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Apparatus and method for surface measurement

The present invention relates to an apparatus and method for measuring a surface
feature, in particular by forming a digitized image of the surface. The invention

also relates to a method of adaptive scanning using an articulating probe head

capable of orienting a surface sensing device about two or more axes mounted on

* a coordinate positioning machine, such as a coordinate measuring machine

(CMM), machine tool, articulating arm, etc.

It is common practice, after workpieces have been produced, to inspéc_t them on a
co-ordinate measuﬁng machine (CMM) having a quili which can be driven in
three oﬁhogonal 'directiéns, X,Y,Z, within a working volume of the machine. The
quill may carry a measurement probe which produces a signal when it detects a
surface of the workpiece being inspected, for example by contact between a étylus

of the measurement probe and the surface.

Commonly, the CMM.includes a computer programmed to take a series df .
readings of co-ordinate data at various locations on the workpiece, in order to
perform a complete inspection of desired dimensions of the workpiece. A
determination can then be made as to Whether the workpiece is of acceptable

quality, or whether it should be rejected.

An analogue (or scanning) contact probe typically compArises a housing with a
deflectable stylus. The stylus has a» surface contacting tip and deflection from its
rest position 1s measured by transducers. The combinatioﬁ of stylus deflection
wit.h CMM positioh is used to determine the location of t_ﬁe stylus tip (and hence
the coordinates of the point on the surface in which it is in contact). Such an |

analogue probe is described GB 1551218.

It is known to mount a measurement probe on an articulating probe head which

enables the orientation of the measurement probe to be varied, typically about two

CONFIRMATION COPY
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or more axes. Such an articulating probe head is described in European pafent EP
0402440. The articulating probe enables rotation about first and second orthogonal

axes. Motors and transducers are provided in the articulating prbbe head to enable

the measurement probe to be continuously positioned about rotation axes of the

articulating probe head with the position being feedback to a computer.

A feature which has proved difficult to measure ﬁsing conventional techm'qﬁes isa
valve seat. Valve seats are of particular importance to fhe automotive industry due |
to their use in the ihternal combustion engine. A badly fitting valve affects the
efficiency of the engine, due to a poor seal between the valve disk and valve seat
or by the location of the valve seat préventing the valve from opening fully. There
are four main factors in the machining of the valve seat which causes péor fitting.
The height of the valve seat in the valve body, which can prevent the valve from
opening or closing properly; the shape of the valve seat, which if nof uniformly
round can prevent a good ﬁt and therefore cause leakage; error in the lateral
position of the valve seat in the valve body,_ effecting the fit; and an error in the
angle of the valvé seat in the valve body, which can cause line contact oniy '

between the valve disk and valve seat.

© Valve seats are difficult and time consuming to measure by conventional

te’chnfques. Typically, a valve is conventionally measﬁred by taking measurements
along four lines from the top to the bottom of the valvc_é seat, each line spaced 90
degreés about the _circumference of the valve seat; these m_easureinents enable the
profile of the valve seat to be determined. The circumferenée of the valve seat is
measured by following éifcuiar measurément paths at specific héights to
determine the form and co-centricity with the guide. These measurements are
typically taken with an analogue contact probe mounted on the quill of CMM and
have the disadvantage that measurement is slow. The measurements are used to _
determine if the diameter of the valve seat is within tolerance. However, data is
only available for the four measurement lines,(i.é. and not between them. Also,

due to the measurement point distribution, it is difficult to determine circularity of
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A first aspect of the present invention provides a method of determining the
dimensions and location of a surface feature, the method comprising the steps of:
'(a) creating a digitized image of a surface feature from multiple data points
acquired from surface measurement of the feature; |
| (b) fitting the digitized image to a nominal image of the surface.feature;
- . | .
~ (c) determining the deviation of the digitized image from the nominal

image to thereby determine at least one of the dimensions, location and form

deviation of the surface feature.

- The multiple data points acquired from surface measurement of the feature may be

‘collected by using a surface sensing device mounted on a coordinate positioning

apparatus. The surface sensing device may comprise a measurement probe with is
preferable mounted on an articulating probe head which enables rotation of the
measurement probe about two or more axes. The surface sensing device is
preferably a contact probe The coordinate position apparatus may comprise a
coordinate measunng machine (CMM) machine tool non Cartesian machine,

articulating arm, robotic arm or manual CMM.

The step of creating a 4digitized image is preferably carried out in software (i.e. by
a computer programme) Preferably the computer programme 1S prov1ded ona
carrier, such as a CD, USB stick or other medlum which when loaded onto a

computer carries out the invention. The computer program may also be

 downloaded directly from the internet.

The step of fitting the digitized image to a nominal image in step (b) is preferably
carried out by a best fit method, for example least squares. Preferably the muitiple
data points relate to a surface area greater than the surface area of the surface

feature. A different section of the digitized image may be fitted to a nominal
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. image in turn. Each section may be at a different position along a centre line of the .

surface feature
" The nominal image may comprise a CAD image of the surface feature. .

The deviation of the digitized image from the nominal image determined in step
(c) may be used to determine laferal position of the éurfaée feature within a part,
height of the surface feature within a part and angle of the surface feature within a
part. This deviation may be used to determine the coordinates of the surface

10 features or to determine whether the surface feature is within tolerance with

respect to the nominal data.

Preferably the fmiltiple data points are acquired from tactile surface measurement
of the feature. |

15 |
Preferably the surface measurements are collected from a spiral measurement

profile.

A second aspect of the invention provides a computer programme for determining
20 the dimensions and location of a surface feature, the computer programme
comprising code adapted to perform the steps outlined above when executed on a

computer.

A third aspect of the invention prbvides a method for scanning a surfaqé feature,
25 ° the surface» feature having a centre line and a non uniform radius, using a surface
~ sensing device mounted on an articulating head which enables rotation about two
or more axes, the articulatiné probe head being mounted on a coordinate
positioning apparatus, the method comprising the steps of:
programming the coordinate positioning apparatus to move the
30 articulating probe head along the centre line of the surface profile;

programming the articulating probe head to move the surface sensing
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device in a circle of constant radius;

determining whether the measurement probe is within its measurement
range whilst the measurements are being taken; and

adapting the motion of the articulating head so that the surface sensing

device is positioned at an angle to maintain it within its measurement range.

Preferable the surface sensing device is a measurement probe. It may comprise a

contact measurement probe and more preferably an analogue probe.

“Preferably the measurement is tactile measurement.

A fourth aspect of the present invention provides apparatus for scarining a.s.urface
feature, the surface feature having a centre line and a non uniform radius, using a
surface sensiﬁg device mounted on an articulating head which enables rotation
about two or more axes, the articulating probe head being mounted ona
coordinate positioning apparatus, and a computer, the computer capable of
carrying out the steps of: | '

programming the coordinate positioning épparatus to move the articulating
probe head along the centre line of the surface profile;

programming the articulating probe head to move the surface éensiﬁg
dcv{ice in a circle of constant radius; |

determining whether the measurement probe is within its measurement

range whilst the measurements are being taken; and

adapting the motion of the articulating head so that the surface sehsing

device is positioned at an angle to maintain it within its measurement range.

A fifth aspect of the present invention provides a method of detérmining the
dimensions and location of a valve seat, the method comprising the steps of:

(a) measuring the surface of the valve seat ;cllong a spiral path;

(b) creating a digitized image of the surface of the valve seat from multiple

data points acquired from surface measurement of the valve seét;
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(b) fitting the digitized image to a nominal image of surface of the valve

seat.
Preferably the measurement in step (a) is tactile measurement.

In a preferred embodiment, the method includes an additional step of determining
the deviation of the digitized image from the nominal image. The deviation may
be used to determine at least one of the dimensions, location and form deviation of

the surface feature.

Examples of preferred embodiments of the presént invention will now be
described with reference to the accompanying drawings wherein:

Fig 1 is a perspective view of a valve seat in a valve body;

Fig 2 is a side cross sectional view of the valve seat of Fig 1;

Fig 3 is a side view of a valve disc;

Fig 4 is a perspective view of an articulating probe head mounted on a
coordinate measuring machiné;

Fig Sisa perspective view of an articulating probe head and measurement '
probe;

Fig 6 is a schematic illustration of a valve seat being measured by a
measurement probe mounted on an articulating probe head;

‘Fig 7 is a flow diagram illustrating the steps of determining dimensions
and location of a surface feature; |

Fig 8 is a schematic illustration of the digitized. data of the valve seat; and

Fig 9 is a cross sectional side view of the conical surface of the valve seat.

Figs 1 and 2 illustrate perspective and cross sectional views of a valve seat
respectively. Fig 3 illustrates a side view of a valve disk for insertion into the
valve seat. These valves are of the type found in cylinder heads of automotive

engines, for example.
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The valve seat 10 is located in a valve body 12. The valve seat comprises a conical

surfaée. 14 defining a recess in the valve body, leading to a cylindrical aperture 16.

The valve disk 18 comprises a cylindrical stem 20 sized to fit snugly within the

_ cylindrical aperture of the valve seat. A disk member 22 is provided at one end of

the stem 20, the disk member 22 having a conical surface 24 on its circumferential
surfac;é. The valve seat and disk member of the valve disk have corresponding
conical surfaces 14, 24 which form a seal when the valve disk is inserted into the

valve seat.

A good fit between the conical surfaces of the valve seat and valve disk are
required for good operation of the valve. However, if the conical surface of the
valve seat is incorrectly shaped or positioned, the quality of the seal is
compromised. For example, the conical surface of the valve seat may be the
incorrect size or may not be accurately gircular. The conical surface may have
been machined in the wrong lateral position or the Wrong height or may have been

machined at the wrong ahgle.

Fig 4 illustrates the apparatus used to measure the valve seat according to the '
present invenﬁon_. The workpiece containing the valve seat is mounted on a
coordinate positioning apparatus, such as a coordinate measuring machine (CMM)
30. The CMM 30 has a table 32 on which the workpiece can be mounted. A Z
column is moveable in X, Y and Z relative to the table 32, this motion being
enabled by a series of carriages 36, 38, 34 able to move in X,Y and Z respectively,
each of the carriages being provided with bearing arrangements, motors and

transducers (not shown). .

An articulating probe head 40 is mounted on the Z column 34 of the CMM, which
provides rotational motion of a surface sensing device such as a measurement
probe mounted on it. The articulating probe head is described in more detail with

reference to Fig S.
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As illustrated in Fig 5, the articulating scanning head 40 comprises a fixed part
formed by a first housing 42 mounted onto the Z column 34. The first housing 42
supports a movable part 46 which is rotatable by a motor (not shown) relative to

the first housing 42 about an axis Al. The movable part 44 is secured to a second

‘housing 46 which in turn supports a shaft 48 rotatable by a motor (not shown)

relative to the housing 46 about an axis A2, substantially perpendicular to the axis

Al.

A surface sensing device, in this example a contact measurement probe 50, is

_ mounted on the shaft 48 of the articulating probe head. The contact measurement

probé 50 is provided with a probe housing 52 and deflectable stylus 54 having a ‘

workpiece contacting tip 56.

The arrangement described above is such that the motors of the articulating probe
head can position the workpiece contacting tip 56 of the measuferriént probe 50
angularly about the axes Al or A2 and the motors of the CMM (not shown) can
position the articulating probe head linearly anywhere within the three-

dimensional coordinate framework of the CMM to bring the stylus tip into a

predetermined relationship with the surface being scanned.

Linear position transducers (not shown) are provided on the CMM for measuring
linear displacement of the articulating probe head and angular positioﬁ transducers
are provided in the ai’ticulating probe head (not shown) for measuring angular

displacement of the stylus about the respective axes Al and A2. The

measurement probe is also provided with transducers to determine deflection of

the stylus.

- The motion of the CMM and the articulating probe head is controlled by a

controller, which may comprise a bespoke controller or a personal computer (PC)

58. The controller sends a drive command to the CMM and articulating probe

“head to drive their respective motors and thereby position the measurement probe.
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The controller receives feedback from transducers in the CMM, articulating probe
head and measurement probe which enable it to determine the position of the

probe tip.

The articulating probe head may be mounted on other types of coordinate
positioning apparatus, such as on the spindle of a machine tool, a manﬁal CMM;
robotic arm or articulating arm.- The coordinate measuring machine is not limited
to being a Cartesian type machine, as described in Fig 4, it may also be a non-

cartesian type, as described in international patent application WO 95/20747.

The conical surface of the valve seat is measured using the technique for
measuring bores as disclosed in W090/07097 but by adapting the scan to take into

account for the non uniform radius (i.e. a conical rather than a cylindrical surface).

Fig 6 illustrates a side view of a vertical valve seat being scanned by the apparatus

illustrated in Figs 4 and 5.

In a first step the centre line of the valve seat and maximum radius is determined,
e.g. from CAD data or direct measurement.. The regions of the valve seat just
above and below the valve seat are also measured, so this must bc taken into

account in choosing the maximum radius.

The ceﬁtre of rotation of the articulating probe head (i.e. the intersection of the A1

and A2 axes) is aligned with the centre line of the valve seat. The A2 head angle
of the articulating probe head (i.e. position of shaft 48 about axis A2) is adjusted
so that the workpiece contacting tfp 56 of the measurement probe 50 contacts the
inner surface of the valve seat, just above the conical surface. The A1l head angle
of the articulating head (i.e. the position of member 44 about axis Al) can be
adjusted to move the workpiece contacting tip 56 in a circular path about the

centre line of the valve seat.
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A spiral scan of the region of the valve seat including the conical surface is
performed by moving the articulating probe head along the centre line whilst
moving the workpiece contacting tip in a circular path aboutthe Al axis. Use of

the spiral profile has the advantage of performing the measurement in a single

scan and this profile also benefits from the higher dynamic response of the

articulating probe head than the CMM.

This motion of the CMM and articulating head creates a spiral scan path along a
cylindrical surface. However, the scan is adapted during its course to
accommodate the actual shape of the region being measured (i.e. a conical

surface).

The measurement probe is kept within a defined measurement range, such as a
defined stylus deflection raﬁge (e.g. between 40-50 microns). If the deflection 1s
outside the range, the head angles of the articulating probe head are adjusted to
return the deflection to within its range. In this way, the scan is adapted to the

surface shape.

In the example shown in Fig 6, the A2 head angle is adjust to reduce the radius of
the circular scan, thereby maintaining the probe within its defined stylus deflection

range.

For horizontal valve seats or other orientations, a combination of the Al and A2

axes are adjusted to keep the measurement probe within its measurement range.

This method of adaptive scanning has the benefit that a simple scan profile can be
programmed (i.e. a cylindrical surface) and adapted during the scan to suit a more

complex shape, thus giving ease of programming.

Although the above example describes a helical scan, the scan may also comprise

a series of circle scans, in which the articulating probe head is moved along the
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centre line in a step-wise manner.

This technique of adaptive scanning is suitable for other surface features, for

example nose cones.

The benefit of using the measuring system described above is that it enables a high
point density of the measurement data to be produced quickly due to the high
sampling rate of the articulating probe head. Conventional measuring techniques

may also be used to collect the measurement data but the time needed to take the

~ required amount of data means that these methods aren’t practical.

For example, 12 valve seats and 36 valve guides can be measured by the above
described method in under four minutes, whereas conventional techniques would

take almost half an hour.

The use of a contact measurement probe has the advantage of good accuracy of
data points with fine detail over the measured area but non contact measurement

probes may also be used, for example optical, capacitance or inductance probes.
Once the measurement data of the valve seat has been collected, it may be used to |
deterr_niné the location and / or dimensions of the valve seat, as described with .

refefence to Fig 7.

In a first step, a digitized image is captured by measuring the surface and thereby

gathering multiple data points 58.

The method of collecting the meaéurement data described enable a digitized image

- with a high point density of the measured surface to be created. The surface is

now represented by a discrete set of points.

The digitized data is now fitted to a shape héving the desired form and dimensions
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60. For the valve seat example, the digitized data is best fitted using least squares
to a cone having the desired dimensions of the conical surface. The desired

dimensions of the conical surface may be known from the design data (e.g. CAD .

- data). Other best fitting techniques may also be used, for example Chebychev.

The valve seat is made of multiple cones and each cone of interest is fitted

separately.

The digitized data contains data from above and below the valve seat and the

excéss data must be trimmed either before the fitting or part of the fitting process.

One method of trimming the data is described with reference to Fig 8. Fig 8

illustrates the data cloud relating to the digitized image of the scanned area. The

.data in region 66 is measurement data relating to the conical surface of the valve

seat, whereas the data in regions 68 and 70 are measurement data relating to

regions above and below the valve seat, respectively.

A band of data A is selected, the band comprising a section of the data cloud

transverse to the centre line 72. The height h of the band is chosen to be slightly

less than the height of the conical surface of the valve seat. This band of data A is
fitted to the cone as described above. This method js repéated by moving the band
of data A up along the centre line 72, so that different overlapping bands of data
are fitted with the cone. Fig 8 shows band B and C of data which have been

moved up the centre line. When the band of data corresponds to the conical

surface of valve seat (i.e. and not the areas above and beldw) a best fit will be

~ produced.

Once the digitized image has been fitted to the nominal image of ‘the surface
feature, the deviation of the digitized image from the nominal image can be
determined 64. This data will give the lateral position and angle of the conical

surface of the valve seat in the valve bbdy.
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A comparison of the conical surface of the valve seat with the nominal data can be
used to determine whether the valve seat is within tolerance. Unlike conventional
methods of measuring valve seats, data is available for all of the valve seat and not

just regions of it. -

Fig 9 illustrates a method of determining whether the valve .se-at is at the correct
height in the valve body. The value of the diameter d is determined, using‘the Best
fitted data, at a known height h from a fixed surface in the valve body. This value
of the diameter d is compared with the nominal diameter at that height and
determined whether the diameter is within tolerance. This can be repeated for
different ‘vallues of h. This may be done vice versa by selecting a height to match a

known diameter.

Although the above embodiments describe the meésureinent ofa valvé seat, the
method of using digitiéed data to describe a surface feature and fitting it to a
nominal feature is suitable for other surface features. It is a particularly useful
method for measuring face seals amongst other applications. It is not necessary for
the surface feature to have symmetry about a céntre line as described but this does

ease speed of scanning.

Although the use of an articulating scanning head on a coordinate measuring
machine is described for gathering the measurement data, other techniques may be -

used but the above described technique has-the advantage Vo'f speed and accuracy. -

This method has the advantage that data is collected for the full area of interest, as
opposed to the prior art, where discrete measurements were obtained over linear or -

circular paths in the area of interest.
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Claims

1. A method of determining the dimensions and location of a surface feature,
- the method comprising the steps of:
5 ‘ (a) creating a digitized image of a surface feature from multiple data pdints
acquired from surface measurement of the féature; | — ‘
(b) ﬁtﬁng the digitized image to a nominal image of the surface feature;
(c) determining the deviation of the digitized image from the nominal
10  image to thereby determine at least one of the dimensions, location and form

deviation of the _surface feature.

2. A method according to claim 1 wherein the multiple data points acquired
from surface measurement of the feature are collected by using a surface sensing
h . N

15  device mounted on a coordinate positioning apparatus.

3. Amethod according to claim 2 wherein the surface sensing device

- comprises a measurement probe.

20 4. A method according to claim 2 or 3 wherein the surface sehsing device is
mounted on an articulating probe head which enables rotation of the measurement

probe about two or more axes.

5. A method according to any of claims 3.or 4 wherein the surface sensing

25  device is preferably a contact probe.

6. . A method according to any preceding claim wherein the step of fitting the

digitizéd image to a nominal image in step (b) is carried out by a best fit method.

30 7. A method according to any preceding claim wherein the multiple data .

points relate to a surface area greater than the surface area of the surface feature.
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8. A method according to claim 7 wherein a different section of the digitized

image is be fitted to a nominal image in turn.

9. A method according to any preceding claim wherein the deviation of the
digitized image from the nominal image determined in step (c) is used to
determine.at least one of lateral position of the surface feature within a part, height

of the surface feature within a part and angle of the surface feature within a part.

10. A method according to any preceding claim wherein the multiple data
points are acquired from tactile surface measurement of the feature.
11. A method according to any preceding claim wherein thé surface

measurements are collected from a spiral measurement profile.

12. A computer programme for determining the dimensions and location of a
surface feature, the computer programme comprising code adapted to perform the

steps in any of claims 1-11 when executed on a computer.

13 A method of determining the dimensions and location of a valve seat, the
method comprising the steps of: |
.(a) measuring the»:' surface of the valve seat along a spiral path;
(b) creating a digitized image of fhe surface of the valve seat from mulﬁple
data points acquired from surface measurement of the valve séat; »
(b) fitting the digitized image to a nominal image of surface of the valve

seat.

14. A method according tb claim 13 wherein the measurement in step (a) is

tactile measurement.

15. A method according to any of claims 13 or 14 including the additional step
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of determining the deviation of the digitized image from the nominal image.

16. A method according to claim 15 including the step of using the deviation
to determine at least one of the dimensions, location and form deviation of the

surface feature.

17. A method for scanning a surface feature, the surface feature having a
centre line and a non uniform radius, using a surface sensing device mountedlon
an articulating head which enables rbtation about two or more axes, the
articulating probe head being mounted on a coordinate positioning apparatus,\ the
method comprising the steps of: |

programming the coordinate positioning apparatus to move the

- articulating probe head along the centre line of the surface profile;

programming the articulating probe head to move the surface sensing
device in a circle of constant radius;

‘determining whether the measurement probe is within its measurement.
range whilst the measurements are being taken; and

adapting the motion of the articulating head so that the surface sensing

device is positioned at an angle to maintain it within its measurement range.

18. A method according to claim 17 wherein the surface sensing device is a

measurement probe.

19. A method according to any of claims 17 or 18 wherein the measurement is

- tactile measurement.

20.  Apparatus for scanning a surface featuré, the surface feature having a

_centre line and a non uniform radius, using a surface sensing device mounted on

an articulating head which enables rotation about two or more axes, the
articulating probe head being mounted on a coordinate positioning apparatus, and

a computer, the computer capable of carrying out the steps of:
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programming the coordinate positioning apparatus to move the articulating
probe head along the centre line of the surface profile;
programming the‘articulating probe heéd to move the surface sensing
device in a circle of constant radius; ‘
5 determining whether the measurement probe is within its measurement
range whilst the measurements are being taken; and
adapting the motion of the articulating head so that the surface sensing

device is positioned at an angle to maintain it within its measurement range.

10
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