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Abstract Geometric error component identification is need-
ed to realize the geometric error compensation which can
significantly enhance the accuracy of multi-axis machine
tools. Laser tracker has been applied to geometric error iden-
tification of machine tools increasingly due to its high capa-
bility in 3D metrology. A general method, based on point
measurement using a laser tracker is developed for identifying
the geometric error components of multi-axis machine tools in
this study. By using this method, all the component errors and
location errors of each axis (including the linear axis and
rotary axis) of the multi-axis machine tools can be measured.
Three pre-described targets are fixed on the stage of the under-
test axis which moves step by step. The coordinates of the
three targets at every step are determined by a laser tracker
based on the sequential multilateration method. The volumet-
ric errors of these three target points at each step can be
obtained by comparing the measured values of the target
points’ coordinates with the ideal values. Then, nine equations
can be established by inversely applying the geometric error
model of the axis under test, which can explicitly describe the
relationship between the geometric error components and
volumetric error components, and then the component errors
of this axis can be obtained by solving these equations. The
location errors of the axis under test can be determined
through the curve fitting. In brief, all the geometric error
components of a single axis of multi-axis machine tools can
be measured by the proposed method. The validity of the
proposed method is verified through a series of experiments,
and the experimental results indicate that the proposed method
is capable of identifying all the geometric error components of
multi-axis machine tools of arbitrary configuration.
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1 Introduction

Multi-axis machine tools have been widely used in industrial
production due to their high efficiency and capability in
machining [1-3]. Accuracy is a crucial consideration for
evaluating the capability of multi-axis machine tools. Geo-
metric error is one of the key contributors to the overall
errors of machine tools. Many researchers have focused on
research into geometric error compensation [4—6]. There-
fore, as the basis of the geometric error compensation, geo-
metric error identification methods have necessarily been
developed.

Many commercial devices can be used to measure the
geometric errors of multi-axis machine tools. Laser interfer-
ometer, which can only measure linear displacement error,
can be applied to identify all the 21 geometric error compo-
nents by measuring the positioning errors along 22 lines, 15
lines, 14 lines, nine lines, body diagonals, or step diagonals
within the workspace of three-axis machine tools [7—12].
The laser interferometer can also directly detect all the six
geometric error components of the linear axis and the rotary
axis associated with prismatic joints, 6D sensors, rotary axis
calibrators, multi-face mirrors, and other devices, such as
capacitive transducers and electronic levels, etc. [13—15].
These laser-interferometer-based approaches have high ac-
curacy, but the measurement for each linear axis or each line
has to be done in turn, the error components of rotary axis has
to be identified with several different accessories, so that the
setup needs to be re-installed many times. Moreover, the
installation and calibration of the measuring system is always
complicated for large machine tools. In conclusion, the laser-
interferometer-based approaches have some disadvantages,
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such as the long calibration time and the requirement for
experienced operator. Other commercial devices, such as the
double ball bar (DBB) and cross-grid encoder, can be applied
to evaluate the geometric error components of multi-axis
machine tools. The DBB was proposed by Bryan in 1982
[16, 17], and it is used to measure the geometric error of multi-
axis machine tools [18-21]. The DBB-based methods are
economical and they are particularly simple to acquire data.
However, due to the size of the DBB, it can never cover the
whole work space of a machine tool, especially for the large
machine tools. In addition, the DBB cannot measure the
angular positioning error of the rotary axis. The cross-grid
encoder is a precision device for two-dimensional (2D) posi-
tion measurement, and many methods have been proposed to
measure the geometric error of machine tools using a cross-
grid encoder [22, 23]. These methods are simple and efficient.
However, the measuring range of these methods is limited by
the size of the grid encoder, so that it is also not suitable for
geometric error measurement of large-sized machine tools. In
addition, it cannot be used to measure the geometric errors of
the rotary axis.

Many special measuring systems have been developed for
identifying the geometric errors of multi-axis machine tools.
Wang et al. developed a measuring system consisting of laser
diodes, beam splitters, and 2D position sensing detectors to
measure the geometric error components of three-axis ma-
chine tools [24]. Liu et al. developed a measuring system
using a diffraction grating, a laser diode, and position-
sensitive detectors to measure the error motions of an indexing
table [25]. Sung-Ryung Park developed an optical measure-
ment system with a laser diode, two position-sensitive de-
tectors, beam splitters, and a turning mirror to measure the
six geometric errors of a rotary axis separately [26]. These
measuring systems have high performance. However, each of
them is only suitable for a linear axis or a rotary axis or
machine tools of a particular type.

Laser tracker is increasingly used to identify the geomet-
ric errors of machine tools due to its capability of measuring
3D coordinates. Multilateration and sequential multi-
lateration methods have been developed and studied to en-
hance the accuracy of 3D coordinate measurement, so that
the laser tracker can meet the accuracy requirement for
calibrating machine tools [27-30]. Kenta Umetsu et al. iden-
tified all the geometric error components of three-axis ma-
chine tools by using multilateration to allocate the measured
points on 21 lines in the six planes of the work space [30].
This method has a high cost since four laser trackers are
involved. The measurement is conducted on up to 21 lines,
so that it is time consuming. Researchers have made use of
sequential multilateration which requires only one laser
tracker to calibrate multi-axis machine tools [29, 31-34].
Due to the utilization of sequential multilateration, the cost
of such a measuring system is greatly reduced. Based on
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sequential multilateration or multilateration principle, the
displacement approaches can determine the geometric error
components of the linear axis [31, 32]. However, these
displacement approaches are not suitable for testing the
rotary axis because only the error models for the linear axis
can be used in combination with the displacement ap-
proaches. Point measurement can be applied to detect the
volumetric errors of the sample points, and then the volu-
metric errors can be used to identify the geometric error
components of the linear axis and the rotary axis of ma-
chine tools or the parameters of error models [29, 33, 34].
The laser tracker has to be placed on the turntable when
testing the rotary axis by using point measurement ap-
proaches, so that these methods are only suitable for a
rotary axis with a large-sized turntable. In addition, numer-
ous sample nodes have to be tested while using these
approaches to test the linear axis, which will lead to relative
long measurement time.

In view of the limitations stated, this paper presents a
general method for measuring the geometric error of multi-
axis machine tools. This method is suitable for both linear
and rotary axes, and it can further decrease the measurement
time due to the requirement that only three point sequences
are tested. The rest of this paper is organized as follows: In
Section 2, the geometric error model of a single linear axis
and a single rotary axis are presented. In Section 3, the
sequential multilateration method for measuring 3D coordi-
nates is introduced. Section 4 presents a three-point method
for geometric error measurement of linear and rotary axes
based on 3D coordinate measurement. In Section 5, the
experiments are demonstrated to validate the proposed
three-point method. Section 6 addresses the conclusions
and summary.

2 Error model of the linear axis and the rotary axis
2.1 Error model of the linear axis

Taking the x-slide as an example, the error model of the
linear axis is introduced in this section. The linear axis stage
can be considered as a rigid body. It is known that a
unconstrained moving rigid body has six degree of freedoms,
therefore, the x-slide has six geometric error components:
three displacement errors, i.e., straightness errors 9,(x), J.(x),
and linear error ¢,(x), and three rotational errors, i.e., roll
error £,(x), pitch, and yaw errors €,(x), £-(x). All error com-
ponents are the functions of the displacement of the x-slide.
As shown in Fig. 1, oxyz is the reference coordinate frame
and o.x,,z, is the x-axis coordinate frame. The position of x-
axis coordinate frame is changed by the displacement of x-
slide and the error components. The relationship between
these two coordinate frames can be derived by a 4x4
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Fig. 1 Geometric error components of the linear axis

homogeneous transform matrix (HTM), and the volumetric
error of a point P is given as [7]

Ay (x) 0 —:(x)  g(x)  S(x) | [x
Ay(x) _ £:(x) 0 —&x(x) 6 (x) | | (1)
A (x) —£,(x)  ex(x) 0 5:(x) | |z«

| 0 | | 0 0 0 0 1

[ A(0) ] —&.(0)sinf —&,(6)cosd
A0) | e.(0)cosb —¢,(0)sind
A0) | | —ep(0)cosh + e, (0)sind  e,(0)sind + e,(6)cosd

0 0 0

where Ay(x), Ay(x), and A.(x) are the volumetric errors,
(Xy, ¥ 2x) 18 the coordinate of point P in the x-axis coordinate
frame, and the x in parentheses denotes the displacement of
x-slide.

From Eq. 1, we can get

Ax(x) _yxgz(x) + ngy(x) + (Sx(x)
Ay (x) = xeez(xX)=zyex(X) + 6, (x) (2)
A (x) = =xeey (x) + yex(x) + 92(x)

Equations 1 and 2 are the error models of the linear axis.
Obviously, the three volumetric error components of a point
are not only related to the six geometric error components,
but also related to the coordinates in the coordinate frame of
the moving stage.

2.2 Error model of the rotary axis

Similar to the error analysis of the linear axis, the rotational
motion of the rotary axis leads to six geometric error com-
ponents. As shown in Fig. 2, oxyz is the reference coordinate
frame and ocxcycze is the C-axis (z-turntable) coordinate
frame.

HTM is used to obtain Eq. 3, where the error model of
rotary axis [20] is

£ (0) 5x§9) xe

= (0) 6,(0
o( 52(93 i (3)
o 1 |1

where 0,(¢) and 0.(f) are the radial displacement errors, d.(6)
is the axial displacement error, £,(f) and £,(f) are the tilt
errors, €,(f) is the angular error, and 6 is the angular

A () = —e-(0)(xcsing + ycosh) + €,(0)z¢ + 0x(6)
Ay(0) = e.(8)(xccosb—ysind)—e(0)zc + 6,(0)
A:(0)

displacement about the z-axis. All the error components are
functions of the angular displacement 6.
From Eq. 3, we can get

—&y(0)cosf + &,(0)sinb]xc + [g,(0)sind + &;(6)cosb]ye + 6.(6)

3 3D coordinates measurement using a laser tracker

Laser tracker is a portable and large-scale instrument for 3D
coordinate measurement based on a spherical coordinate sys-
tem, but the capability of 3D coordinate measurement is
limited by the accuracy of the angle measurement. Many
researchers have developed the multilateration principle to
realize 3D coordinates measurement with high accuracy
[30]. However, there are totally four laser trackers used in
the multilateration principle, which leads to an extremely high

cost in such a measuring system. In this paper, a sequential
multilateration principle presented in the literature [29] is
applied to detect the 3D coordinates using a laser tracker.

By using the method mentioned in literature [30], the
incremental length measurement accuracy of the FARO laser
tracker is tested by comparison with a reference coordinate
measuring machine. The maximum deviation and the repeat-
ability are found to be 0.807 and 0.334 um. The Monte Carlo
method is then performed in two cases to evaluate the mea-
surement uncertainty of the sequential multilateration method.
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Fig. 2 Geometric error components of the rotary axis

According to the 3o criterion, a normal distribution is assigned
to these incremental lengths with zero expectation and stan-
dard deviation of 0.269 um; assume that the positioning errors
of the machine tool obeys random normal distributions within
[0, 3 um] in case 1 and [0, 5 um] in case 2, respectively. All
the points under test are located in the measurement volume of
the measuring system which is of an optimal arrangement
[30]. The number of simulation trials is 10,000. The simula-
tion results are tabulated in Table 1, and the uncertainties of x,
y, and z are quantified by maximum standard deviation with
respect to the number of simulation trials for all the under-test
points. According to the simulation results, the sequential
multilateration measuring system has a much higher accuracy
than most machine tools, thus, this method can be used to
calibrate machine tools. We also can conclude that the uncer-
tainty is remarkably improved after averaging the measure-
ment results of x, y, and z obtained by repeating the experiment
10 times. Thus, in practical experiments, all the 3D coordinate
measurements are repeated 10 times.

4 Method for geometric error measurement

4.1 Component error measurement for a single axis
of multi-axis machine tool

4.1.1 Geometric error measurement for the linear axis

The x-slide is tested as an example to demonstrate the meth-
od for measuring geometric error components of the linear
axis [35]. As shown in Fig. 3, oxyz is the reference coordinate
frame. o.x,y,z, is the x-axis coordinate frame, and it moves
with the stage of x-slide. Three noncollinear points, P, O, and
K are fixed on the stage of an x-slide, and their coordinates in
OxXxVxZy are (xxPs Vxps ZxP): (xe, Yx0> ZxQ)a and (xx > VxK> ZxK)
respectively. The x-slide moves step by step.

At the beginning, the homogeneous coordinates of o, are
[X, Vos Zos 11" in the reference coordinate frame. The x-slide
moves step by step. It is assumed that no errors occur while
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Table 1 Measuring errors obtained by simulation

Number of repeat trials Measurement uncertainty/pm

X y z
Case 1 1 1.27 1.33 1.29
10 0.35 0.41 0.43
Case 2 1 2.03 1.97 2.14
10 0.64 0.71 0.67

the x-slide is traveling. At step ¢, the displacement of x-slide is
x, and the homogeneous coordinates of 0, 1S [X,z, Voi Zon l]T
which can be obtained by

Xot 1 0 0 x| |[x

yat — O 1 0 0 yu

Zot o 0 0 1 0 Zy (5)
1 0 0 0 1 1

Meanwhile, the homogeneous coordinates of point P is
[xps vEs zp,]" in the reference coordinate frame, and they can
be obtained by

Xp; 1 0 0 xu | | xp
Ypo| _ 0 1 0 yo||Wep (6)
Zpy 0 0 1 Zot Zxp

1 00 0 1 1

However, in practice, the movement of the x-slide will
inevitably lead to geometric errors. The 3D coordinates of
point P will be necessarily influenced by the geometric
errors. The actual coordinates of P are (x'p;, y'p;, z'p;) Which
can be collected by a laser tracker and the corresponding
homogeneous coordinates are [x'p;, ¥'p;, z'p, 1]. The three

Fig. 3 Geometric error components measurement of x-slide
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volumetric error components at point P are Ap,;, Ap), and
Ap.,. By using Egs. 5 and 6, we give

’ !
Apy X pt Xpt X pr—Xxp~Xo—X
!’ !
Apy Yoo || Y| — | Y Vxr™Do (7)
Pzt Zpt Zpt Z prZxp~Zo
0 1 1 0

Substitute Eq. 7 into Eq. 2, we give

Ath = _nygzt(x) + Zngyt(x) + 6x,(X)
APyt = XxPEzt (x)_Zngxt(x) + 5yt ()C) (8)
Apy = “XxPEyt (x) + yepexi(x) + 02(x)

The same analysis procedure can be performed on points
0 and K to give other six equations. Thus, there are totally
nine equations, and they can be rewritten as

step, and we give Aixt:xlitixxfixoi-x% Aiyt:y,itiyxiiym
Aizt:Z'it_in_Zo (=P, Q, or K).

It can be proved that the rank of the coefficient matrix in
Eq. 9 is full column rank as long as P, O, and K do not lie on
the same line. Hence, six equations can be properly selected
from Eq. 12 to form a new system of equations which has a
unique solution. Thus, in practical measuring procedures, the
condition that the three selected points do not lie on the same
line should be satisfied.

Number all the equations in Eq. 9 as (D~(9), and divide
them into three groups, i.e., the equations (D)~ () are obtained
by the error analysis of point P, the equations @)~®) are
obtained by the error analysis of point O, and the equations
(D ~(9) are obtained by the error analysis of point K. In order
to guarantee that the selected six equations have a unique
solution, the following rules should be followed: at least one
equation should be selected from each group, and the combi-

100 O Zp Yy Apy .
S e nations D@DEDE), DADOD®, and DBEEED
001 y ¥ N 6 0t (x) AP“V should not be used. In this paper, the combination
e o 8y (x) g DR@@D®®@ is chosen to form a new system of equations
L0 0 0 zo ol (%) Aox
01 0 —=zp O XxQ eul®) = | Aoy | (9) 100 0 e v ] [Oul) Apus
00 1 yp —xo0 0 £p(x) Agz 0 1 0 —zp 0 Xep 0y (x) Apy
100 0 zkx vyl ave 100 0 zp =l Apx
010 - 0 (%) A s = (10)
ZyK XxK Kt 001 y9o X O Ex(x) Apz
(00 1 ygx —xx O [ Akt 01 0 —Zx 0  xx ||en® Agy
00 1 Xk 0 - Ak
where Ay, (i=P, Q, or K, j=x, y, or z) denotes the volumetric Yxk K ex(x) Kt
error component at point 7, in the direction of j-axis , at the #th ~ and the solution is
M Zxp (ny’ny) Zep (Aox—Apy
5xt(x) - Ath +— Yxp— - P( o P [)
N ZxQ " ZxP ZxQ " ZxP
M ZxP (xxPixxK ) Zxp (APytiAK yt)
) = Apy—— |Xep— -
yt(X) P N |:XP ZxPTZxK ZxPTZxK
50(x) = Agur + % ny(xxK_xxP) _ XxQ (y P, XQ) _Yxo (AKyt_APyt) n Xx0 (Asz_Asz)
- i N ZxP~ZxK ZxQ™ ZxP ZxP™ZxK ZxQ™ ZxP ( 11 )
Ext(X) _ AKyt_APyt XxP™XxK %
ZxP~ZxK Zxp—zZxk N
A X -A X xQ Vx M
€yt(x) _ Aoxu Pt+yQ Yup M
ZxQ ™ ZxP ZxQ " ZxP N
M
Ezt (X) = ﬁ
where In Eq. 11, N is a denominator. Thus, in practical measuring

M= (AQXI_AP)C[) (xxK _xe) (ZXP_ZXK ) +

[(APyt—AKyt) <ny_ny) + (AKzt_Ata) (zeP=2xk )] (ZxQ—ZxP)

N = (xfoxe) (nyiny> (ZfozxK)f(xfoxxP) (nyfny> (ZXQ*ZXP)

procedures, besides making sure that the three selected points
do not lie on the same line, the positions of the three under-test
points should be reasonably arranged to guarantee that V is not
zero. The simplest way is to make the z-coordinates of the three
points differ with each other. Considering the measurement for
the x-slide, y-slide, and z-slide, as well as the different way for
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extracting equations from Eq. 9, practical measurement should
follow the following rules: the i-coordinates (i=x, y, or z) of
these three points are not equal to each other.

4.1.2 Geometric error measurement for the rotary axis

The geometric error components measurement for the rotary
axis is similar to that for the linear axis. We take the C-axis as an
example to demonstrate the method for measuring the geomet-
ric error components of rotary axis [35]. As shown in Fig. 4,
three noncollinear points, P, O, and K are selected on the stage,
and the coordinates of P, Q, and K are (xcp yen Zcp), (Xco, Yeos
zcg), and (xck, Yek, Zck), respectively. oxyz is the reference
coordinate frame and ocxcyczc is the C-axis coordinate frame.

The homogeneous coordinates of o¢ is [X,, Vo, Zo, 17" in the
reference coordinate frame at the beginning. At time 7, the
angular displacement of C-axis is 6. If there are no errors while
the C-axis is rotating, the homogeneous coordinates of oc are

Xot 1 0 0 Of|ux X,

yut _ O 1 0 0 yo _ y()

Ze | 10 0 1 0|z | |2z (12)
1 0 0 0 1 1 1

The homogeneous coordinates of point P are

Xpr [cosd —sinf 0 x| [xcp
Yre | _ sind  cost 0y, | |vep (13)
zp; 0 0 1 zy | | zcp

1 Lo 0 o0 1|1

Fig. 4 Geometric error components measurement of C-axis

The actual coordinates of P is (x'p;, ¥'ps, z'p;) Which can be
collected by a laser tracker. Assume that the three volumetric
error components at point P are Ap,,, Ap,,, and Ap,, so we
have

Apy x/Pt Xpt
APyt J/Pt Vpt
= — 14
Apz Zp Zpt ( )
0 1 1

Substitute Eqs. 12, 13, and 14 into Eq. 4 and eliminate the
volumetric error components, we get

x'pi—xcpcost + yepsind—x, = —e(0) (xcpsind + yepcosh) + e, (0)zcp + Oy (0)

V' 'pe—xcpsind —yep cosd —y, = ez (0) (xcpeosb—yepsind) — ey (0) zcp + 9y (0)

Zpzep—zo = [~ey(0)cost + ey (0)sinb|xcp + [g,:(0)sing + 4(6)cosb]ycp + 0.(6)

The same procedure is performed on points O and K, and
rewriting all the nine equations in matrix form, we get

100 0 zp —Fep o
01 0 —zp 0  Fep 2sz
00 1 Jop —Xp O () Ai yi
100 0 zp e gyt(z) Agu
010 —zco 0 e gjggg = ﬁgyz (16)
00 1 Yoo X0 O £,(6) Asz
100 0 zx Jeg|le=® Ay
01 0 —zex 0 Zex | A

10 0 1 Pex Xk O

where Ay, (i=P, Q, or K, j=x, y, or z) denotes the volumetric
error component at point 7, in the direction of j-axis, at the 7th
step, and we give Ay = x'y—Xcix,, Qi = Vi Ve Vos
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A =23~ Zci~2o, Xci = Xci€080—ysinf, Yo = y;c080+
xcisinb, (i=P, O, or K).

The selected points P, O, and K should not be located on
the same line, which can guarantee that a set of six equations
selected from Eq. 16 has a unique solution. Similar to the
analysis in the previous section, a new system of equations is
established by extracting the six equations from Eq. 16

L 000 zee TFer|rs o)1 [ Apy
0 1 0 —Zcp 0 EC\CP 5y,(9) Apy;
1 0 0 0 ZCQ _j}\CQ (521(9) _ AQW (17)
00 1 Jog Fep 0 ||=O] | Aox

~ en(0) Agyi
010 = 0 Fex || (p) A
_0 0 1 5}\CK _}\CK 0 _

Solving Eq. 17, we obtain
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M| . zer(egPer)| zep(Aow=Apx)
0u(0) = Apy +— |Vep— -
N Zco~Zcp Zco~Zcp
M| Zcp (k\CP_k\CK) zep (Apy—Ax
5yt(0) = APyt__ Xcp— - ( . y)
N ZepTZCK ZCPTZCK
5.1(0) = Ao + M |Yco <XCK—XCP> o (yCP_yCQ) Veo(Akyi=Apy) +ECQ(Ath—Apx,)
“ et N ZCPTZICK Zco~Zcp ZCPTZCK Zco~Zcp (18)
Agy—A Xcp—Xcxk M
Ex[(e) _ Kyt Pyt + CP™ACK Rael
zep—Zck  ZcpZck N
Apu—A YeoVep M
€yt(9) _ Boi—Apx +)’CQ Ycp M
zco~zcp  zZco~zcp N
M
521(9) ﬁ
where

M = (Agu=Apy) (fcx—fcg) (zep—zcx) + |:(APyt_AKyt) (?CK—?CQ> + (Agz—Agx) (ZCP_ZCK)] (zco—zcp)
N

= (k\CK_BECQ) (?CP_?CQ) (ZCP_ZCK)_ (§c1<—fcp) (?CK_ch) (ZCQ_ZCP)

In Eq. 18, N is a denominator. Thus, in practical measur-
ing procedure, the positions of the points P, O, and K should
be reasonably arranged to guarantee that N is not zero.
Firstly, the z-coordinates of P, K, and Q should not be same
to each other. Secondly, the angular step of the rotary axis
should be reasonably selected to guarantee that NN is not zero
at each step.

4.1.3 General method for identifying the geometric errors
of a single axis

The Egs. 9, 10, and 11 are found similar to Egs. 16, 10, and
11, respectively. So the proposed method can be considered
as a general method for identifying the geometric errors of a
single axis, including the linear and rotary axes.

A single axis, whether it is linear axis or rotary axis, can
be considered as a generalized axis. The three generalized
coordinates are X, y and Z, which are defined as follow.

When testing the linear x-axis or rotary x-axis (4-axis), we
define

X=x,y=y cos a—z sin a,Zz=1z cos a+y sin «(19a)

When testing the linear y-axis or rotary y-axis (B-axis),
we define

Yy=y,z=1z cos f—x sin 3,Xx=x cos S+z sin 3 (19b)

When testing the linear z-axis or rotary z-axis (C-axis), we
define

Z=z,x=x cos G-y sin 6,y =y cos §+x sin § (19c)

Subsequently, the error model in Eq. 20 can be collec-
tively considered as a generalized expression of Eqs. 1
and 3, i.e., it is a generalized error model of an arbitrary
single axis.

20 [ 0 4
(1 | el —&x (1 (1 j;t
A0 |s0 am o a0 |5 20
0 0 0 0 0 1

As a result, when testing a generalized single i-axis
(i=X, y or Z), nine equations shown in Eq. 21 can be
established.

I Mp Ap,
I My |E,= | Ay (21)
I Mg Ak,
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where
0 2/’ 7@'

M;= = 0 % j=P,QorK
i =% 0

and where I is the identity matrix; E;=[dy, Oy, 0210 Exss

M|

Zp (yQ_j;P) Zp(Aow—Apy
5xt:Ath+ﬁ yp— - ( Al t)

Zo—zp Zo—zp

M | Zp(xp=k)| Zr(Apy—Aky)
Oy = Apy g |Xpm |7
ZpTZK ZpTZK

Evts 5 Ay=[Aj, Ay Ajz] denotes the three volu-
metric error components at point j, at the #th step; x;, ¥,
and z; are the generalized coordinates.

Six equations can be properly selected from Eq. 21, and
the six geometric error components shown in Eq. 22 can be
obtained by solving these six equations.

M j}\Q </X\K_3C\P) _SC\Q (yP_j;Q) _-/V\Q (AKyt_APyt) i ?Q (Ath—Ath>

0t = Agar + 4 | = - -
ZpTZK Zg—zZp ZpTZK
_ Ay Apy | Xpxk M
ew =t N
ZpTZK ZpTZK
Ath_Ath Yo™Vp M
e = + N
Zo~zp zZo—zp
M
TN
where

202 (22)

M = (Agu—Apy) (?K—fg> (/Z\P_/Z\K) + {(APyt_AKyt) (}\K—?Q> + (Agz—Ag2) (/Z\P_/Z\K)} (/Z\Q_/Z\P)

v = () (30) ()~ () () (o)

4.2 Determination of the location errors of each axis
4.2.1 Establishing the reference coordinate frame

To determine the location errors of each axis, a reference
coordinate frame should firstly be established.

As shown in Fig. 5, the real trace of the origin of the x-
slide coordinate frame is a space curve. Linear curve fitting is
applied to obtain the average line of the x-slide which passes
through the origin. This average line is considered as the x-
axis of the reference coordinate frame. The real trace of the
origin of the y-slide is also a space curve. Similarly, linear
curve fitting is applied to obtain the average line of the y-
slide which also passes through the origin. The average lines
of the x-slide and y-slide form a plane named the x-y plane of
the reference coordinate frame, and then a straight line which
passes through the origin and is perpendicular to the x-axis is
created within the x—y plane. This straight line is regarded as

@ Springer

the y-axis of the reference coordinate frame. Finally, the third
straight line which passes through the origin and is perpen-
dicular to the x—y plane is created, and it is considered to be
the z-axis of the reference coordinate frame. The directions
of each axis of the reference coordinate frame must follow
the right-hand rule. The reference coordinate frame is thus
established.

4.2.2 Determination of the squareness error

As shown in Fig. 5, S, is the squareness error between
the x-slide and the y-slide, and it can be represented by
the rotation angle of the y-slide about the reference z-axis.
S, is the squareness error between z-slide and the x-slide,
and S, is the squareness error between z-slide and y-slide,
respectively. 6. and ,. are the angles between the z-axis
of reference coordinate frame and the projection of the
average line of z-slide on the x—z plane and the y—z plane,
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Zp Real trace of zaxis

<
< .
Real trace of x-axis

Fig. 5 Three squareness errors between three linear axis

respectively. In accordance with the small error hypothe-
sis, 0. and 0, are approximately equal to S,. and S,.. The
sign symbols of these three squareness errors obey the
right-hand rule.

Obviously, squareness errors can be determined by the
locations of the average lines of the three slides which
are described by linear equations. Since the coordinate
sequence of the origin of each coordinate frame can be
measured by a laser tracker, the linear fitting method can
be applied to obtain the mathematical expression of the
average line of each axis. If the mathematical expression
of the average lines of the x-slide, the y-slide, and the z-
slide are

mem, + nen, + 1

My

Then the three squareness errors can be derive from the
three normal vectors of the three average lines, i.e., (m,, 1y, 1),
(my, n,, 1), and (m., n., 1).

mymy, + nyn, + 1

mE+nd+ 1 /ml+n; +1

0., = arctan cosa (23)

v/ 1—cosZa—cos?3

cosf3

v/ 1—cosZa—cos?3

0y, = 90—arccos

6,. = arctan

where

mym; + nyn; + 1

cosa = cosf =

VmE I+ 1/m 2+ 17

,/mf—i—nf—i—l m? +n2 +1

4.2.3 Determination of location error components of rotary
axis

Taking the C-axis as the example, how to determine the
location errors of rotary axis is presented in this section. As
shown in Fig. 6, there are totally five location parameters,
i.e., dyc, dyc, and d.c are the three offset, and Syc and S, are
the two angular errors. These location parameters can be
determined by the location of the average circle which is
described mathematically. Since the coordinate sequence of
the origin of the C-axis coordinate frame can be grabbed by a
laser tracker, curve fitting can be used to obtain the mathe-
matical expression of the average circle. If the origin of the
C-axis coordinate frame (the center point of the average
circle) is located at (xoc, Vo, zZoc) and the normal vector to
the average circle plane is V (A, B, C), we can show that

dxc=x0c, dyC:yOC: and dzC:Z()Ca and that ch=arctan(B/C)
and S, =arctan(A/C), respectively.

5 Error measurement experiments

To demonstrate the practicability of the proposed method,
several experiments were conducted by using a commercial
FARO laser tracker based on the sequential multilateration in
which the performance is demonstrated in Section 3. Due to
the fact that there were no machine tools with one or more
rotary axis available, we had to conduct two experiments to
verify the proposed methods discussed in this paper. The first
one is identifying all the geometric error components of a
three-axis machine tool; the other one is measuring the six
geometric error components of a single rotary stage.
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Fig. 7 The setup used in the experiments. a The setup; b the arrange-

ment of three points

Fig. 8 The six geometric error
components of each axis. a
Three displacement errors of the
x-axis; b three angular errors of
the x-axis; ¢ three displacement
errors of the y-axis; d three
angular errors of the y-axis; e
three displacement errors of the
z-axis; f three angular errors of
the z-axis
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5.1 Error measurements for three-axis machine tools

As shown in Fig. 7, an experiment is conducted to measure
the 21 geometric error components of a three-axis machine
tool of type FXYZ. The strokes of x-axis, y-axis, and z-axis
are 440, 400, and 400 mm, respectively.

The measuring steps are:

Three targets P, K, and Q are fixed on the spindle
assembly. Their #-coordinates (z is x, y, and z, respective-
ly) are observably not the same.

The spindle assembly moves in steps of 20 mm along
each axis, meanwhile the coordinate sequences of the
three selected points P, K, and Q can be measured by the
sequential multilateration method.

By establishing the reference coordinate frame follow-
ing the rule stated in Section 4.2.1, the three squareness
errors can be determined by using Eq. 23.

These measured coordinate sequences are transformed
into new coordinate sequences under the reference coor-
dinate frame. In the experiments, the coordinates of the
three points in the reference coordinate frame are P,
(16.338, 452.716, 122.416), Qo (157.086, 332.593,
324.879), and K, (248.925, 603.0552, 412.4483), re-
spectively, while the machine tool is in the home
position.

Substitute these new coordinate sequences into Eq. 11 to
obtain the six geometric error components of each axis.
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The measurement mentioned above is repeated 10 times
and the mean values of each geometric error components can
be obtained. So far, all the geometric error components have
been measured. The experimental results of the three square-
ness errors are that Sy, is =22.925 arcsec, S\, is —27.377 arcsec,
and S} is 19.614 arcsec, the results of the other 18 geometric
error components are shown in Fig. 8.

The laser interferometer is an acknowledged high-
accuracy device for machine tool calibration, so it is used
to conduct a comparative experiment to verify the effective-
ness of the proposed method. The setup is shown in Fig. 9.
Firstly, software compensation is applied to compensate the
volumetric errors of this three-axis machine tool [36], and
then a target point fixed on the spindle assembly moves
along the x-axis, the y-axis, and the z-axis, respectively.
Meanwhile, the positioning errors of this moving point are
measured by using a laser interferometer, without compen-
sation and with compensation respectively. The coordinates
of this measured point T are (175.6, 497.5, 312.1) when the
machine tool is in the home position. The sample interval is
10 mm. The results of comparative experiment are shown in
Fig. 10. Obviously, the positioning errors of point 7" along
three axes are significantly reduced. The maximum errors
along the x-axis are reduced from 16.69 to 5.11 um; the
maximum errors along the y-axis are reduced from —17.52
to —4.47 pm; the maximum errors along the z-axis are
reduced from —18.38 to —4.67 um. In conclusion, error
compensation can enhance the accuracy, and the proposed
method for the geometric error component measurements of
three-axis machine tools is effective.

To further validate the proposed method, other compara-
tive experiments are conducted to measure the pitch errors
and yaw errors of the three axis by using the methods
presented in the literature [8]. The method for measuring
the pitch error and yaw error of x-axis is shown in Fig. 11.
Specifically, the x-axis moves step by step with a step size of

Fig. 9 Measuring positioning errors by using laser interferometer

~
oo
Ng

20 without compensation - with compensation

Positioning error/um

0
0 50 100 150 200 250 300 350 400 450
Displacement/mm

~
=)
~

- without compensation - with compensation

Positioning error/um

20 I I I I I I I |
0 50 100 150 200 250 300 350 400

Displacement/mm

~
o
~

-~ without compensation -~ with compensation

Positioning error/um
] ]

0 50 100 150 200 250 300 350 400
Displacement/mm

Fig. 10 Results of comparison experiments. a The positioning error
along x-axis; b the positioning error along y-axis; ¢ the positioning error
along z-axis

20 mm, and at each step, the displacements along the three
lines L1 (y=0, z=0), L2 (y=yy, z=0), and L3 (y=0, z=z,) are
measured by a laser interferometer. Then we give

Ey,»(x) = [AL3(X,‘,0,Z1)*AL1(x,',O,O)]/Zl
6Zi(x) = [AL2(xi7y170)_AL1(xivoao)]/yl

where the ¢,(x) and ./(x) are the pitch error and yaw error at
the ith step, the AL (x;, 0, 0), ALy(x;, 1, 0), and ALs(x;, 0, z1)
are the displacement errors along lines L1, L2, and L3, at the
ith step, respectively.

The method for measuring the pitch errors and yaw errors
of y-axis and z-axis are similar to the method mentioned
above. As shown in Fig. 12, the errors measured by laser
tracker (LT) are compared to the errors measured by the laser
interferometer (LI). For the pitch errors and yaw errors of x-
axis, the maximum deviation is 4.07" and 3.12", respective-
ly; for the pitch errors and yaw errors of y-axis, the maximum
deviation is 2.74" and 2.95", respectively; for the pitch errors
and yaw errors of z-axis, the maximum deviation is 1.81 " and
1.94", respectively. The effectiveness of the proposed meth-
od for measuring the geometric error component of the three-
axis machine tools is accordingly verified.
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< A AL3(}C,O,Z])
0000 00 0 0 >
y=0
y
=7

ALy(x,y,,0)

AL (x,0,0)

Fig. 11 The method for measuring pitch error and yaw error by using
laser interferometer

5.2 Error measurements for the rotary axis

A rotary stage is tested as shown in Fig. 13. The measuring
steps are:

1.

Fig. 12 a—f The errors obtained
by laser tracker (LT) and laser
interferometer (L1)

Three targets P, K, and Q are fixed on the rotary stage with
initial  coordinates Py,  (1005.6648, —140.3849,
—222.6797), Q' (1240.2676, —187.6319, —183.0147),
and Ky (1136.3720, —386.5078, —207.4099) respectively
in the coordinate frame of laser-tracker measuring system.
The stage rotates step by step with a step size of 20°.
Meanwhile, the coordinate sequences of these three
points can be detected by the laser tracker.

~
=2

)

Pitch error of x-axis/arcsec

-25

Fig. 13 The setup of the geometric error components measurement for
the rotary axis. a The setup; b the arrangement of the three points

3. Circular curve fitting is applied to establish the coordi-
nate frame. The center of the circle is (111.447,
—257.739, —221.528) in the coordinate frame of the
laser-tracker measuring system. The location errors can
then be determined, i.e., the offsets are d,~=111.447 mm,

d,c=—257.739 mm, and d..=-221.528 mm,
Svc=39.082 arcsec and S, -=—17.341 arcsec, respective-
ly. The initial coordinates of P, K, and Q are P,
(—105.8046, 135.3414, 0), Qo (128.8513, 87.8158,
39.9797), Ky (24.9026, —110.8575, 15.2662) in the ro-
tary stage coordinate frame.

4. Then check whether N in Eq. 18 is equal to zero or not at
each step; if so, the step size or the position of the three
points should be changed, and return to step 1 until N is
not zero. In this experiment, a step size of 20° can
guarantee that /N is not zero at each step.
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5. All the six geometric error components can be deter-
mined by making use of these data and the Eq. 18.

The measurement procedure is repeated 10 times. The
results of the measurements are shown in Fig. 14.

In order to validate this method for geometric error com-
ponent measurement of the rotary stage, comparative exper-
iments are conducted. Restricted by limited equipment and
instruments, we could not measure each one of the six
geometric error components of the rotary stage by other
methods. In this paper, QC10, a double ballbar, is applied
to indirectly evaluate the volumetric error vectors of target
points. As illustrated in Fig. 15a, the pivot assembly is fixed
on the rotary stage and the measuring ball is attached to the
top of the pivot assembly, A is the center of the measuring
ball with coordinates (xa, ¥a, z4) in the rotary stage coordi-
nate frame; the center ball is attached to a point O which is
located right above the center of the stage. The rotary stage
rotates in steps of 20°, and the length change of the ballbar,
AL, is tested by DBB at each step. The AL between the
center ball and the measuring ball is mainly caused by the
error vector Ag [Aay, Aayy A -]". Thus, as shown in Fig. 15b,

(a) Each division: S5um —dx

0 -3y

(b) Each division: 8arcsec

Fig. 14 Results of the geometric error components measurement for
the rotary axis. a Displacement errors; b rotational errors

Fig. 15 Testing the volumetric error vector using DBB. a The princi-
ple; b relationship between the error vector and the length change of
DBB

(L+AL)=L+ Ag is given. By ignoring the high order infi-
nitely small quantity, the following equation can be obtained
[37]

1
AL:Z(XAAAx +yAAAy+ZAAAz) (24)

The (Aax, Aay» Aaz) can be obtained by using Eq. 4, and
the six geometric error components in Eq. 4 have been
measured. Hence, the AL can be obtained.

We can indirectly verify the proposed method by compar-
ing the ALs obtained by vector operation with the ALs tested

(a) Each division: 10um  — VO

0 —DBB

(b) Each division: 5Sum ~ — VO
0 —DBB

Fig. 16 Comparison of the measuring results of the two methods. a For
point A; b for point B
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by DBB. The coordinates of target point 4 is (121.779,
87.578, 59.216). The ALs obtained by vector operation
(VO) and tested by DBB are shown in Fig. 16a. They are
approximately the same at each step and the maximum
deviation is about 3.64 um when the angular displacement
is 60°.

To further consolidate this verificational experiment,
another target point B (49.919, 2.842, 59.216) is tested
too. As shown in Fig. 16b, the ALs obtained by vector
operation are compared with the ALs tested by DBB.
They are approximately the same at each step and the
maximum deviation is about 2.53 um when the angular
displacement is 160°.

In conclusion, the effectiveness of the three-point method
for measuring the geometric error components of the rotary
axis is thus verified.

6 Conclusions

A three-point method for measuring geometric error compo-
nents of multi-axis machine tools by using a laser tracker is
presented in this study. Since all the component errors and
location errors of the linear and rotary axes can be obtained
by using only one laser tracker to collect the coordinate
sequence of three pre-described points, this method can be
considered as a general strategy for geometric error identifi-
cation of multi-axis machine tools. Experiments were carried
out on a three-axis machine tool and a single rotary axis. The
experimental results indicate that the identification of geo-
metric error components is feasible by implementing the
proposed method.

The proposed method has many advantages: firstly, it is
simple and fast since there is no requirement for complicated
equipment alignment and installation; secondly, compared to
the previous laser-tracker-based method, the measuring time
of the three-point method is further decreased due to the fact
that only three point sequences are tested; thirdly, it is suit-
able for geometric error component measurements of both of
linear and rotary axes, and as a result, it can be applied to
calibrate multi-axis machine tools of whatever type; fourthly,
all the measurement procedure are implemented in a single
coordinate frame,; lastly, due to the laser tracker’s capability
for large-scale metrology, this method is applicable to geo-
metric error measurement for different-sizes of machine
tools, especially for large-sized machine tools.
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