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(57) ABSTRACT

A method of measuring an object using a surface sensing
device mounted on a coordinate positioning apparatus. The
method has the steps of measuring a single surface point of
a feature of the object with the surface sensing device,
moving the surface sensing device along a path around the
feature at a fast speed, thereby taking measurements along
the path, including at the surface point, determining the
difference between the measurements of the surface point
and using the difference determined to apply a correction to
the object or subsequent objects having the same feature.
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METHOD OF CALIBRATING A SCANNING
SYSTEM

[0001] This is a Continuation-in-Part of application Ser.
No. 10/581,604 filed Jun. 5, 2006. The disclosure of the prior
application is hereby incorporated by reference herein in its
entirety.

[0002] The present invention relates to a method of cali-
brating a scanning system. A scanning system in this speci-
fication should be understood to mean a combination of a
machine and a probe which together are capable of use in
scanning an object in order to obtain information about its
size, shape or surface contours.

[0003] The machine may be, for example, a co-ordinate
measuring machine (CMM), machine tool or robot etc, and
the probe is a measuring probe with a workpiece-contacting
stylus. One type of machine has measuring devices for
measuring the movement of the machine parts in three
nominally orthogonal directions (referred to as X, Y and Z
axes), and one type of probe includes measuring transducers
for producing outputs indicative of the displacement of the
tip of the stylus relative to the probe in three nominally
orthogonal directions (referred to as the a, b, and ¢ axes).
Although the term ‘analogue probe’ is used, the outputs for
the a, b and ¢ axes may be either analogue or digital.

[0004] Inknown systems, measurement errors are caused
by unwanted deflections of the probe, machine structure and
workpiece. Errors due to bending of the probe stylus are the
same throughout the machine volume and may be compen-
sated for by probe calibration. Errors due to deflections in
the machine structure may be caused, for example, by the
machine quill bending and the machine bridge twisting and
vary throughout the machine volume. These errors increase,
for example, with increasing cantilevers Errors in the object
to be measured may be caused by object deflection during
measurement as a result of force by the probe.

[0005] Parts of the working volume of the machine may be
calibrated for measurement errors by using a calibration
artefact such as a calibration sphere. However usually the
calibration artefact cannot be located at the same position in
the machine’s working volume as the part to be measured
and is instead located to one side. The measurement errors
determined at the calibration artefact will thus be different to
those on the part.

[0006] Methods of correcting machines for acceleration
induced errors are known. One example of such a method is
described in European Patent No. 318557. In this method a
first article from a batch of nominally identical articles is
measured at a relatively slow speed, noting the measure-
ments of the positions of a number of datum points on the
article. The measurement operation is repeated at a relatively
fast speed noting the measurements of the positions of the
same datum points. Any difference in the measurements are
noted as errors in a correction table.

[0007] Thereafter all of the articles are measured at the
relatively fast speed taking measurements of the positions of
corresponding points on each article, and these measure-
ments are corrected for machine accelerations using the
previously noted errors.

[0008] Another method of correcting errors is disclosed in
WO00/62015. In this method a stylus of a probe mounted on
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a coordinate measuring machine is driven into contact with
a surface of an object in a direction normal to its surface until
a predetermined stylus deflection has been reached. The
machine is then reversed whilst simultaneously recording
the outputs of the machine measuring devices and measuring
transducers of the probe. This process is repeated for a
selection of datum points around the surface of the object.
The measurements for each datum points are extrapolated to
determine the measurement which would have been taken
when the probe deflection is zero. This extrapolated value
relates to when the probe is just in contact with the surface.

[0009] The object is then scanned at a slow speed and
predetermined stylus deflection. The difference at the datum
points between the initial measurements and the scan is
recorded.

[0010] The scans are repeated at the same stylus deflection
at greater speeds until the variation in the recorded differ-
ences between the fast scan and the initial measurements and
the slow scan and the initial measurements exceeds a defined
tolerance. The last speed which falls within this tolerance is
the maximum scanning speed. A map of the positional errors
at the datum points is stored along with the data relating to
the scanning speed, particular artefact, particular CMM and
probe and stylus configuration etc. It is possible to interpo-
late from this map to obtain radial errors at angles in
between the radial directions at which actual data was
obtained (i.e. the datum points).

[0011] This method has the disadvantage that the step of
collecting the datum points is time consuming.

[0012] The present invention provides a method of mea-
suring an object with a coordinate positioning apparatus,
comprising the following steps, in any suitable order:

[0013] placing the object within the working volume of
the coordinate positioning apparatus;

[0014] measuring the object with a workpiece contact-
ing probe to create measurement data of the object, the
measurement data being collected at multiple probe
forces;

[0015] for at least one location on the surface of the
object, determining a function or look up table relating
the measurement error data to probe force;

[0016] for said at least one location on the surface of the
object, using the function or look up table to determine
the measurement data corresponding to zero probe
force;

[0017] and outputting the measurement data corre-
sponding to zero probe force as the measurement of the
object.

[0018] The term measuring includes taking measurements
using either a scanning probe or a touch trigger probe.

[0019] The measurement data corresponding to zero mea-
surement force may be determined by extrapolation.

[0020] The measurement data may be collected at known
constant forces or at known varying forces.

[0021] Preferably the step of measuring the object with a
workpiece contacting probe comprises scanning the object.
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[0022] The function may be a linear function. The function
may be a parametric function.

[0023] In one embodiment, the object is measured along a
scan path and measurement data is collected at multiple
probe forces for a section of the scan path;

[0024] the function or look up table relating the mea-
surement data to the probe force is determined for
locations on said section of the scan path;

[0025] and wherein for locations on the scan path but
not on said section of the scan path, the function or look
up table relating the measurement data to the probe
force is determined from measurement data collected
on said section of the scan path.

[0026] The function or look up table relating the measure-
ment data to the probe force for locations on the scan path
but not on said section of the scan path is determined from
component parts of the function or look up table relating the
measurement data to the probe force on said section of the
scan path. The component parts may comprise components
of two axes, for example the X and Y axes.

[0027] The object may be measured along the scan path by
scanning a surface profile for one revolution at a constant or
variable probe force. Measurement data may be collected at
multiple probe forces for a section of the scan path by taking
additional measurements on the scan path at a different
probe force. The additional measurements may be taken by
scanning the surface profile for at least a quarter revolution.

[0028] Alternatively, the measurements may be taken by
taking measurements of the surface profile as the probe is
moved radially towards or away from the surface at least two
different locations.

[0029] A second aspect of the invention comprises a
method of measuring an object with a coordinate positioning
apparatus, comprising the following steps, in any suitable
order:

[0030] placing the object within the working volume of
the coordinate positioning apparatus;

[0031] measuring the object with a workpiece contact-
ing probe to create measurement data of the object, the
measurement data being collected at multiple stylus
deflections;

[0032] for at least one location on the surface of the
object, determining a function or look up table relating
the measurement error data to the stylus deflection;

[0033] for said at least one location on the surface of the
object, using the function or look up table to determine
the measurement data corresponding to zero stylus
deflection;

[0034] and outputting the measurement data corre-
sponding to zero stylus deflection as the measurement
of the object.

[0035] A third aspect of the invention comprises a method
of measuring an object using a surface sensing device
mounted on a coordinate positioning apparatus, the method
comprising:

[0036] (a) measuring a single surface point of a feature
of the object with the surface sensing device;
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[0037] (b) moving the surface sensing device along a
path around the feature at a fast speed, thereby taking
measurements along the path, including at the surface
point;

[0038] (c) determining the difference between the mea-
surement of the surface point in step a) and in step b);
and

[0039] (d) using the difference determined in step c) to
apply a correction to the object or subsequent objects
having the same feature.

[0040] The surface point may be measured in step (a) at a
slow speed. The measurement of the surface point in step (a)
may be determined by taking multiple measurements of the
surface point at different stylus deflections or probe forces
and extrapolating the measurement data to that correspond-
ing to zero stylus deflection or zero probe force.

[0041] The coordinate positioning apparatus may com-
prise an articulating probe head which can rotate a surface
sensing device about two or more axes and wherein the step
of moving the surface sensing device along a path in step (b)
is achieved by motion of articulating probe head.

[0042] The feature may have a centre line and wherein in
step (b) the articulating probe head is positioned at the centre
line.

[0043] The surface sending device may be a measurement
probe.

7. A method according to claim 6 wherein the measurement
probe is a contact probe, having a workpiece contacting
stylus which is deflectable from a rest position. The mea-
surement probe may comprise a non contact probe.

[0044] A fourth aspect of the present invention provides
apparatus for measuring an object using a surface sensing
mounted on a coordinate positioning apparatus, the appara-
tus comprising a controller for carrying out the following
steps:

[0045] (a) positioning the surface sensing device to
measure a surface point of a feature of the object;

[0046] (b) moving the surface sensing device along a
path around the feature at a fast speed, thereby taking
measurements along the path, including at the surface
point;

[0047] (c) determining the difference between the mea-
surement of the surface point in step a) and in step b);
and

[0048] (d) using the difference determined in step c) to
apply a correction to the object or subsequent objects
having the same feature.

[0049] The surface point may be measured in step (a) at a
slow speed. The measurement of the surface point in step (a)
may be determined by taking multiple measurements of the
surface point at different stylus deflections or probe forces
and extrapolating the measurement data to that correspond-
ing to zero stylus deflection or zero probe force.

[0050] The coordinate positioning apparatus may com-
prise an articulating probe head which can rotate a surface
sensing device about two or more axes.
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[0051] The feature may have a centre line and wherein in
step (b) the articulating probe head is positioned at the centre
line. The intersection of said two or more axes may be
positioned at the centre line.

[0052] The surface sensing device may comprise a mea-
surement probe. The measurement probe may comprise a
contact probe, having a workpiece contacting stylus which
is deflectable from a rest position. The measurement probe
may comprise a non contact probe.

[0053] Preferred embodiments of the invention will now
be described with reference to the accompanying drawings
in which:

[0054] FIG.1is a schematic diagram of an analogue probe

mounted on a coordinate measuring machine;

[0055] FIG. 2 is a schematic representation of several
different constant stylus deflection scans around an object;

[0056] FIG. 3 is a graph illustrating probe deflection
against object diameter;

[0057] FIG. 4 is a graph illustrating probe force against
probe deflection;

[0058] FIG. 5 is a graph illustrating the radial error against
probe deflection

[0059] FIG. 6 is a schematic illustration of the static
correction vectors;

[0060] FIG. 7 is a schematic representation of several
different constant force scans around an object;

[0061] FIGS. 8-10 are schematic illustrations of a feature
being deflected under measurement force;

[0062] FIG. 11 illustrates the real diameter and the mea-
sured diameter of a feature having low stiffness;

[0063] FIG. 12 is a schematic illustration of the dynamic
correction vectors;

[0064] FIG. 13 illustrates the scan profiles during the
method of a second embodiment of the invention;

[0065] FIG. 14 shows a portion of the scan profiles of FIG.
13;
[0066] FIG. 15 illustrates a workpiece being measured

according to a third embodiment of the invention;

[0067] FIG. 16 is a schematic representation of a scan with
a sinusoidally varying stylus deflection around an object;

[0068] FIG. 17 is a schematic representation of a scan with
a single sinusoidally varying stylus deflection around an
object;

[0069] FIG. 18 illustrates a section of the scan profile of
FIG. 17;

[0070] FIG. 19 illustrates a graph of a function relating
part measurement R and probe force F;

[0071] FIG. 20 illustrates a bore being scanned using the
scan profile shown in either of FIG. 21 or 22;

[0072] FIG. 21 illustrates a scan profile in which a bore is
scanned a complete revolution and a quarter revolution;
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[0073] FIG. 22 illustrates a scan profile in which a bore is
scanned a complete revolution and then radially at two
locations;

[0074] FIG. 23 is a graph illustrating a radial measurement
used in the scan profile of FIG. 22;

[0075] FIG. 24 illustrates an articulating probe head
mounted on a coordinate measuring machine (CMM);

[0076] FIG. 25 illustrates an articulating probe head
aligned with the central axis of a bore;

[0077] FIG. 26 shows the articulating probe head of FIG.
25, positioned so that the probe tip contacts the edge of the
bore;

[0078] FIG. 27 illustrates the correct dimensions and the
measured dimensions of a bore measured by a measurement
probe mounted on a CMM; and

[0079] FIG. 28 illustrates the measured dimensions during
the measurement of a bore in which the bore is over-
scanned.

[0080] In a first step of the invention, a measurement force
error map is generated for an object. This is achieved by
mounting an analogue probe 10 on the quill 12 of a coor-
dinate measuring machine (CMM) (not shown) as illustrated
in FIG. 1. The analogue probe 10 has a deflectable stylus 14
with a workpiece contacting tip 16. The object 18 to be
measured is mounted on the CMM machine table 20 and the
probe 10 is driven slowly by the machine quill 12 in a path
around the object. The object 18 is first scanned along a path
at a first constant probe deflection, for example 300 pm. The
object is then scanned along this path at one or more
different subsequent probe deflections. For example, the part
may be scanned a second time with a probe deflection of 200
pum and a third time with a probe deflection of 100 um. FIG.
2 shows a representation of the object 18 and the measure-
ments obtained from the first 22, second 24 and third 26
scans around it. Each point on the object 18 will thus have
three different measurements A, B, C, resulting from the
three different scans at different probe deflections. For each
point on the object, the measurements may be extrapolated
back to calculate the measurement which would have been
taken if the probe deflection was zero. FIG. 3 shows a graph
of the probe deflection against object diameter. The actual
object diameter is shown at zero probe deflection. The step
of extrapolating to zero probe deflection allows the mea-
surements at zero probe deflection to be determined without
the errors of actual measurement, caused by probing force
errors. A passive probe is suitable for use in this method,
such a probe may comprise a stylus deflectable against
springs.

[0081] This information enables a measurement force
error map of the part to be produced. If the scans of the part
were taken at a slow speed, this results in negligible dynamic
errors due to very low accelerations of the probe and
machine.

[0082] FIG. 4 shows the relationship of probe force
against probe deflection. The probe acts within Hook’s law
such that when there is zero probe force, there is zero probe
deflection.

[0083] FIG. 5 illustrates the relationship of radial error
against probe deflection. Points A, B and C relate to the
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radial error at probe deflection 100 um, 200 um and 300 pm
respectively. By using these points to extrapolate to zero
probe deflection, zero radial error is achieved. Once the
function relating probe deflection and radial error has been
determined, a subsequent measurement taken at any probe
deflection, for example point P, may be corrected to zero
radial error using this function. As there is a linear relation-
ship between probe deflection and radial error, the function
for correcting measurements at a given probe deflection is
also linear.

[0084] Alternatively the measurement force error may be
in the form of an error map. This could be in the form of a
look-up table, with different error corrections for different
stylus deflections. The error map could be in the form of a
polynomial function.

[0085] FIG. 6 shows the error corrections for points on the
scan. Each point on the scan has a different radial correction
38 which is applied for a certain stylus deflection. If a
subsequent object is scanned at a stylus deflection of 300 um
36, the measurement force error function or map may be
used to correct the measured dimensions 36 taken at this
stylus deflection to the actual part dimensions 34 corre-
sponding to the part being scanned at a deflection of O um.

[0086] This method is not limited to each scan having a
constant deflection, as long as points on the object surface
have measurement data corresponding to different stylus
deflections to enable the measurement data to be extrapo-
lated to zero. For example, FIG. 16 illustrates a first scan
profile 60 around an object 18 taken at constant deflection
and a second scan profile ID 62 taken using a sinusoidally
varying deflection. Points P1, P2, P3 on the object surface
thus each have two measurements taken at different probe
deflections. This measurement data may be extrapolated to
zero as previously described.

[0087] TItis also possible to collect sufficient measurement
data during a single varying scan profile. FIG. 17 illustrates
a single scan profile 70 around an object 18, the scan profile
70 being taken using a sinusoidally varying stylus deflec-
tion. FIG. 18 illustrates a section of the scan profile 70. Over
a small angle 72, scan profile 70 contains many data points
taken at different stylus deflections. Assuming changes in the
surface are small over angle 72 (eg part deflection and
uniformity of surface), these data points taken at different
stylus deflections over angle 72 may be used for the extrapo-
lation to zero calculation. This is also possible if there is a
change in the surface profile over angle 72, as long as the
change can be assumed to be linear.

[0088] Alternatively, instead of scanning the object sev-
eral times at different probe deflections, it may be scanned
several times with the probe having a different constant force
for each scan. For example, the object may be first scanned
with a constant force between the stylus and the object of
0.3N. The object may then be scanned a second time with a
constant force of 0.2N and a third time with a constant force
0f' 0.1 N. Each of these scans may have the same or different
stylus deflections. FIG. 7 shows a representation of the
object 18 with an actual part dimension 34 and the measured
dimensions obtained from the first 28, second 30 and third
32 scans at different constant probe forces.

[0089] As before, for a point on the surface of the object,
there are three sets of data relating to the scans at different
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probe forces. This data may be extrapolated back to enable
the point which would be measured with zero force between
the stylus and workpiece (i.e. the actual part dimensions) to
be determined. As described previously, an error function or
map may be created relating measurements taken at a given
probe force to the correct measurements for a given point
determined for zero probe force by the extrapolating to zero
technique. Subsequent measurements at a given probe force
may be corrected for measurement force errors using this
measurement error function or map.

[0090] As with the previous method, sufficient data may
be collected from a single scan of varying probe force (eg
having a sinusoidal profile) to do the extrapolate to zero
calculation.

[0091] This method is suitable for use in an active scan-
ning probe, in which a motorised mechanism is used to
control and modulate the contact force with the component
to be measured.

[0092] The object may comprise a part of a series of parts
to be measured. In this case a measurement force error map
of this part is produced by this method. Alternatively, the
object may comprise an artefact having features correspond-
ing to the features on the parts to be subsequently measured.
These features may be, for example, spheres, ring gauges,
plug gauges etc. Use of the artefact allows geometric errors
in addition to the probing force measurement errors, to be
determined. Geometric errors are errors of the machine and
probe, for example non-linearity of the machine scales or the
machine axes not being straight. As the forms of the features
on the artefact are known, they may be used to correct for
geometric errors of the machine and probe. This may be
done by comparing the extrapolated to zero data of the
artefact with the known form of the artefact and producing
a geometric error map to correct subsequent parts with.

[0093] This method may also be used to directly measure
a part, without first creating an error map.

[0094] As previously described, a first measurement R, of
the part is obtained at a first probe deflection or probe force
F, and a second measurement R, of the part is obtained at a
second probe deflection or probe force F,. This may be
repeated for subsequent measurements R at different probe
deflections or probe forces F,. A function relating measure-
ment data of the part to the probe deflection or probe force
is determined from the measurements R,, R, of the part and
corresponding probe deflections or probe forces F,, F,. This
function may be a linear or higher order curve (e.g. a
parametric curve). The function is used to extrapolate the
measurement data to provide the measurement data R, of the
part relating to zero probe force F,. However in this embodi-
ment, the measurement data R,, corresponding to zero probe
force is calculated “on the fly”, and thus without the require-
ment to first calculate an error map of the part.

[0095] The probe force (or stylus deflection) is considered
to be zero when the force is at a level which does not cause
any substantial measurement error.

[0096] FIG. 19 illustrates a linear function relating part
measurement R and probe force F determined from the
measurement data R, R, and the corresponding probe force
F, and F,. In this case, R, is determined by the equation:
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As described previously, at least one of the sets of measure-
ment data may be obtained during a scan with non-constant
probe deflection or probe force, for example a sinusoidal
scan. Alternatively, a single scan of the part with varying
probe deflection or probe force may enable sufficient data to
be collected for the “on the fly” extrapolation calculation.

[0097] Tt is not a requirement to have two complete scans
of the feature to be measured. For example, FIG. 20 illus-
trates a bore 80 which is being scanned by a probe 82. FIG.
21 shows the scan profile of the bore, which is measured a
first time 84 at a first probe deflection or force for a complete
revolution. The bore is then scanned a second time 86 at a
second probe deflection or force for a quarter revolution.
The first 84 and second 86 scans may be at constant or
variable probe deflection or probe force. As in previous
embodiments, the data from the first and second scans are
used to determine the surface measurement at points on the
bore surface at zero probe force by extrapolation to zero. The
data from the quarter scan 86 has sufficient information
about the errors along the X and Y axes that scan data may
be corrected around the whole circumference of the bore
using this data.

[0098] The quarter scan may be replaced by two radial sets
of measurements. For example FIG. 22 illustrates a scan
profile of the bore in FIG. 20 in which the bore is scanned
a first time 84 as before. Instead of the second quarter scan,
the probe is brought radially towards and away from the
surface of a bore at a first position 88, whilst taking surface
measurements at different probe deflections or probe forces.
FIG. 23 is a graph illustrating probe deflection against
surface measurement for measurements taken at a point on
the bore surface as the probe is moved radially towards the
bore surface. This is repeated at a second position 90 on the
bore surface, spaced angularly from the first. Preferably the
radial measurements are 90° apart for ease of extracting the
corrections along the X and Y axes, however the radial
measurements may be spaced at different angles. As before,
extrapolation to zero at the two radial positions enables a
true measurement relating to zero probe force to be deter-
mined at two positions. Thus the error corrections relating to
X and Y may be determined and hence measurements may
be corrected across the whole bore.

[0099] This method is adequate when the walls of the
feature being measured are sufficient thick so that there is no
significant local part deflection, which would affect the
correction at local areas of the bore.

[0100] A look up table may be provided as an alternative
to a function. The look up table is produced from the same
data that would define a function.

[0101] This method has the advantage that the errors due
to probing force measurement errors and geometric errors
can be separated. This would not be the case if, for example,
measurement data from a scan with 300 pm deflection is
compared with the known form of the artefact. In this case
the probing force measurement error and geometric error
would be combined into one correction and it would not be
possible to separate them.
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[0102] This method of correcting for separate measure-
ment force errors and geometric errors has the advantage
that it takes into account the errors due to deflection of the
object being measured. Objects with low stiffness and/or
thin walls may deflect with the probing force whilst being
measured.

[0103] FIG. 8 illustrates a feature 50 to be measured which
has low stiffness. When the feature is contacted with a probe
10, as shown in FIGS. 9 and 10, the feature deflects away
from the probe. This deflection of the feature caused its
diameter measured at force F to appear smaller than its
actual diameter. FIG. 11 illustrates the actual diameter 52 of
the feature and the measured diameter 54 using a probe force
F. Similarly, the inner diameter of a ring would appear larger
than its actual diameter for the same reason. At zero probe
deflection or zero probe force there will be zero deflection of
the feature. Thus the measurement force error function or
map created by the method of this invention takes account
of these errors by this extrapolating to zero step.

[0104] In a second step of the invention, the dynamic
errors of the system are determined. Dynamic errors may be
caused, for example, by machine bending due to accelera-
tion. Once the measurement force error function or map has
been produced as described above, the object is scanned at
a high speed. The high speed scan is carried out at either
constant probe deflection or constant force, as above. In
addition, the high speed scan is preferably performed at a
constant speed. The measurement data from this fast scan is
compared with the measurement force error corrected slow
scan relating to the actual dimensions of the object, pro-
duced as described in the first step of the invention. A
dynamic error function or map may be produced by com-
paring the fast scan and the measurement error corrected
slow scan. This dynamic error map is used to correct
subsequent scans taken at a fast speed.

[0105] The subsequent scans do not need to have the same
stylus deflection or probe force as the original fast scans as
the dynamic error function relates the error to the deflection
or force. However it is desirable to use a similar fast speed
for the subsequent scans.

[0106] FIG. 12 illustrates the measurements taken during
the fast scan 40 and the actual dimension 42 of the object
created by measurement force error correcting the slow scan
as previously described.

[0107] The dynamic error map has been combined with
the measurement force error map or function to create a total
feature map. This is done by adding the measurement force
error correction vectors 38 around the part illustrated in FIG.
6 with the dynamic error correction vectors around the part
to create combined correction vectors 44 illustrated in FIG.
12.

[0108] This method has the advantage that as the mea-
surement errors are determined by scanning the object at
different probe deflections or different forces, the measure-
ment errors are known for every point on the surface of the
object. Thus no interpolation is required.

[0109] In a second embodiment of the invention, the
measurement force errors and the dynamic errors may be
determined in combination. Such a method will now be
described with reference to FIGS. 13 and 14.
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[0110] In a first step, an object is scanned at a slow speed
for example 10 mm/s with a first deflection, for example 200
um. FIG. 13 shows the profile of the slow scan S1. The
object is then scanned along the same path at a fast speed,
for example 100 mm/s and at a second deflection, for
example 100 pm. FIG. 13 shows the profile of the fast scan
F1. The object is then scanned along the same path at the fast
speed 100 mm/s and at the first deflection 200 um. FIG. 13
shows the profile of the fast scan F2.

[0111] FIG. 14 shows a portion of the S1, F1 and F2 scan
profiles around the object. F1 and F2 are profiles for scans
of the same fast speed (100 mm/s) but different deflections
(100 um and 200 pm respectively). By extrapolating to zero
deflection, the profile of the object for a high speed (100
mm/s) scan with zero deflection can be determined. This
profile is shown as HSZD on FIG. 14. The error due to
deflection of the F2 scan may thus be determined. This
deflection error is shown as e, on FIG. 14.

[0112] As scans S1 and F2 were carried out with the same
probe deflection (200 um), the deflection error e;, may be
applied to the profile of scan S1 to find the profile corre-
sponding to a scan at low speed with zero deflection. This
profile is shown as L.SZD on FIG. 14 and corresponds to the
surface of the object.

[0113] The LSZD is now used as a base line. The error
between the LSZD baseline and the F2 scan is now deter-
mined. This is labelled e, on FIG. 14. The errors e, may be
stored as a correction map or function.

[0114] Subsequent objects may now be measured at a
speed and deflection corresponding to scan F2 and corrected
using the correction map or function.

[0115] This method may be used with a force-measuring
probe rather than a deflection-measuring probe. In this case,
scans S1 and F2 are carried out at a first probe force and scan
F1 is carried out at a second probe force. The two fast scans
must then be extrapolated to zero force to determine the high
speed zero force profile and thus the error due to force of the
F2 scan may be determined.

[0116] The measurements of the object during the S1, F1
and F2 scans may be determined by using either a scanning
probe or a touch trigger probe. A touch trigger probe may be
electronically loaded so that it triggers at a certain force.
Thus during the S1 and F2 scans the probe is loaded to
trigger at a first force and during the F1 scan the probe is
loaded to trigger at a second force, enabling the two fast
scans to extrapolate to zero force.

[0117] It is not necessary for the slow scan S1 to have the
same stylus deflection or probe force as the fast scan F1.
This is because the relationship between stylus deflection/
probe force and measurement error is determined at the fast
speed from scans F1 and F2, which enables comparison with
any stylus deflection/probe force at the slow speed.

[0118] A third embodiment of the invention will now be
described with reference to FIG. 15. A stylus 10 of a probe
is driven into contact with a surface of an object 18 along a
path 46 in a direction normal to the object’s surface until a
predetermined stylus force has been reached. This step is
repeated along the same path for a plurality of different
predetermined stylus forces. The measurement data along
this path is used to extrapolate back to enable the point
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which would be measured with zero forces between the
stylus and workpiece to be determined. This is the nominal
object measurement.

[0119] This process is repeated for a selection of datum
points around the surface of the object. The data from each
of these datum points is used to create an error map as
previously described to correct subsequent measurements.
Measurements of the surface of the object between the
datum points are corrected by interpolating the error map
between the datum points.

[0120] This method is suitable where the measurement
probe is mounted on an articulating probe head which in turn
is mounted on a coordinate positioning apparatus, such as a
CMM. The articulating probe head enables the measurement
probe mounted on it to be rotated about two or more axes.
The articulating probe head can be considered as part of the
coordinate positioning apparatus.

[0121] FIG. 24 illustrates a CMM 81 comprising a quill 83
moveable along X, Y and Z axes and a table 85 on which a
workpiece 87 is mounted. Such a CMM is well known and
will not be described further. An articulating probe head 91
is mounted on the quill of the CMM 81. Such an articulating
probe head is described in more detail in WO 90/07097
which is herein incorporated by reference. The articulating
probe head comprises a first housing 94 rotatable about a
first axis Al and a second housing 96 rotatable about a
second axis A2. A measurement probe 92 is mounted on the
articulating probe head 91 and can thus be rotated about the
Al and A2 axes by the articulating probe head and translated
along the X, Y and Z axes by the CMM. A controller 89 is
provided which outputs command signals to the CMM and
articulating probe head and which receives inputs from the
transducers of the CMM, articulating probe head and mea-
surement probe. The controller may be a bespoke device or
software on a computer. Subsequent manipulation of the
measurement data, error determination and correction may
also occur in the controller.

[0122] The articulating probe head provides rotation of the
measurement probe about two axes and the CMM provides
linear translation of the articulating probe head about three
axes. Thus the coordinate positioning apparatus comprising
the articulating probe head mounted on the CMM provides
motion in 5 axes to the measurement probe. The articulating
probe head may have an additional axis of rotation, for
example rotating the measurement probe about its longitu-
dinal axis.

[0123] A fourth embodiment of the invention will now be
described with reference to FIG. 25. In this embodiment, the
apparatus illustrated in FIG. 24 is used, i.e. a measurement
probe 92 is mounted on an articulating probe head 91 which
in turn is mounted on a CMM 81 or other suitable coordinate
positioning apparatus. The measurement probe is a scanning
probe, in which the transducers of the probe measure the
deflection of the probe from a rest position.

[0124] FIG. 25 illustrates a surface 104 of a workpiece
having a vertical bore 100 with a centre line 102. In a first
step the articulating probe head 91 is aligned with the central
axis 102 of the bore 100. The measurement probe 92 is
rotated about one axis (in this case the A2 axis) to bring it
into contact with the surface of the bore 100 and a mea-
surement is taken of surface point 106. This may be carried
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out a slow speed to minimise any dynamic errors. Alterna-
tively, the measurement of surface point 106 could be taken
by using the CMM or a combination of the CMM and
articulating probe head to move the measurement probe,
although this has the disadvantage of a more complex
motion.

[0125] As illustrated in FIG. 26, the measurement probe
92 is then rotated about the central axis 102 of the bore 100
by the articulating probe head at a fast speed (in this case by
rotating the articulating probe head 91 around the Al axis),
whilst surface measurements are recorded. The measure-
ment probe is rotated sufficiently to ensure that the surface
point 106 is measured in this step.

[0126] At the single point 106 where the measurement
probe first contacted the surface there are two measure-
ments, one corresponding to the measurement when the
probe initially contacted the surface and a second when the
measurement probe was rotated about the central axis of the
bore at a fast speed. The second measurement will have been
effected by dynamic errors whilst the first measurement will
not. The difference between the measurements is the radial
error, which is caused by dynamic error.

[0127] During the measurement of the bore at fast speed,
the radial error of the measurements around the circumfer-
ence will be similar. If the articulating probe has uniform
stiffness, there will be constant acceleration during the
measurement. The bending of the structure (articulating
probe head, CMM and probe) is thus uniform, resulting in
the radial error being the same throughout. Therefore, the
correction factor generated for the surface point 106 can be
applied to all the measurements around the circumference of
the bore. Even if the acceleration is not constant throughout
the measurement of the bore (i.e. through non uniform
stiffness of the articulating probe head), the variation in
bending of the structure and thus radial error is sufficiently
small to be able to apply the same correction to the mea-
surements around the bore.

[0128] This method therefore has the advantage that a
single measurement point can be used to correct all the high
speed measurement of a feature, thus reducing the time
taken to measure the feature.

[0129] The initial measurement of the surface point 106
may be taken using an extrapolation to zero technique, an
example of which is described in WO00/62015 which is
incorporated herein by reference.

[0130] The initial measurement is taken by driving the
measurement probe into the surface of an object along its
normal, until a predetermined stylus deflection has been
reached. The outputs of the transducers of the coordinate
positioning apparatus and measurement probe are simulta-
neously recorded on one or both of moving the probe toward
or away from the surface. The measurements are extrapo-
lated to determine the measurement which would have been
taken when the probe deflection is zero. This extrapolated
value relates to when the probe is just in contact with the
surface. This method enables an accurate measurement of
the surface point to be taken, which is not effected by
dynamic or static errors, as there is zero force between the
stylus tip and workpiece at the extrapolated value.

[0131] Although FIGS. 24-26 illustrate a contact measure-
ment probe, this method is also suitable for a non contact
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measurement probe, such an optical, capacitance or induc-
tance probe. Even though these probes do not contact the
surface, the machine structure still bends due to acceleration,
thus radial errors are still created.

[0132] Although the embodiment described with reference
to FIGS. 24-26 describes the use of an articulating probe
head, this method is also suitable for use with a probe
mounted directly on a CMM or other coordinate positioning
apparatus. In this case, the coordinate apparatus may not
have uniform stiffness along each axis. For example the X
axis may be stiffer than the Y axis. FIG. 27 illustrates the
correct dimensions 110 and the measured dimensions 112
during the measurement of a bore. In this example the X axis
is stiffer than the Y axis, resulting in a smaller radial error e
in the X axis than the Y axis. However, by measuring the
radial error e at one point as described above and applying
a corresponding correction to all the measurements, the
accuracy of the measurements will still be improved.

[0133] When measuring a circular feature, the speed dur-
ing the measurement may not be constant as the coordinate
positioning apparatus (whether or not it includes an articu-
lating probe head) starts at zero speed, ramps up to constant
speed and then ramps down to zero speed during the scan.
The change of speed has an effect on the bending of the
structure, causing the radial error to change. This may be
overcome by over-scanning the feature, as illustrated in FIG.
28, which illustrates the correct dimensions 114 and the
measured dimensions 116 during the measurement of a bore.
As illustrated in FIG. 28, a measurement point 118 is taken.
Starting at this point, the feature is measured by ramping up
the speed to constant speed. FIG. 28 shows how the change
in radial error of the section of the curve 120 at which the
measurement speed is changing. At point 122 the probe is
moving at constant speed and radial error is now constant.
The feature is measured at constant speed until point 118
where the first measurement was taken has been measured a
second time. The measurement speed is then decreased, as
shown by the portion of the curve. Preferably, the overlap is
such that the whole of the feature has been measured at
constant speed. The radial error e is determined from the
difference between the measurement point from the first
measurement 118 and that at constant speed 116. This is then
applied to all the constant speed data.

[0134] The method described with reference to FIGS.
24-28 is suitable for measuring circular features, for
example bores, bosses and cylinders.

[0135] This method is suitable for error correction on a
workpiece being measured. It is also suitable for generating
an error function or map for a workpiece in a series which
can be used to correct error in subsequent workpieces in the
series. Likewise, it car be used to generate an error function
or map for an artefact which has features which correspond
to features of a workpiece in a series of workpieces. Such an
artefact would typically have features of the same dimen-
sions as the workpiece and/or in the same locations as the
workpiece.

1. A method of measuring an object using a surface
sensing device mounted on a coordinate positioning appa-
ratus, the method comprising:

(a) measuring a single surface point of a feature of the
object with the surface sensing device;
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(b) moving the surface sensing device along a path around
the feature at a fast speed, thereby taking measurements
along the path, including at the surface point;

(c) determining the difference between the measurement
of the surface point in step a) and in step b); and

(d) using the difference determined in step c) to apply a
correction to the object or subsequent objects having
the same feature.

2. A method according to claim 1 wherein the surface

point is measured in step (a) at a slow speed.

3. A method according to claim 1 wherein the measure-
ment of the surface point in step (a) is determined by taking
multiple measurements of the surface point at different
stylus deflections or probe forces and extrapolating the
measurement data to that corresponding to zero stylus
deflection or zero probe force.

4. A method according to claim 1 wherein the coordinate
positioning apparatus comprises an articulating probe head
which can rotate a surface sensing device about two or more
axes and wherein the step of moving the surface sensing
device along a path in step (b) is achieved by motion of the
articulating probe head.

5. A method according to claim 4 wherein the feature has
a centre line and wherein in step (b) the articulating probe
head is positioned at the centre line.

6. A method according to claim 1 wherein the surface
sending device is a measurement probe.

7. A method according to claim 6 wherein the measure-
ment probe is a contact probe, having a workpiece contact-
ing stylus which is deflectable from a rest position.

8. A method according to claim 6 wherein the measure-
ment probe is a non contact probe.

9. Apparatus for measuring an object using a surface
sensing device mounted on a coordinate positioning appa-
ratus, the apparatus comprising a controller for carrying out
the following steps:

(a) positioning the surface sensing device to measure a
surface point of a feature of the object;
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(b) moving the surface sensing device along a path around
the feature at a fast speed, thereby taking measurements
along the path, including at the surface point;

(c) determining the difference between the measurement
of the surface point in step a) and in step b); and

(d) using the difference determined in step c) to apply a
correction to the object or subsequent objects having
the same feature.

10. Apparatus according to claim 9 wherein the surface

point is measured in step (a) at a slow speed.

11. Apparatus according to claim 9 wherein the measure-
ment of the surface point in step (a) is determined by taking
multiple measurements of the surface point at different
stylus deflections or probe forces and extrapolating the
measurement data to that corresponding to zero stylus
deflection or zero probe force.

12. Apparatus according to claim 9 wherein the coordi-
nate positioning apparatus comprises an articulating probe
head which can rotate a surface sensing device about two or
more axes.

13. Apparatus according to claim 12 wherein the feature
has a centre line and wherein in step (b) the articulating
probe head is positioned at the centre line.

14. Apparatus according to claim 13 wherein the inter-
section of said two or more axes is positioned at the centre
line.

15. Apparatus according to claim 9, wherein the surface
sensing device is a measurement probe.

16. Apparatus according to claim 15 wherein the mea-
surement probe is a contact probe, having a workpiece
contacting stylus which is deflectable from a rest position.

17. Apparatus according to claim 15 wherein the mea-
surement probe is a non contact probe.



