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.FOREWORD

This Technical Report was written by Task Force L — Parametrics, ASME Working Group B89.1.12,
Coordinate Measuring Machines.

Methods for Performance Evaluation of Coordinate Measuring Machines, ANSI/
ASME B89.1.12M-1985, recognizes that more-complex methods than those of the Stdn-
dard may be appropriate for some applications. The intent of this paper is to_prévide
guidance to specification writers in those cases where the appropriatc more=cemplex
method is the method of parametric calibration. Since parametric calibratiof) does not
assess the effects of machine dynamics and probing, it should be considereddasupplement
to B89.1.12 tests rather than a replacement. o

There are two types of appropriate applications for parametric ¢alibration. The first
includes cases where methods of the B89.1.12 Standard do not giyé.reasonable assurance
machine geometry is correct. An example is the case where a short ball bar must be used
to test a machine with one long axis. The second includes(cases where there is a need
to know details of machine geometry. An example is a system where the machine is used
to position a photo array camera. Machines in a third category, those with parametric
error correction, may generally be tested by methods of the Standard, and are outside
the scope of this report. In many cases a partial(parametric calibration may be appro-
priate. .

Parametric calibration of a machine is measurement of its parametric errors. These
are differences between actual and nominal positions of machine movable components.
In the system of this paper, for each position of a three-axis machine there are twenty-
one parametric errors. They may be-mathematically combined to find the three axial
components of probe tip positien.error. Probe tip position error is one of several deter-
minants of performance as measured, for example, in the B89.1.12 linear displacement
accuracy and ball bar performance tests.

The report is organizedinto several sections. The first is the scope. The second, dealing
with machine geometty, defines parametric errors in terms of an idealized example. The
following five sections deal with measurements from which parametric errors can be
calculated. The. next section deals in a general way with processing the measured data
to determinevthe parametric errors. The final two sections deal with terminology and
referenceg for further study. No attempt is made to be exhaustive. The intent, rather, is
to pin down general principles, and to give the flavor of the work involved in a calibration.

iii
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This report deals with coordinate measuring ma-

hes having three linear axes perpendicular to each
er. Such machines have three movable compo-
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. 1. The movable components are the bridge, car-
be, and ram.

MACHINE GEOMETRY
General oo

Discussion is in two steps, The first covers motion
W single movable component such as the carriage.
e second covers relationship between motions of
three components.

Motion, Single Movable Component

"he carriage of a moving-bridge machine-is shown
Fig. 2. The carriage is designed to, meve in the X
ection along a guideway on thevbridge. It is as-
hed variations in forces acting on the carriage do
change its shape.
'he machine has an X §cale which measures mo-
1 of the carriage in the X direction relative to the
ge.
lct motion of/the’ bridge and ram along their
Heways be pfevented by means which do not dis-
the X guideway. Let the carriage be moved along
X guidéway. Efforts in the actual motion are
wnin\Fig. 2. There ar¢ three rotational errors

abg
the

ut>the machine axes: yaw, pitch, and roll. Since
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PARAMETRIC CALIBRATION OF COORDINATE MEASURING MACHINES

_Bridge

Carriage

Ram

Probe

FIG. 1

Vertical
straightness

Roil )
Axial motion and
j . positioning error

carriage does not change shape as it moves, these

errors are the same for all parts of the carriage.
There are also three translational errors. Horizontal
and vertical straightness are deviations from straight
line motion. Positioning error is X scale reading mi-
- nus actual travel of the carriage from the position of
zero scale reading. Unless the three rotational errors

are

zero, the three translational errors depend on the

Pitch

FIG. 2

Horizontal
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point on the carriage at which they are measured.
The six X-dependant errors, three rotational and
three translational, form a set of six X parametric
errors. There are sets of Y and Z parametric errors
determined in the same manner and having the same
characteristics.

of the best-fit linc. Y and Z straightness are deter-
mined in a similar manner.

For determination of X positioning ecrror, the
probe reference point is placed at the origin, and Y
and Z motions are prevented, as for X angular errors.
Gaging is set up to.measure X travel of the ram rel-

To cope with the dependance of translational er-
rors on the pomt at which they are measured, the
calibration system of this paper makes use of a probe
reference point and a machine axis system. The
probe reference point is fixed to the ram in a defined,
identifiable position. The origin of the machine axis
system is fixed to the table in a defined, identifiable
position. The machine axes are generaily parallel to
the machine guideways.

It is usually assumed, as in this report, that para-
metric errors for an axis depend only on position
along that axis. This is only approximately true. For
example in the moving bridge machine of Fig. 1,
loads on the left and right bridge legs, and on the Y
guideways, depend on X location of the carriage. De-
flections of the guideways depend both on load and
Y position. Thus Y parametric errors are functions
. of both X and Y. Position of the Y axis should be
chosen so that Y parametric errors, determined as
functions at Y only, are the most meaningful.

Exact definitions of parametric errors according\to
the system of this report are best illustrated by means
of an idealized example

Steps in measuring yaw, pltch and xoll are the
same. The probe reference point is plagéd at the ma-
chine origin. Motions of the Y and Z:movable com-

"ponents are prevented by means which do not distort
the X guideway. Gaging is set up to measure angular
motion of the ram relative tothe table. Gage readout
is zeroed. The machine (s jroved to predetermined
X positions, and X scale, gage readings are recorded.
The recorded gage teading for a position is the par-
ametric error for'that position. Y and Z yaw, pitch,
and roll are measured in a similar manner.

For determination of X horizontal or vertical
straightness, the probe reference point is placed at
the origin, and Y and Z motions are prevented, as
for- X angular errors. A reference straightedge (me-
chanical, optical, etc.) is mounted to the table with

ative to the tabIc. The machine is moved to-plede-
termined X positions. X scale and gage réadings are
recorded. For any X position, X travel error is [scale
reading minus gage reading. Y and Z<ositioning er-
ror are determined in the same mauner.

2.3 Relationship Between Components

Relationships betweei-éomponent motions arje de-
scribed by three paraihétric errors known as sqjare-
nesses. XY squaréness is angle between X and Y
best-fit lines, aswviewed in the Z direction, milrus a
right angle. XZ/squarencss is a similar rclatiopship
between X and Z best-fit lines. YZ squarenesg is a

similap reldtionship between Y and Z best-fit lipes.

3.0 POSITIONING ERROR MEASUREMENT
3.1 General

Common gages for measuring positioning grrors
are the step gage, laser interferometer, and line jcale.
Proper use of the step gage and laser interferometer
are discussed in the B89.1.12 Standard, Section 5.1.
Use of a precision line scale and microscope is| lim-
ited to low-accuracy machines.

4.0 STRAIGHTNESS MEASUREMENTS
4.1 General .

Common methods of straightness measurements
make use of the mechanical straightedge, taut pire,
alignment laser, and laser interferometer.

4.2 Mechanical Straightedge

;tb leClCHbC :;“b ‘lpl}lUAlllldtC}y aluus thc X ch\ib. A
. gaging device is mounted on the ram at the probe
reference point to read against the straightedge. The
machine is moved to predetermined X positions, and
X scale and gage readings are recorded. A root-
mean-square best fit line through the measured data
is calculated. For each X position, straightness is re-
corded gage reading minus corresponding coordinate

vechramicat straigitedpes are wstatty used only for
small machines. The straightedge is approximatcly
aligned parallel to an axis guideway and measured
with a mechanical or electronic indicator. Measure-
ments may be corrected by means of straightedge

" calibration, but since calibrations are always suspect,

a better method is to reverse the straightedge. This
is done by rotating the straightedge 180 deg. about
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its long axis and re-measuring. If corresponding val-
ues of the two sets of readings are suitably averaged,
straightedge errors cancel out. Typical setups are
shown in Fig. 3. Whatever setups are used should be
carefully analyzed to determine the correct method
of averagmg For example in Fig. 3, a posmve gage

veraging is to subtract measurement of Setup 2
corresponding measurement of Setup 1, and
ide the results by 2.

or larger machines the straightedge must be

Alignment Laser

he alignment laser, shown in Fig. 5 usés the cen-

sed by a quadrant or lateral’effect sensor on the
ram. A light filter at the sensor may be needed to
reduce the effect of ambient light. Since the laser
bedm tends to wander'somewhat due to mechanical
disfortions, instabilities in the laser cavity and air cur-
rents, better_devices of this type average readings
over a period of time for each measurement point.
In jome«cases a fan is used to eliminate systematic
errprs_due to thermal gradients in the air.

]

. on measurements. The mirror must be rigid and

on the machine table. The mirrors are set square with
the split parts of the laser beam, and reflect back on
themselves. Changes in the interference pattern of
the reflected beam parts indicate changes in relative
lengths of the beam parts. These are proportional to
chdnges in transverse posmon of the Wollaston prism

the table. Vanents of the system use other means,of
splitting the beam, and mirrors or prisms to, ébtain
divergence. It is important to keep in mingd that the
straightness reference line is the bisector of the mir-
ror angle, not the laser beam. For long axes instabil-
ities and systemanc gradients reduge dccuracy. Again
the remedy is a fan, and averaging-/readings over a
period of time. '

A second form of str aightness interferometer,
shown in Fig. 7, uses a Jong’mirror as a straightness
reference line. The mitrer is mounted on the table,
generally parallel to-the axis to be measured. The
interferometer, which is mounted on the ram, meas-
ures distance from the ram to the mirror. Since dis-
tance from the interferometer to the mirror is small,
variations'in air condition have only secondary effects

straight. Mirror errors may be eliminated by the
reyersal method described for the mechanical
straightedge. For long axes the mirror must be
staged.

5.0 STRAIGHTN'ESS MEASUREMENT
5.1 General

Three common methods of measuring squareness
are based on the mechanical square, optical square,
and diagonal square.

5.2 Mechanical Square

The mechanical square is placed in an axial plane
with its legs approximately aligned with two axial di-
rections. For example, Fig. 8 shows the setup for XY
squareness measurements. Four measurements are
required two against each leg of the square

4.5 Laser Straightness Interferometer

One form of laser interferometer for straightness
measurement, shown in Fig. 6, uses a Wollaston
prism on the ram to split the laser beam into two
diverging parts. These are reflected from the two
mirrors of a straightness reflector which is mounted

Accurate determination of squareness with a me-
chanical square is often difficult. Known problems
are that it is difficult to determine if the square is
accurately in an axial plane, that legs of the square
deteriorate with use, that square calibration data can
be incorrectly applied, and that the calibration line
along each leg is usually not identified.
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5.3 Optical Square

An optical square used with an align'mcnt laser is
shown in Fig. 9. Two types of squares are in general
use: the mirror square shown in the figure, and the

penta prism. The mirror square has lower light losses,

fevel is placed on the table and a measuring level on
the ram. The readout device is set up to display dif-
ference between readings of the two levels. The ref-
erence level is necessary, even for fixed-table
machines, because most machines rock somewhat
due to center of gravity changes.

whil
Whe¢n properly set up, the incoming beam to the
squgre is perpendicular to the outgoing beam. Ma-
squareness is determined from two sets of
strajghtness measurements (horizontal in the figure),
one relative to the incoming bgam and one to the
outgoing. Neither the square nor the laser may be
moved between the two measurement sets. .

The optical square must be used with caution. It

is a[plane device, and must be fixtured to lie accu-
rately in the plane of the incoming and outgoing
beamps. If this is not done, the beams will not be at
right angles. .
The optical square may also be used with the Wol-
laston prism straightness interferometer. Here the
lineg which determine the plane in which the square
musf be mounted are the bisector of the reflector
angle and its reflection from the optical square. The
setup for XY squareness is shown in Fig. 10.

bl + . . <l -y ry
LIV }J\/lll(t Pllblll 0 HIVIV Uﬂlllasb LW OToLdlIL,.

5.4 |Ball Bar

Al squareness device which gives excellent results
in practice is the ball bar. The bar is placed sucees-
sively in two positions in an axial plane as showal in
Fig.|11, and is measured in each position. Each po-
sition is at 45 deg. to the axes, and on¢ position is
pergendicular to the other. The center of the bar is
at the same location for both measurements. Only
nomjinal accuracy is required for.the setups. Differ-
encg between measured lengths’is an indication of
squdreness. A gage block erdistance-measuring laser
intefferometer may besed in place of the ball bar.

6.0 [YAW AND.PITCH MEASUREMENT
6.1 |General

Cpmnton methods for measuring yaw and pitch are
directly hy means of levels,_autocollimator or laser

Somie cautions are necessary. Carc must be taken
that weights of the levels do not cause deflections
which significantly affect results. An interesting/prob-
lem occurs with machines having relatively large
rocking motions, for examplc machines en(vibration

- mounts. For such cases differences between errors in

the two levels may be significant conipared with the
yaws and pitches being measured.<The levels may be
checked by placing them side-by-side on the machine
table and moving the machin® components. If differ-
ence readings are signifiédnt, two runs may be made
for each yaw or pitchiwith the levels interchanged

" between runs, and-the two mecasurements for each

position averaged.,

6.3 bAutoc_oIIimator

The autocollimator may be used for all yaw and
pitch* measurements. A quality instrument with an
accurately-flat mirror is required. For large machines
there are likely to be problems with air thermal gra-
dients. These should be handled by means of fans
and averaging, as with laser straightness measure-
ments.

6.4 Laser Angular Interferometer

The angular laser interferometer can also measure
all yaws and pitches. A typical setup is shown in Fig.
13. The beam from a laser is divided into two parallel

beams by means of an interferometer on the table.

The parallel beams are returned by two retroreflec-
tors on the ram. Changes in the interference pattern

_ of the two returned beams is an indicator of differ-

ences between their pathlengths. Change of path-
length difference divided by distance between the
paths is change of yaw or pitch (radians).

In some systems the interferometer is made up of
a beam splitter and a miiror which must be assem-

interferometer, and indirectly by means of linear dis-
placement measurcments.

6.2 Electronic Levels

Differential electronic levels provide a fast, effec-
tive means of measuring pitch for all axes, and yaw

for vertical axes. As shown in Fig. 12, a reference

bled by the user. In such cases the procedure rec- -
ommended by the laser system manufacturer must
be followed to ensure the beams are parallel.

6.5 Positioning Error Instrumentation

Yaw or pitch may be determined from measure-
ments of positioning errors of two points on a mov-
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( ‘) \ Ax-is

Ball bar
i

The square and indicator are set up to measure
straightness in an axial plane. After straightness mea-
surement, the ram is moved on the axis normal to
the plane of straightness measurement, the indicator
is mounted on an extension, and straightness is mea-
sured again. Roll in any particular vertical position

\— Axis Table

FIG. 11

able fomponent. Yaw or pitch is difference between
the two positioning errors divided by a component of
distance between the two points, normal to the di-
rectiqn of measurement and in the plane of the yaw
or pifich. An advantage of the method is that accuracy
can Be improved by using a long baseline. A disad-
vantage is that changes of machine geometry between
the tjmes of the measurements, and differences in
condftions along the measuring paths, can cause
errorg.

Rall is commonly measured by means of precision
levelq or parallel straightness measurements.

7.2 Electronic Levels

Prgcision levels may.-be used to measure roll of a
horizpntal axis. Methods closely follow those for yaw

7.3 $traightness Instrumentation

(radians) is nominally the difference between the two
measured straightnesses at that position divided by
distance between the two ram positions.

8._0 PROCESSING THE MEASURED DATA
8.1 Axes

In the system of this report allyparametric errors
are defined relative to axes which are fixed with re-
spect to the workpiece. For a fixed-table machine the
axes are stationary. For.a\moving-table machine they
are fixed to, and move with, the table. This concept
is consistent with¢thé purpose of a coordinate mea-
suring machine,(which is to measure workpieces.
Take for exaniple a straightness calibration per Fig.
3, wherecthe/reference straightedge is fixed to the
table and the indicator to the ram. If the indicator
shows \the machine is straight, a probe on the ram
will’show a straight workpiece on the table to be
straight. Thus there is a correlation between the par-
ametric calibration and measurement of the work-
piece. If, on the other hand, the calibration where
performed with the straightedge fixed relative to the
ram and the indicator on the table, and if there were
rotational errors, there would be no correlation be-
tween the parametric calibration and workpiece mea-
surements. Thus if the straightedge showed the
machine to be straight, measurement of a straight
workpiece on the table would show the workplece to
be curved.

A first difficulty with implementing this concept
occurs when mounting the fixed element of a gaging
system on the table is impractical. An example is
mounting the straightness reflector of a Wollaston-
prism straightness system for Z measurement on a
moving bridge machine. A practical solution is to
mount the reflector on the ram, and to correct the
straightness measurements for the effects of angular

II" for h
=y

tal, are determined from two parallel sets of stralght-
ness measurements. The principle is illustrated in
Fig. 14 which shows the setup for measuring roll of
a vertical axis by means of a mechanical square and
an indicator. The method may be modified to use
any other methods of straightness measurement on
any axis.

A second difficulty occurs when movement of ma-
chine components bends the table. An example is a
machine with a thin table where the table surface is
a guideway. Correct location of the axes depends on
where on the table the workpiece is located. The only
way to resolve this difficulty is to define location of
the workpiece, and to fix the axes to that location.
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