first base station (P1) can be identified. Then, the
positions of LaserTRACER base stations P1 to P6 were also obtained sequentially. Second,
the rotary table was driven to each measurement position. Afterwards, the distances
between each reflector at each measurement position and the LaserTRACER base station
were measured. Likewise, the positions of each reflector at each measurement position
were also calculated by using Equation (1) and the Levenberg-Marquardt method.
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Reflector

Figure 1. Schematic diagram of the proposed measurement method.

3. Geometric Error Measurement Algorithm

According to the reference ISO 230-7, there are 6-DOF geometric errors in the rotary
axis, which are usually caused by defects in component manufacturing [13]. Therefore,
using the rotary A-axis as an example, the 6-DOF geometric errors of the A-axis consist
of the axial motion error d,,, the radial motion errors dya and 6z, in the y and z directions,
respectively, and the angular deviations ¢y, €y, and ¢, around the X-, Y- and Z-axes,
respectively. For the purposes of identifying the 6-DOF geometric errors of the rotary table,
a measurement algorithm is presented in this subsection through analyzing the deviations
of the spatial coordinate positions of the reflectors. It must be emphasized that executing
the proposed measurement methodology is not needed to drive the other three linear axes.
In other words, the 6-DOF geometric errors of the rotary table can be determined without
three-axis machine tools by using the proposed measurement method.

In the ideal case, the central lines of the reflector standard fixture must be located
along the average lines of the rotary table during measurement. However, it is difficult to
make the reflector standard fixture position and the rotary table position agree within an
acceptable tolerance due to installation issues. According to our past experiences, the set-up
errors, including two linear offset errors Oy, and O, in the y and z directions, respectively,
and two the angular errors S, and S, around the Y- and Z-axes, respectively, affected the
accuracy of the measured value. As a result, the set-up errors are identified in Section 3.1.

3.1. Set-Up Error Identification

As expected, the set-up errors of the reflector standard fixture greatly affect the mea-
surement accuracy of the proposed measurement method. In this subsection, the mathemat-
ical measurement equations and estimation algorithm are proposed by using HIMs and the
least squares method. In the ideal case, a rotary table operates along the prospective path.
As a result, the ideal position of each reflector at each prospective measurement point can
be estimated by the first measurement position. However, in a real case, the set-up errors
of the reflector standard fixture always exist and influence the measurement values when
the proposed measurement method is executed for measuring the rotary table geometric
errors. According to the results mentioned above, the real positions of the reflectors at each
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measurement point are obtained. Consequently, the difference between the ideal and real
positions of the reflector at each measurement point is formulated with Equation (2):

realp (i, m) = e p (i, m) + dP{; kexy,z, ()

where " P(i,m) and ¥ P(i,m) denote the real and ideal positions of the m-th reflector at
the i-th measurement point, respectively. Moreover, dP’; represents the difference between
the ideal and real positions of the m-th reflector at the i-th measurement point in the x,
y, and z directions. Furthermore, since the higher term has a small impact on the results
of Equation (2), a first-order Taylor series expansion method is applied to calculate the
difference between the ideal and real positions of the reflector at the i-th measurement
point and can be expressed as follows:

Pl =Y —MAE, 3)

where E; represents the four set-up errors of the rotary table depicted above.

When conducting the measurements of the rotary table, the rotary table is driven to
the angular position 0; at the i-th measurement point to identify the real center positions of
the reflector. Therefore, the relative equations for determining the difference between the
ideal and real positions of the m-th reflector at the i-th measurement point in the x, y, and z
directions and the set-up errors of the reflector standard fixture are given as follows:

= AsixaEsxa
, o (4)
0 Z{' — z{' cos 01 — y{'sin6;  —y|" +y]' cos 01 — z{' sin Oy
sin 67 0 0
—1+4 cos 61 0 0 Oya
. . Ole
| m m . m o3 m m ] m <3 Syﬂ
0 zi' —zl'cos 0; — y]'sin6;  —y" +y" cosB; — z" sin 0; Sz
sin 6; 0 0
—1+ cosb; 0 0 d3iva

where the parameters x", yi" and z]" represent the spatial coordinate positions of the m-th
reflector, respectively.

As shown, Equation (4) is an overdetermined system. As a result, the least squares
method is used for estimating the set-up errors of the reflector standard fixture. For approx-
imating the solution of overdetermined systems, a standard mathematical optimization
method is built by using the least squares method. Thus, Equation (5), which is related to
the least squares method, can be expressed as follows:

- 1 3i - 2 _ 1 3i )
Q(E) = is’;(de,i - AE) - 55,; RZ. )

In order to identify the optimal set-up errors of the reflector standard fixture, the
average of the squared residuals are minimized and expressed in Equation (6):
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3.2. 6-DOF Geometric Error Identification

The proposed 6-DOF geometric error measurement algorithm, excluding the influence
of the set-up errors of the reflector standard fixture, is depicted as follows: Before the 6-DOF
geometric errors at the different angular positions of the rotary table are identified, the
expected positions of the m-th reflector at the i-th measurement point, which are considered
as influences on the set-up errors, are established. It is important to note that the expected
positions of the reflector are calculated according to Equation (2) and the kinematic error
model presented in our previous works [7,19]. Therefore, according to the kinematic error
model and HTMs, the relationship between the expected and real positions of the m-th
reflector at the i-th measurement point is formulated with Equation (7):

realp (i, m) = expected p (i ) +dP’” kexyz (7)

where de denotes the difference between the expected position and real position of the

m-th reﬂector at the i-th measurement point in the x, y, and z directions. Similarly, since the
magnitudes of the 6-DOF geometric errors of the rotary table are usually very small, the
higher term of the 6-DOF geometric errors has only a small impact on the results. Therefore,
by using a first-order Taylor series expansion method, the difference between the expected
positions and real positions of the m-th reflector at the i-th measurement point in the x, y,
and z directions can be expressed as follows:

[ dP!,
ap,
1
N dPZ’i
APy, = : = Avoxsh
P6
dlli
6
dliy .
L dP z6,i - 3i ®
i 0 z1cosB; +yysinf; z;sin®; —yjcosd; 1 0 0 T
—2z1 cos6; — y; sinb; 0 X1 010 €xa
Y1 cos B; — z1 sin 6; —x1 0 0 01 Eya
= . . . . eza
. . ) . . . . . 5xa
0 Z6€0s0; + Ygsinb; zgsinB; —ygscosd; 1 0 0O 5
. ya
—2z6 €08 8; — Y 5in O; 0 Xe 010 S
Y6 COs 8; — zgsin6; —Xg 0 0 0 114

where F; represents the 6-DOF geometric errors of the rotary table. For increasing the
measurement accuracy and decreasing the influence of uncertainties, the average Q(F;)
of the squared residuals are minimized by using the least squares method, as shown in

Equation (9): 5
1 m

- Y (@B — AR
my= ’

Q(R) mmfz R: = ©)

4. Simulation Verification

In order to verify the accuracy and performance of the proposed measurement method,
the simulation verification presented in this section was executed. The accuracy of the
measurement algorithm in identifying the set-up errors of the reflector standard fixture
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and the 6-DOF geometric errors of the rotary table was verified by using the Matlab R2019a
software (The MathWorks, Inc., Natick, MA, USA) to build the simulation model. The
differences between the assumed random values and the calculated values of the set-up
errors and the 6-DOF geometric errors are estimated for verifying the performance of the
proposed measurement method.

In the simulation model, the analyzed error variables including the set-up errors
and the 6-DOF geometric errors shown in the equation were substituted with random
variables. Therefore, the simulated real positions of the reflector and LaserTRACER could
be obtained without using experimental data by using random variables to substitute for
errors. By following the measurements, the simulated parsed values of the set-up errors
and the 6-DOF geometric errors were calculated with Equations (1)-(8). Furthermore,
100 independent simulations were implemented. As a result, Tables 1 and 2 show the
simulation results of the set-up errors of the reflector standard fixture and the 6-DOF
geometric errors of the rotary table, respectively. In addition, the two linear offset errors
and the two angular errors of the set-up errors were assumed to be 10 um and 20 arcsec,
respectively. Based on the simulation results, the differences between the linear offset errors
and the angular errors were equal to, at most, 4.5% and 4.35%, respectively. On the other
hand, the linear errors and the angular errors of the 6-DOF geometric errors were assumed
to be random variables from —10 um to 10 um and from —20 arcsec to 20 arcsec. As shown
in Table 2, the maximal differences in the linear errors and the angular errors were, at most,
3.25% and 2.30%, respectively. Conclusively, the simulation verification demonstrated that
the proposed measurement method was feasible and accurate enough for identifying the
6-DOF geometric errors of a rotary table without using three-axis machine tools.

Table 1. Simulation results of set-up errors.

Oya Oz, Sya Sza
Unit pm pm arcsec arcsec

Given value 10 10 20 20
Estimated value 9.55 10.35 20.87 19.15
Absolute difference (um/arcsec) 0.45 pum, 0.35 um, 0.877, 0.857,
Relative difference (%) 4.5% 3.5% 4.35% 4.25%

Table 2. Simulation results of 6-DOF geometric errors.

Symbol Unit Range of Given Value Average Difference
Oxa um +10 0.65 um, 3.25%
Sya um +10 0.49 um, 2.45%
024 pm +10 0.34 um, 1.70%
€xa arcsec +20 0.92 arcsec, 2.30%
Eya arcsec +20 0.67 arcsec, 1.68%
F- arcsec +20 0.41 arcsec, 1.02%

5. Experiment Verification

As shown in Figure 2, the proposed measurement method was demonstrated on a com-
mercial rotary table and executed by using the LaserTRACER (etalon AG, Braunschweig,
Germany) and the reflector standard fixture with the reflectors. The validation experiment
for the feasibility and performance of the proposed measurement system was executed
using the LaserTRACER and the laboratory-built prototype of the reflector standard fixture.
Furthermore, a comparison test was also implemented by using a traditional dial indicator
method and the proposed measurement method.
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LaserTRACER

Figure 2. Experimental setup.

5.1. Geometric Error and Set-Up Error Identification Experiment

As shown in Figure 3, the laboratory-built prototype of the reflector standard fixture
with reflectors was designed and presented. To obtain and identify the 6-DOF geometric
errors of the rotary table more precisely and robustly, it was important to note that the
reflector standard fixture was designed for the placement of six non-coplanar holders. In
addition, obtaining the relative spatial coordinate positions of the reflectors was important
for identifying the LaserTRACER positions. As a result, the relative spatial coordinate
positions of the six holders in the reflector standard fixture were measured with the Leitz
Ultra coordinate measuring machine (MPE: 0.4 + 1.176 %x10~7L um). Table 3 shows the
measured data of the six holder positions. In this regard, evaluating the uncertainty
associated with the measured data was a must. Since a detailed mathematical derivation can
be found in our previous publication and ISO/IEC Guide 98-3:2008, we only briefly review
them here and present the results of the measurement uncertainty [7,19,42]. According
to ISO/IEC Guide 98-3:2008, the influential factors such as the temperature variation in
the reflector standard fixture, repeatability, and the maximum permissible error (MPE) of
the coordinate measuring machine (CMM) were considered to estimate the measurement
uncertainty. Based on the expression of measurement uncertainty described in [7,42], the
combined standard uncertainty u.(AL) was defined as follows:

a‘sthermal

2
u (5thermal) ) + (

2

oAl 1(Ompe)) (10)

O0AL
a(Srepea’tabili’fy

OAL
a‘Smpe

u ((5 repeatability) ) + ( ‘

where u(Jhermal), #(Orepeatability ), and #(dmpe ) represent the standard uncertainties of the
temperature variation, repeatability, and MPE of the CMM, respectively. Considering
the temperature variation in the reflector standard fixture, repeatability and MPE of the
CMM during measurement, the standard uncertainties #(thermat), %(drepeatability), and
1(8mpe) were calculated as 3.12 x 1077L pm, 0.0289 um, and 0.4 + 1.176 x10~7L pm,
respectively. The combined standard uncertainty u.(AL) can be expressed with Equation
(11). Furthermore, based on a 95% confidence level, the coverage factor k = 2, and the
expanded measurement uncertainty equation U = k X u,, the expanded measurement
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uncertainty can be expressed as Equation (12). Consequently, Table 3 shows the measured
data of the six holder positions with the expanded measurement uncertainty.

u(AL) = \/ 0.4012 + (3.32 x 10-7L)% (11)

U=2x \/ 0.4012 + (3.32 x 10-7L)? (12)

Reflector standard fixture
Figure 3. Laboratory-built prototype of reflector standard fixture.

Table 3. Measured data of six holder positions.

x (mm) y (mm) z (mm)
R1 0 0 0
R2 152.3164 £ 0.00081 99.5804 + 0.00080 3.1107 £ 0.00080
R3 101.3756 £ 0.00080 —4.1159 + 0.00080 124.6657 + 0.00081
R4 75.0115 % 0.00080 —104.496 £ 0.00080 —3.2143 £ 0.00080
R5 50.72 £ 0.00080 3.6551 £ 0.00080 —115.3568 + 0.00081
R6 50.7571 £ 0.00080 —65.6545 £ 0.00080 65.1476 £ 0.00080

The complete flowchart of geometric error and set-up error identification experiments
is shown in Figure 4. Following the flowchart depicted in Figure 4, the reflector standard
fixture with reflectors was firstly put on the rotary table, and then the LaserTRACER
was placed in front of the rotary table, as shown in Figure 2. As described in Section 2,
the positions of the LaserTRACER at base stations P1 to P6 and the reflector at each
measurement position were obtained sequentially during the measurement experiment.
Furthermore, based on the equations mentioned in Section 3 and the measured data
obtained in this section, six geometric errors from the rotary table and four set-up errors
were obtained. Table 4 shows the measured results of the set-up errors of the reflector
standard fixture. As shown, the maximum linear offset error and angular error were
192.6 um and 108.70 arcsec. Furthermore, the linear errors and the angular errors of the
6-DOF geometric errors for the rotary table are shown in Figure 5a,b, respectively.
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Figure 4. Flowchart of measurement experiment.

Table 4. Measured results of set-up errors.

Oya Oz, Sya Sza
Unit pm pm arcsec arcsec
Measured value 59.4 192.6 12.78 108.70

LB e e
N
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o
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Figure 5. Identified geometric errors of rotary table (a) linear errors and (b) angular errors.

5.2. Verification with Traditional Measurement Method

Until now, there has not been any commercial measurement system available for
identifying the 6-DOF geometric errors of rotary tables without using three-axis machine
tools. As a result, a comparison test was performed by using the traditional dial indicator
method and the proposed measurement method. Figure 6 shows the verification experiment
when using the traditional dial indicator method for rotary table measurements. However,
the dial indicator is only capable of measuring in a specific direction. In other words,
the real positions of the rotary table in the x, y, and z directions can be measured and
obtained only by using the dial indicator method. As a result, the comparative test results
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of the proposed measurement method and the dial indicator method are shown in Figure 7.
Moreover, for evaluating the effectiveness of the proposed measurement method, the
E;-score is adopted for estimating how closely the proposed measurement method agrees
with the traditional measurement method. According to ISO 13528 [43], the E;;-score of the
measurement results in the x, i, and z directions can be expressed as follows:

(x; — X)
2 2
Ju

where x; and X denote the measurement results from the proposed and traditional mea-
surement methods, respectively, Uy, and Uy represent the expanded uncertainty of the
measurement results from the proposed and traditional measurement methods. Accord-
ingly, the average of the absolute value of the E;-score in the x, y, and z directions is 0.77,
0.39, and 0.32, respectively. As shown for the calculated results, all the averages of the
absolute values of the E;-score are below 1. Accordingly, the comparison verification results
indicate that the proposed measurement method is feasible and effective for identifying the
6-DOF geometric errors of rotary tables.

En (k) = 7 k S x/yrzl (13)

Figure 6. Experimental setup for using dial indicator measurement: (a) in x direction, (b) in y
direction, and (c) in z direction, respectively.
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Figure 7. Comparative test results: (a) in x direction, (b) in y direction, and (c) in z direction,
respectively.

6. Conclusions

As a basis for enhancing the accuracy of the rotary table, this paper proposed a robust
measurement method for the identification and calibration of 6-DOF geometric errors
in rotary tables by using LaserTRACER and reflectors. The specific characteristic of the
proposed measurement method was that it can be executed to measure the 6-DOF geometric
errors of a rotary table without driving the other three external linear axes. To improve
the measurement accuracy of 6-DOF geometric errors of a rotary table, a measurement
algorithm for reducing the set-up errors that influence the measurement value was also
considered and established. As a result, the proposed measurement method had the
advantages of efficiency and convenience. From the obtained simulation verification results
of set-up errors, the maximal relative differences in the linear offset errors and angular
errors were equal to, at most, 4.5% and 4.35%, respectively. Moreover, the simulation
verification results of the 6-DOF geometric errors indicated that the maximal relative
differences in the linear errors and the angular errors were, at most, 3.25% and 2.30%,
respectively. On the other hand, the experiment of the proposed measurement system was
also executed for verifying its feasibility and performance. According to the experimental
results, the maximum linear offset error and angular error were 192.6 um and 108.70 arcsec,
respectively. Conclusively, the experiment and simulation verification results demonstrated
that the 6-DOF geometric errors of rotary tables can be identified precisely by using the
proposed measurement method. Finally, it must be emphasized that the proposed method
can be applied to any other rotary table configuration.
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