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ABSTRACT

The laser step diagonal measurement modifies the diag-
onal displacement measurement by executing a diagonal as
a sequence of single-axis motions. It has been claimed that
the step-diagonal test enables the identification of all the volu-
metric error components in the three-dimensional workspace,
including linear errors, straightness and squareness errors, by
only using a linear laser interferometer. This paper first dis-
cusses that an inherent issue with the conventional formulation
of the step diagonal measurement is that setup errors of mir-
ror and laser directions potentially impose a significant estima-
tion error. Furthermore, when the machine’s volumetric errors
are unknown, it is generally not possible to completely elimi-
nate setup errors. To address this issue, this paper proposes a
new formulation of the laser step diagonal measurement, in or-
der to accurately identify three-dimensional volumetric errors
even under the existence of setup errors. The effectiveness of
the proposed modified identification scheme is experimentally
investigated by an application example of three-dimensional
laser step diagonal measurements to a high-precision vertical
machining center.

Key words: Step diagonal measurement, volumetric errors,
machine tool, laser interferometer.

1 Introduction

In international or domestic standards such as the ISO
standards, the motion accuracy of a machine tool is mostly
evaluated by the axis-to-axis basis; the linear positioning er-
ror and the straightness error are evaluated for each axis, and
the squareness error between two axes is evaluated. To ensure

the motion accuracy over the entire workspace of a machine
tool, it is important to evaluate all the three-dimensional com-
ponents of the positioning error over the entire workspace [1].
Such error components are collectively called volumetric er-
rors in this paper. Currently, ASME BS5 (TC52) and ISO 230
(TC39) are working on the standardization of the definition of
volumetric accuracy [2].

For the measurement of linear displacement errors, laser
interferometers of the resolution sufficient to measure high-
precision and ultra-precision machines are widely available in
today’s market. The measurement of other volumetric errors
such as straightness and squareness errors is more difficult and
time-consuming. Typically, straightness and squareness errors
are measured by using a high-precision displacement sensor
and an artifact such as a straight edge or a square edge. Natu-
rally, the artifact whose geometric and dimensional accuracies
are guaranteed to be higher than the accuracy of the measured
machine is needed. Especially for the measurement of high-
accuracy machine tools, it requires higher measurement cost.
Furthermore, since the measurement is one-dimensional and its
path is restricted to a line or a square, an operator must change
the setup of a sensor and an artifact every time for the mea-
surement of each different error component. For orthogonal
three-axis machines, 3 linear displacement errors, 6 straight-
ness errors and 3 squareness errors must be measured by dif-
ferent setups. Dual-beam laser systems or autocollimators to
measure straightness and squareness errors are also available
from many companies. They do not require an artifact such as
a straight edge, but it is the same in that a different setup is
needed to measure each different error component.

For quicker, lower-cost evaluation of volumetric errors of a
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machine tool, the standards ASME B5.54 [3] and ISO230-6 [4]
define the diagonal measurement by using a laser interferom-
eter. In the diagonal measurement, the machine moves along
each of body diagonals of the machine’s workspace in turn,
and the diagonal displacement is measured by using a laser in-
terferometer. Although the diagonal measurement can be con-
sidered as a good quick check of volumetric errors, it is clear
that it cannot be used as a strict diagnosis of each volumetric
error, as has been discussed in details by Chapman [5]. Un-
der certain conditions, a machine can achieve a good result on
diagonal tests, even though it has a poor volumetric accuracy.
Furthermore, more importantly, it is impossible to distinguish
the linear error, the straightness error, and the squareness error
of each axis from the results of diagonal tests.

As an extension of the diagonal measurement, the step di-
agonal measurement, or the vector measurement, has been pro-
posed by Wang [6; 7]. In the step diagonal measurement, each
axis is moved one at a time along the ”zig-zag” path toward the
body diagonal direction. Figure 1 illustrates the setup of the 3D
step-diagonal measurement. Wang claimed that additional data
enables the identification of all the volumetric errors, namely
the linear error, the straightness error, and the squareness error
of each axis, from step diagonal measurements.

Our previously published paper [8] has discussed inherent
issues with the volumetric error identification based on the con-
ventional formulation of the two-dimensional version of step
diagonal measurement. It showed that the formulation of the
step diagonal measurement presented by Wang [6] is valid only
when implicit assumptions related to laser and mirror setups
are met, and that its inherent problem is that it is generally not
possible to guarantee these conditions when volumetric errors
of the machine are unknown. As a result, setup errors poten-
tially impose significant errors on the identification of volumet-
ric errors.

This paper presents the extension of this discussion to the
three-dimensional (3D) version of laser step diagonal measure-
ment. Then, to address this inherent issue, this paper will pro-
pose a new formulation of the 3D step diagonal measurement,
such that each volumetric error in the 3D workspace can be
identified from step diagonal measurements even when setup
errors exist. The validity of the discussion on issues in step
diagonal measurements and the effectiveness of the proposed
modified identification scheme will be investigated experimen-
tally by showing its application example to a commercial high-
precision machining center.

2 Problem Statement and Conventional Formula-
tion of Laser Step Diagonal Measurement
Figure 2 illustrates the setup of the 3D step diagonal mea-
surement when there is only one block. As the machine spin-
dle, where a plane mirror is attached, moves along a “zig-zag”

path, the moving distance along the body diagonal is mea-
sured by using a laser interferometer. Suppose that the laser
is aligned to the body diagonal AG, as is illustrated in Fig. 2.
Suppose that this direction is represented by the unit vector

Lppp = [l“,pp, Ly ppps ly,ppp] (this setup is referred to as ppp
measurement hereafter).

Define E,(x), Ey(x) and E(x) as the positioning error in
X-, y-, and z-directions, respectively, due to the motion to-
ward x direction (i.e. A=B). Ex(y), Ey(y), E-(y), Ex(2), Ey(2),
and E.(z) are defined similarly. In this paper, these total nine
error components are called volumetric errors. The distance
measured by a laser interferometer with the motion toward x
(A—B), y B—=C), and z (C—G) directions are respectively
given by Ry ,pp, Ry, ppp, and R; ppp. A similar measurement is
done as the laser is aligned along body diagonals BH and DF
(these setups are respectively referred to as npp and pnp mea-
surements). Ry npp, Rynpps Rznpps Ry, pnps Ry,pnp, and R ) are
defined similarly. Then, we have [6]:

[ Leppp buppp Leppp 0 0 0 0 0 0 W
0 0 0 l.\‘,ppp ly‘ppp lz,ppp 0 0 0
0 0 0 0 0 0 lx.ppp ly.ppp lz‘ppp
_l.\‘,npp _1)',111;/; —lz‘n[,p 0 0 0 0 0 0
0 0 0 l.r‘npp ly‘npp lz.npp 0 0 0
0 0 0 0 0 0 Lenpp bynpp Lenpp
l.r‘pnp ly‘pnp lz.pnp 0 0 0 0 0 0
0 0 0 _l.r,/)rz/) _ly‘pnp _lz‘pnp 0 0 0 J
0 0 0 0 0 0 l,r‘pnp ly.pnp lz‘pnp
[a+ E.x‘(x) 1 -Rx.ppp 1
Ey(x) Ry ppp
E(x) Rz ppp
Ey (y) Ry npp
a+Ey(y) = R)"n/711 (1)
Ez()’) Rz,npp
EX(Z) Rx.pnp
E,\’(Z) R.‘\[’"I’
La+ Ez(Z) | L Rz‘pnp _
Assume nominal laser directions, i.e.:
1
[lx,ppp Ly ppp l:,pm’] = % [1 1 1]
1
[Lenpp bynpp Lenpp] = 7 [-111] @)
1
[lxmnp Ly, pnp l:,pnp] = % [1 -1 1]
Then, all the volumetric errors, Ex(x), -+, E.(z) can be esti-

mated from measured diagonal distances, Ry ppp, -
solving Eq. (1).

For the simplicity, the present formulation assumed the
one-block case illustrated in Fig. 2. In the case with N blocks,
define, for example, Ey(x(k)) (k =1, ---, N) as the position-
ing error in the X direction, when the machine moves toward
the X direction from the reference position x(k — 1) to x(k).
All the other variables are defined analogously. Then, the for-
mulation (1) can be extended in a straightforward manner to

' Rz,pnp by
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Figure 1. Schematics of 3D laser step diagonal measurement
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Figure 2. Volumetric errors and diagonal displacements (single block
case)

estimate volumetric errors, Ey(x(k)), ---, E.(z(k)) from mea-
sured diagonal distances, Ry ppp(k), -+, Rz pnp(k) k=1, ---,
N).

3 Issues in Conventional Formulation of Laser Step

Diagonal Measurement
3.1 Issues in Conventional Formulation

In our previous paper [8], we have discussed inherent is-
sues with the volumetric error identification based on the con-
ventional formulation of the 2D version of step diagonal mea-
surement. The same discussion can be applied to the 3D ver-
sion of the conventional formulation of step diagonal measure-
ment presented in the previous section. This section briefly
reviews these issues.

First, notice that Eq. (1) is valid only when the follow-
ing conditions are satisfied: 1) Laser beam directions must be
precisely aligned to nominal directions, and 2) The flat mir-
ror must be precisely aligned perpendicular to the laser beam
direction. An inherent problem with the conventional formu-
lation (1) is that when the conditions above are not met, setup

errors of laser and mirror directions potentially impose a signif-
icant error on the estimates of volumetric errors. Furthermore,
since the direction of the laser beam and the flat mirror can be
only aligned based on the motion of the machine to be mea-
sured, it is generally not possible to guarantee the satisfaction
of the conditions (1) and (2), when volumetric errors of the ma-
chine are unknown.

(1) Misalignment of laser beam directions

In practice, the laser beam direction can be only aligned
based on the motion of the machine to be measured. That is,
in a typical setup, the laser beam direction is aligned such that
it becomes parallel to the machine’s diagonal. For example,
when the machine moves from A to G in Fig. 2, the laser di-
rection is adjusted such that the deviation of the location of the
laser spot on the mirror is minimized (this alignment can be
done more precisely by using a quad-detector). Here, when the
machine has volumetric errors and they are unknown, it is not
possible to align the laser beam perfectly to the nominal direc-
tion, no matter how careful an operator sets up the laser beam
direction.

An illustrative example is shown in Fig. 3 (for the simplic-
ity, this example shows the 2D case. Exactly the same discus-
sion is possible for the 3D case). This example assumes that
Ey(y) > 0, Ex(x) = Ey(x) = Ex(y) = 0. By carefully setting up
laser directions, the laser direction can be ideally aligned to the
machine’s diagonal. However, since the machine’s diagonals
are not perpendicular to each other due to volumetric errors,
laser directions in pp- and np- measurements cannot be per-
pendicular to each other.

(2) Misalignment of mirror directions

Similarly, the direction of the flat mirror can be only
aligned based on the motion of the machine to be measured.
Typically, the mirror direction is adjusted as follows: when
the spindle (where the flat mirror is attached) moves in the di-
rection perpendicular to the diagonal direction, the mirror di-
rection is adjusted such that the measured diagonal distance
becomes approximately equal at both ends of the mirror. Sim-
ilarly as above, when the machine’s volumetric errors are un-
known, it is not possible to align the mirror perfectly normal to
the laser direction.

Fig. 4 illustrates the case where E,(y) > 0, E((x) =
E,(x) = E,(y) = 0. In such a case for example, the mirror can
be aligned to the diagonal direction of the machine’s motion.
It does not, however, mean that the mirror direction is perpen-
dicular to the laser direction.

Note that angular errors with the machine’s motion to-
ward X, Y, and Z directions also affect diagonal displacements.
Soons [9] and Yang et al. [10] gave the formulation of the ef-
fect of angular errors on identification accuracies for the 3D
laser step diagonal measurement. In this paper, under the as-
sumption that angular errors are negligibly small compared to
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Figure 3. Misalignment of laser beam direction caused by machine’s
volumetric error.
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Figure 4. Misalignment of mirror direction caused by machine’s volu-
metric error.

positioning errors, the effect of angular errors is not consid-
ered.

3.2 Sensitivity of Setup Errors

To quantitatively evaluate the effect of aforementioned
setup errors on the estimation accuracy of laser step diago-
nal measurements and to further clarify critical issues with the
conventional formulation, this section presents the sensitivity
analysis of setup errors on the estimates of volumetric errors.
The misalignment errors of laser and mirror directions are re-
ferred to as setup errors hereafter.

First, notice that setup errors potentially impose significant
effect on the measured diagonal displacement when the mirror
center is not on the laser axis, while its effect becomes negligi-
bly small when the mirror center is on the laser axis. For exam-
ple, in the ppp measurement as shown in Fig. 2, when the mir-
ror center is at B or C, both laser and mirror misalignment er-

rors may cause significant error on Ry ppp Or Ry ppp. However,
their effect on the diagonal distance, Ry ppp + Ry, ppp + Rz ppp» 19
negligibly small. In the k-th block, suppose that the “nominal”
step diagonal distance for the x-motion is denoted by I?x(k) P
when the laser direction is perfectly aligned to the nominal di-
rection and the mirror is aligned perfectly perpendicular to the
laser direction. The effect of the misalignment of laser and
mirror directions can be given in the following form:

Ry(k),ppp = Rx(k),ppp +8Rx ppp 3)

where 8R, ,,, is the diagonal displacement error caused by
setup errors. Under the assumption that the machine’s angu-
lar error is negligibly small, we can approximate that the effect
of setup errors, SRy ppp, is the same for all the blocks. Other
parameters, SRy, ppps ORz ppps ORx.npps ORy.npps ORz npps ORx pnps
ORy, pnp» OR: pup, are defined analogously. The discussion above
indicates that the following approximation holds:

ORy ppp + ORy, ppp +OR: ppp ~ 0
SRy pp + B8Ry ppp +OR: npp = 0 “)
SRy pnp + ORy,pnp + OR- pnp = 0

By solving Eq.(1) (its the extension to the multiple blocks
case) for estimated volumetric errors in the k-th block, we
have:

. V3
EX(X(I()) = o {Rx(k)JJ/;p +Rx(N—k+I),npp - (SRx.ppp + 8R.lc.npp)} —a (5)

F:\'(X(k)) = ? {Rx(k)JJ/?p - Rx(k)Jmp - (SRXJ’PI’ - SR-!\P"P)} (©)

Eo(x(k)) = \? {Ruw) pnp = Re(v—k1) npp = (BRwpmp — SRempp) } - (7)
Ex (y (k)) = \? {R.\'(k%mw - R.\'(k),npp - (SR)’J’I’P - SR.\\"PI’)} ®)
E\ (y (k)) = \/Ti {Rx'(k)~/)1>/) +R.\'(N —k+1),pnp — (SR.\\I’I’I’ + SRN»IP)} —a 9
E(y(k)) = \/Ti {R.v(k),npp = RyN—k+1),pnp = (SRynpp — SRy pnp)}  (10)
E—\‘(Z (k)) = \/Ti {RZ(k)‘ppp - RZ(k)pr - (SRZJ’I’I’ - SRszpp)} (11)
E\'(«’- (k)) = \/Ti {Rz(k)‘ppp - Rl(k)J’"P - (SRZJ’I’I’ - 8Rz‘pnp)} (12)
N V3

z(z(k)) = N {Rz(k),npp +Rz(k),pnp - (SRz,npp + 8Rz,pnp)} —a (13)

The nominal laser beam directions (3) are assumed here.
Equations (5)~(13) indicate that the estimated volumetric er-
rors are subject to the influence of setup errors by a factor of
@. Furthermore, it can be easily observed that it is not possi-
ble to identify nine setup errors, Ry ,pp, - - -» OR; pnp from laser
step diagonal measurements.
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4 New Formulation of Laser Step Diagonal Mea-
surement

In this section, we present a new formulation of laser step
diagonal measurement such that setup errors do not impose any
effect on estimated volumetric errors, and thus the machine’s
volumetric errors can be accurately estimated even when there
exist significant setup errors in both laser and mirror align-
ments.

As has been discussed in the previous section, it is not pos-
sible to identify nine setup errors, SRy ppp, -+, OR; pnp in Eqs.
(5)~(13) from laser step diagonal measurements. In order to
cancel setup errors, a remedy is to directly measure linear er-
ror components, Ey(x(k)), Ey(y(k)) and E.(z(k)) (k=1, ---,
N). By directly measuring linear positioning errors, the effect
of setup errors can be separately identified. Therefore, all the
other error components (namely, error components in the direc-
tion normal to the feed direction) can be identified even under
the existence of significant setup errors.

First, for the simplicity of notation, define

Acx := B8Ry ppp + Ry npp, Myx 1= ORx ppp — ORx, pnp,

Az i= S8Ry pup — ORppp, My 1= ORy ppp — SRy pp,

Ayy := By ppp + ORy pnp, Azy 1= ORynpp — SRy pup, (14)
Az := Rz ppp — OR uppy Aey := B8R ppp — SRz pp,

Azz 1= OR_ npp + Rz pup

which represent the effect of setup errors in Egs. (5)~(13),
respectively. Then, when linear positioning errors, E,(x(k)),
Ey(y(k)), E-(z(k)) (k=1, ---, N), are measured, from Egs. (5),
(9), and (13), Ay, Ayy, and A can be respectively estimated as
follows:

N 2
Ay 1= mean {__ (Ex(x(k)) +a) + (Rx(k),ppp +Rx(N—k+1),npp) } (15)

I 2
)H\[\' (= mean {*ﬁ (E‘,(}'(k)) + a) + (Ry(k).ppp + Ry(N—k+1)‘pnp) } (16)

2
7‘13. ‘= mean {7ﬁ (E-'(Z(k)) +a) + (Rz(k)‘npp + Rz(k)‘pnp) } (17)

Notice that, to define the position in the 3D space, the
orientation of the coordinate system can be arbitrarily set. For
example, the coordinate system can be defined such that:

mean { Ey(x(k))} = mean{E.(x(k))} = mean{Ey(z(k))} =0

(13)
Under this assumption, three more parameters, namely, ny,
Azx, and Ay, can be estimated from Egs. (6)(7)(12) as follows:

2 A
Ay := mean {f ﬁEv(x(k)) + (Rx(k).m’l’ - RX(")J’””) } (19)
Az := mean {—%E}(x(k)) + (Rx(k)_,m,, —RX(N—kJrl).nPP) }(20)

2
}\’)‘Z ‘= mean {_%E_\‘(Z(k)) + (Rz(k).ppp _Rz(k).pnp) } 2D
Now, from the definitions (14) and Eq. (4), we have:

7\-xy = _7\fyx - 7\':)' - 7‘&\'* (22)

Ay = —hyw =Ry = Ay 23)
e = —hor— A — Ay — Aoz (24)

From Egs. (15)(16)(17), Egs. (19)(20)(21), and
Egs. (22)~(24), we can identify all of nine parameters,
7\-xx, 7\-)3', 7\')‘:’ kxy, x}‘y, 7\':)" 7\9\':’ 7"y:’ 7\':,:

When they are identified, the volumetric errors can be
identified by Egs. (5)~(13).
Remark: In the two-dimensional case discussed in [8], setup
errors only affect the estimates of linear error components,
E(x(k)) and E,(y(k)). In other words, when E,(x(k)) and
E,(y(k)) are replaced with the measured values, the conven-
tional formulation (two-dimensional version of Eq. (1)) can
give a good estimate for normal error components, Ey(x(k))
and E (y(k)) (k =1, ---, N). This does not hold for the
three-dimensional case. As has been discussed above, the
conventional formulation (1) may give a significant estimation
error for normal error components, even when linear error
components are directly measured and excluded from the
estimation.

5 Experimental validation

The problems with the conventional formulation of laser
step diagonal measurement, and the effectiveness of its pro-
posed formulation, are experimentally validated by an applica-
tion example to a three-axis vertical-type high-precision com-
mercial machining center.

The machine has three orthogonal linear axes, which are
all driven by a ball screw and a servo motor with a slide guide-
way. Its positioning resolution is 0.1 ym in all the axes. The
machine’s strokes are: X: 900mm0O Y: 500mm0 Z: 350mm.
For laser measurements, a laser doppler displacement meter,
MCV-500 by Optodyne, Inc. is used. Laser beam directions
are aligned by using a quad-detector, .LD42 by Optodyne, Inc.
The step diagonal measurements are done with the step size
a = 10 mm, over the entire range of 120 mm x 120 mm x 120
mm (i.e. 12 blocks in X, Y, and Z directions).

First, volumetric errors are estimated by the conventional
formulation using step diagonal measurements only. Fig-
ures 5~7 show estimated positioning errors with respect to the
reference position (“Estimated by conventional formulation™).
Note that the positioning error with respect to the reference
position is defined by the accumulation of error components
defined in Section 2. Namely:

=
—

~.
~
~

(x(k) [ Ex &:(y(k))
& (x(k) | = Z o( &

(k)] =ER@) ] [&OK) ] =LE(3)
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For each of step diagonal measurement, the same mea-
surement is repeated by five times. Figures 5~ 7 plot the mean

(TP

of estimated errors by the marks “o”, as well as their variation
at each measurement point by horizontal parallel lines (“=").

For the comparison, linear positioning errors in X, Y, and
Z directions, €(x(k)), €,(y(k)), and €.(z(k)), were measured
by using the same laser interferometer aligned directly toward
X, Y, and Z directions, respectively. The straightness errors
in X, Y, and Z directions were measured by using a laser dis-
placement sensor, LK-G10 by Keyence Corp. (measurement
resolution: 0.01 um), and an optical flat as the straight-edge
(according to the manufacturer’s calibration chart, its straight-
ness error is < PV A/4, A = 0.6328um). The squareness er-
rors of X-Y, Y-Z, X-Z. axes were measured by using the same
laser displacement sensor, LK-G10 by Keyence Corp., and the
square-edge by Fujita Works, Ltd. (according to the manufac-
turer’s calibration chart, its squareness error is -0.5 um / 150
mm). The error components in the direction normal to the feed
directions, €,(x(k)), €.(x(k)), - - -, can be computed by combin-
ing measured straightness and squareness errors. In Figs. 5~ 7,
these measured values are also plotted (“Measured by using
artefact”). Similarly as the estimated values, the same mea-
surement was repeated by five times, and their mean values as
well as their variation are plotted in the figures.

Then, volumetric errors are estimated based on the pro-
posed formulation of step diagonal measurements presented in
Section 4, by using displacement profiles in ppp-, npp-, pnp-,
X-, Y-, and Z- directions, measured by using the same laser
doppler displacement meter, MCV-500. Estimated profiles are
also plotted in Figs. 5~7 (“Estimated by proposed formula-
tion”). Note that in all the cases, the coordinate system is de-
fined as shown in Eq. (18).

Table 1 summarizes measured and estimated straightness
and squareness errors. Here, the straightness error is defined
by the maximum variation of mean values of normal errors (for
example, £,(x(k)) for the straightness error of X axis to the Y
direction) from their least-square mean line. The squareness
errors are defined by the gradient of the least-square mean line
of ex(y(k)) (X-Y), ex(z(k)) (X-Z), and e.(y(k)) (Y-Z) with re-
spect to that of €,(x(k)), ;(x(k)), and €,(z(k)), respectively.

From Figs. 5~7 and Table 1, it can be clearly observed
that, when the conventional formulation (1) is used, the es-
timated volumetric errors from step diagonal measurements
have significant estimation errors, although an experienced op-
erator set up laser and mirror directions very carefully in the
experiments. The estimation error is particularly large in the
estimates of linear positioning errors in Y and Z directions (at
maximum about 22 ym over 120mm in the Z direction).

&(z(R) | =) | By(z(i) (25)

In overall, volumetric errors of the measured machine are
smaller than typical general-purpose machining centers in the
market. The straightness errors of X, Y, and Z axes are all
smaller than 1 um. Considering the measurement uncertain-
ties associated with the laser doppler displacement meter or the
artefacts, it is difficult to draw any conclusion from the compar-
ison in straightness errors. The squareness errors of the mea-
sured machine are relatively larger. Fig. 6(a) (— the squareness
of X-Y), Fig. 7(a) (— the squareness of X-Z7,), and Fig. 7(b) (—
the squareness of Y-Z.), show that the conventional formulation
of step diagonal measurements results in larger estimation er-
rors (see also Table 1). For example, as is shown in Fig. 6(a),
the measured squareness error between X and Y axes is -1.4
um / 120 mm. The conventional formulation of step diago-
nal measurements gives its estimate of 3.2 ym / 120 mm. The
estimates given by applying the proposed formulation of step
diagonal measurements show better match with the measured
values. In the case of the squareness error between X and Y,
its estimate based on the proposed formulationis -1.2 um / 120
mm.

6 Conclusion

The conventional formulation of the step diagonal mea-
surement proposed by Wang [6] is valid only when the follow-
ing implicit conditions are met: (1) laser beam directions are
precisely aligned to nominal directions, and (2) the flat mirror
is precisely aligned perpendicular to the laser beam direction.
An inherent problem with the conventional formulation of the
step diagonal measurement is that it is generally not possible
to meet these conditions by the adjustment of the setup, when
volumetric errors of the machine are unknown. This paper first
presented the quantitative analysis of the effect of setup errors
on estimated volumetric errors by 3D laser step diagonal mea-
surements. It was shown that setup errors may impose a signif-
icant effect on the estimates of volumetric errors. Therefore, in
general cases where setup errors cannot be completely elimi-
nated, it is not possible to accurately identify all the volumetric
errors by using the conventional formulation of laser step diag-
onal measurement.

Then, this paper proposed the new formulation of 3D laser
step diagonal measurements. When linear positioning errors
are directly measured, the effects of setup errors on step diag-
onal measurements can be separately identified by using the
proposed formulation. Therefore, all the volumetric errors can
be identified even under the existence of setup errors.

As an application example, the proposed scheme was ap-
plied to estimate 3D volumetric errors on a high-precision ma-
chining center of the positioning resolution of 0.1 um. Experi-
mental results indicated that the proposed formulation resulted
in much smaller estimation errors than those by the conven-
tional formulation. Based on the proposed formulation, the
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Figure 5. Measured and identified volumetric errors for the motion to-
ward X direction.

squareness error of X-Y, X-Z, and Y-Z axes were estimated
with an estimation error of at maximum about 3 um.
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5 ‘ ‘ ‘ Table 1. Measured and estimated straightness and squareness er-
Measured: by using artefact rors.
E o Measured | Conventional | Proposed
8 . estimation estimation
w 0
5 Pomugnmg 0.8 m 1.7 ym B
. Estimated by conventional formulation | error in X
o 20 40 60 80 100 120 Positioning
Reference position in Z mm error in Y 0.2 um -18.3 um -
(a) The positioning error in X with the motion toward Z, €,(z(k)) Positipning 1.1 gm 20.9 m _
x107° error in Z
6F Estimated by proposed formulation. Straightness of X
41 Measured by using artefact J axis (Y direction) 0.5 ym 0.4 ym 0.4 ym
E 27 s - —o—9 Straightness of X
E - . N 0.4 ym 0.7 um 0.4 ym
5 O = ———————9 axis (Z direction) K K K
> -2 )
< Straightness of Y| | 0.6 um 0.5 um
axis (X direction)
-6 ‘ Estimated lgy conventiopal formulati‘on ‘ Straightness of Y
0 20 40 60 80 100 120 FUZAMESS 0 0.2 um 0.3 um 0.7 um
Reference position in Z mm axis (Z dir ection)
(b) The positioning error in Y with the motion toward Z, &y (z(k)) Str.alghtn.ess O,f Z | 03 um 0.6 um 0.8 um
‘ ‘ ‘ ‘ : axis (X direction)
0 -
002 Estimated by conventional formulation Stl:alghm?ss O,f Z 0.8 um 1.1 ym 0.9 um
g 0015F i axis (Y direction)
IS
T 00LF : : 4 iunareness of -1.2 um 3.2 um -1.4 um
o 0.005 Measured by laser aligned to Z 7 - f
' / Squareness 0 12um | -43um 0.1 ym
N - o | XZ
0 20 40 60 80 100 120 Squareness of
Reference position in Z mm YE]Z 2.7 um -3.9 um -0.1 pm
(c) The positioning error in Z with the motion toward Z, €, (Z(k)) % All the errors are over the range of 120 mm.

Figure 7. Measured and identified volumetric errors for the motion to-
ward Z direction.
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