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(57) Abstract

A three-coordinate measuring machine has a probe (22) connected to an output member (11). A driving system (10)
is made up of three carriages (15, 17, 19) on guide rails (14, 16, 18). In parallel with this, there is provided a driven system
(20) made up of three carriages (25, 27, 29) on guide rails (24, 26, 28). The carriages (19, 29) are connected together via the
output member (11). The other pairs of carriages (15, 25 and 17, 27) are linked via respective devices (55). The devices (55)
each apply a force between the respective carriages in dependence on acceleration or deceleration of the carriages of the
driving system (10). This compensates for dynamic deflections of the guide rails of the driven system (20) which would

otherwise be caused by the accelerations. Measuring devices such as scales and readheads are provided on the driven sys-
tem (20) to determine the position of the probe (22).
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COORDINATE POSITIONING APPARATUS

This invention relates to coordinate positioning apparatus.
A typical application of the invention is .in three -
dimensional measuring machines i.e. in coordinate
positioning apparatus adapted for determining the spatial
measurement, in three dimensions, of workpieces or other
objects.

In such machines, the taking of a measurement involves
moving a tool such as a surface-sensing probe into sensing
relationship, e.g. into physical engagement, with a surface
the position of which is to be determined. Readings of the
position in space of the movable parts of the machine
relative to the fixed parts are then taken, e.g. from
measuring devices such as scales. There are machines

where the probe is moved automatically, at desirably high
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speeds, from one surface to the next of a workpiece to be
measured. At each surface the probe has to be decelerated
when approaching the surface and accelerated.when being
withdrawn from the surface to be moved to the next surface.
The economy of measuring complex workpieces depends on the

speed at which the machine can be operated.

However, in conventional measuring machines the movable
components, especially the movable bridges found in such
machines, are relatively massive because of the need for
stability of measurement. .Less massive components would
tend to be less stiff, and would suffer dynamic deflections
when accelerated and decelérated. Such components require
large forces for acceleration and heavy foundations to
provide reaction. Therefore, such machines are
intrinsically not suitable for high speed operation; there

is a conflict between speed and stability of measurement.

One aspect of the present invention provides coordinate

positioning apparatus for positioning a tool comprising:
an output member connected to said tool;

a driving system, including at least one first, drivable
carriage; guide means for guiding said first carriage in a
first direction; and a first elongate element connected to
said output member and extending from the first carriage in
a second direction substantially perpendicular to the first

direction;

a driven system, including at least one second, driven
carriage; guide means for guiding said second carriage in
the first direction; and a second elongate element
connected to said output member and extending from the

second carriage in the second direction;

e bk
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said tool being subject to positional inaccuracy caused
by bending deflection of a said elongate element upon

acceleration or deceleration of a said carriage;

the apparatus further comprising means for applying a
force between the first and second carriages, in dependence
on said acceleration or deceleration, in a sense to reduce

said positional inaccuracy.

A second aspect of the present invention provides
coordinate positioning apparatus for positioning a tool,
comprising:

an output member connected to said tool;
a drivinﬁ system, including at least one first, drivable

carriage; guide means for guiding said first carriage in a

first direction; and a first elongate element connected to

" said output member and extending from the first carriage in

a second direction substantially perpendicular to the first

‘direction;

a driven systenm, including at least one second, driven
carriage; guide means for guiding said second carriage in
the first direction; and a second elongate element
connected to said output member and extending from the

second carriage in the second direction; and

closed loop means having driving signal means for driving
the first carriage; measuring means for measuring the
displacement of the second carriage thereby produced; and
feedback signal means for feeding the displacement thus

measured back to the driving signal means.
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As an example of the present invention, a coordinate
measuring machine will now be described with reference to
the accompanying drawings wherein:-

Fig.l is a partly sectioned front elevation of the
machine showing a driving and a driven
system in operational relationship.

Fig.2 is a plan view of Fig.l.

Fig.3 is an enlarged section on the line III-III in
Fig.l and shows additional detail.

Fig.4 is a partial and enlarged view of Fig. 2

and shows additional detail.

Fig.5 is d perspective view of parts of the machine
shown in Figs 1 and 2 but, for clarity, the
driving and driven systems are shown in

exploded relationship.
Fig.6 shows part of a modified machine.

Referring primarily to Figs. 1,2 and 5, a driving
coordinate system 10 supports an output member 11 for
three~dimensional displacement relative to a base 30. The
member 11 is connected by a universal joint 12 (Fig. 5) to
an input member 21 of a driven coordinate system 20 which
supports a contact-sensing probe 22 for three dimensional
displacement relative to the base 30. The coordinate

directions of this displacement are denoted X, Y and Z.

In use of the machine, the driving system 10 drives the
probe into a sensing relationship with the surface of a

workpiece placed on the base 30. The probe then triggers
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the taking of X,Y,Z coordinate readings from measuring
devices, which as described later are located on the driven

system 20.

The driving system 10 has a pair of frame members 13
supported at three points 31,33,35 (Fig. 2) on a frame 134
upstanding from a ground surface 37. The members 13 have
secured thereto a pair of horizontal tracks 14 each
supporting a carriage 15. A pair of horizontal tracks 186,
secured to the carriages 15 by arms 15B, support a pair of
carriages 17 to which are secured a pair of vertical tracks
18 supporting a carriage 19 to which the output member 11
is secured. The tracks 14,16,18 are linear and are
mutually perpendicular thereby providing support for said
three-dimensional displacement of the member 11. The
carriaggs‘lﬁ}l?,lg are driven along their respective  tracks
by respective motors 15A,17A,19A (Fig.4), controlled by a
computer 38 programmed to drive the nofors to position the
output member 11 in accordance with respective drive
signals 39 of a closed control loop 40. Since the
individual movements of the carriages 15,17,19 along their
respective tracks are component movements which are
combined to produce the movement of the member 11, the

system 10 may be referred to as a component combiner.

The driven system 20 has a pair of frame members 23
supported at three points 32,34,36 (Fig. 2) on the frame
23A supported on the frame 13A and itself supporting the
base 30 (Fig. 1). The members 23 have secured thereto a
pair of horizontal tracks 24 each supporting a carriage 25.
A pair of horizontal tracks 26, secured to the carriages 25
by arms 25B, support a pair of carriages 27 to which are
secured a pair of vertical tracks 28 supporting a carriage
29 to which the input member 21 is secured. The tracks

24,26,28 are linear and are mutually perpendicular, and the
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system 20 constitutes a three-~-dimensional component
resolver for any displacement of the member 21, since it
resolves any such displacement into an X-component (along
tracks 24), a Y-component (along tracks 26) and a

Z-component (along tracks 28).

The system 20 includes three opto-electronic measuring
devices, from which the X,Y,Z coordinate readings are taken
by the computer 38 when triggered by the probe 22. The
measuring devices include measuring heads, 25A,27A,28A
(Fig. 4) for measuring the displacement of the respective
carriages 25,27,29 along their respective tracks. The
tracks 24 and 26 are provided with scales 24A,26A which are
read by the respective measuring heads 254,27A for this
purpose, and the track 28 similarly has a scale (not shown)
which is read by the measuring head 29A. Other types of
measuring devices can be used if desired. Each measuring
head has a respective output signal 41 connected to the
computer 38 and forming part of the closed control loop 40
to provide feedback for positioning the respective motors
15A,17A,19A. In other words, whereas the system 10 is
driven by the drive signals 339, feedback is provided by the
signals 41 from the system 20. The drive signals 39 thus

provide error signals of the closed control loop 40.

It will be clear that there is at least one track 14 of the
system 10 parallel and proximate to a corresponding track
24 of the system 20 and the two systems have two

" corresponding carriages 15,25. The same description
applies to the tracks 16,26 and the carriages 17,27 as well
as to the tracks 18,28 and the carriages 19,29. This
arrangement makes it possible for both systems 10,20 to be
constructed of relatively light components essentially
because deflection of the system 10 is not sensed by the

measuring devices which, as mentioned, are provided on the
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system 20. For the purpose of control stability, measuring
devices corresponding to the devices 25A,27A,29A may also
be provided in the system 10 to provide a "secondary"
position feedback. The system 10 may also include a
velocity control loop in respect of the movement of the
carriages 15,17,19.

The potential for light construction is exploited

especially well by the introduction of compensating devices
now to be described.

The systems 10,20 are connected by two gravity-
compensating devices 45 (Figs. 3,4) intended to support the
tracks 24,26 against the deflection under gravitational
force. Further, the systems 10,20 are connected by two
inertia-compensating devices 55 intended to provide
compensation in respect of .dynamic deflection of the arms
25B and the tracks 26,28 due to inertia in the system 20
when a force is applied thereto at the input member 21.

The devices 45,55 will be described in detail.

Fig. 4 shows the two devices 45 denoted respectively
45X,45Y. The device 45Y is shown more specifically in Fig.
3 and comprises a compression spring 46, connected between
an adjuster 47 provided on the carriage 17 and one end of a
lever 48 connected by a pivot 48A to the carriage 17, the
other end of the lever being provided with a roller 49
bearing on the underside of the adjacent carriage 27. The
arrangement is such that the spring 46 supports the tracks
26 against deflection under its weight and the weight of
the carriage 27, the tracks 28, the carriage 29, the member
21 and the probe 22. As a result, the forces which would
cause deflection of the track 26 are reacted in the track
16 and the track 26 remains linear at the expense of

deflection in the track 16. Fig. 3 shows the device 45 as
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provided between the corresponding carriages 17,27 at the
top end of the tracks 18,28. An equivalent device 45 may
be provided between the corresponding carriages 17,27 at
the bottom end of the tracks 17,27.

The device 45X (Fig. 4) is provided between the carriages
15,25 and is constructed in the same way as the device 45Y.
It will be understood that there is one device 45 between

each pair of the corresponding carriages 15,25.

Further Fig. 4 shows the two devices 55, denoted
respectively 55X,55Y. The device 55Y comprises a mass 56
secured to one end of a double-ended lever 57 connected to
the carriage 17 by a pivot 58. The other end of the lever
57 is connected to the carriage 27 by a pivot link 59. It
will be clear that any acceleration of the carriage 17 in
the direction of the t;ack 16 has to act through the tracks
18,28 and any consequent deflection of the tracks 18,28
results in the carriage 27 lagging behind the carriage 17
until acceleration ceases. The device 55Y compensates for
such lagging inasmuch as the inertia of the mass 56, acting
through the lever 57 and the link 58, applies to the
carriage 27 a force in the direction of the acceleration
of the carriage 17 so that the carriage 27 substantially
moves together with the carriage 17 notwithstanding
deflection of the tracks 18,28. The mass of the mass 56
and the length of the lever 57 are selected (relative to
the stiffness and lengths of the tracks 18,28 and the
masses of the system components) to achieve this. The mass
56 effectively comprises a means for sensing acceleration
combined with a means for generating a force proportional
to the acceleration sensed. The force has to be reacted by
the arms 15B and tracks 18. Deflection of the latter arms
and tracks under said reaction reduces the force, but the

effect of this is negligible provided that the stiffness of
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the arms 15B and tracks 18 is reasonably high compared to
the masses to be accelerated and given that the carriages
are supported on their tracks by virtually frictionless air
bearings.

A second said device 55, denoted 55X, is similar to the
device 55Y but is arranged to act between the carriages
15,25 in the direction of the tracks 14 so that
acceleration of the carriage 25 in the latter direction is
compensated for in respect of deflection of the tracks
16,18,26,28 in that direction.

In as much as the devices 55 are intended to remove inertia
forces on the system 20, these devices may also be regarded
as intended to eliminate dynamic loads between the
carriages and their respective tracks transverse to the
length of theffrack, caused by acceleration and
deceleration of the systems. So, for example, when the
carriage 15 is accelerated in the X-direction, the force
then acting on the joint 12 in the X~-direction causes
transverse loads on the carriages 29 and 27. 1In as much as
these forces are due to the inertia of the carriage 25, the
acceleration of the carriage 25 by the device 55X
eliminates these transverse forces from the carriages
27,29. However, consideration may be given to the other
inertial masses and to the compliance of any of the members
of the system 20. Firstly, there are the arms 25B each of
which is both an inertial mass and, to some extent at
least, a compliant member. Both these aspects can be dealt
with by providing, instead of the device 55X, two such
devices (not shown) each connected between the arms 158,258
in positions 15X2 (Fig. 5) respectively above and below the
carriage 25. More specifically, said two devices have
positions intermediate between the carriage 25 and the

respective tracks 26 so selected that, while the arm itself
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can bend, the relative position of the carriage 25 and the

ends of the tracks 16 remain unchanged.

Further, consideration may be given to deflection of the
tracks 16 in the X-direction due to inertia of the
carriages 27,29 and their associated tracks 26,28 in that
direction. The latter inertia can be compensated for by a
device 55X3 (Fig. 4) provided between the carriages of each
carriage pair 17,27 but arranged to act in the X-direction
so that inertia forces acting in that direction are
equalized or, in other words, transverse loads on the

carriages 27 are eliminated.

In a modification illustrated in Fig. 6, and referring by
way of example to the carriages 15,25, the device 55 is
replacéd by a device 65 comprising an accelerometer 60

. mounted on the driving carriage 15, gn& a linear motor-62
provided between the carriages 15,25. The linear motor
comprises a coil 64 secured to one of the carriages 15,25
and a core 66 secured to the other one of these carriages.
The accelerometer 60 is adapted to produce an output signal
proportional to acceleration of the driving carriage 15.
An amplifier 64 is provided for amplifying said output
signal and the output of the amplifier is connected to the
linear motor 62, the latter being adapted to produce
between the carriages 15,25 a force proportional to said

acceleration.

The accelerometer 60 could be mounted on the driven
carriage 25 instead of the driving carriage 15. Indeed,
this may well be preferable: we wish to reduce or eliminate
dynamic deflections of the driven system in which the
measuring devices are provided, and the accelerations of

the driven carriage are more directly related to these.

R
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It will be clear that such accelerometer and linear motor
devices can be provided between the carriages 17,27 or
wherever appropriate between the driving and driven systenms
10, 20.

The invention is not restricted to bridge~type coordinate
measuring machines such as exemplified above, but can be
used in any machine in which a probe or other tool is to be
positioned at a given coordinate location. For example, it
can be used in a coordinate measuring machine of the type
in which a probe is mounted on a cantilever arm. In this
case there would be a driving system and a driven system

each comprising a cantilever arm.
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CLAIMS:

l. Coordinate positioning apparatus for positioning a

tool, comprising:
an output member (11) connected to said tool (22);

a driving system (10), including at least one first,
drivable carriage (15;17); guide means (14;16) for guiding
said first carriage in a first direction; and a first
elongate element (16;18) connected to said output member
(11) and extending from the first carriage in a second
direction substantially perpendicular to the first

direction;

a driven system (20), including at least one second,
driven carriage (25;27); guide means (24;26) for guiding
said second carriage in the first direction; and a second
elongate element (26;28) connected to said output member
(11) and extending from the second carriage in the second
direction;

said tool being subject to positional inaccuracy caused
by bending deflection of a said elongate element upon

acceleration or deceleration of a said carriage;

the apparatus further comprising means (55;65) for
applying a force between the first and second carriages, in
dependence on said acceleration or deceleration, in a sense
to reduce said positional inaccuracy.

2. Coordinate positioning apparatus according to claim 1,

wherein the driving system (10) includes at least two

]
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said first, drivable carriages (15,17), having respective
said guide means (14,16) perpendicular to each other,
forming a component combiner for combining mutually
perpendicular displacements of the first carriages into
resultant displacement of the output member (11),

and wherein the driven system (20) includes at least two
said second, driven carriages (25,27), having respective
said guide means (24,26) perpendicular to each other,
forming a component resolver for resolving the displacement
of the output member (11) into respective displacements of
the second carriages.

3. Coordinate positioning apparatus according to claim 2,
wherein the guide means (16) of one said first carriage
(17) forms a said elongate member (16) of ‘the other said
first carriage (15), and wherein the guide means (26) of
one said second carriage (27) forms a said elongate member

(26) of the other said second carriage (25).

4, Coordinate positioning apparatus according to claim 2
or claim 3 comprising at least two said means (55;65) for
applying a force in dependence on acceleration or
deceleration, each said means (55;65) acting between a

respective one of said second carriages (25,27).

5. Coordinate positioning apparatus according to any one
of the preceding claims, wherein said means (55) for
applying a force in dependence on acceleration or
deceleration comprises a lever (57) pivoted between the
first and second carriages (15,25;17,27), the lever being
provided with a mass (56) the inertia of which provides the

force in dependence on acceleration or deceleration.
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€. Coordinate positioning apparatus according to any one
of claims 1 to 4, wherein said means (65) for applying a
force in dependence on acceleration or deceleration
comprises an accelerometer (60) mounted to measure said
acceleration or deceleration, and a linear motor (62)
provided between the first and second carriages
(15,25;17,27), the accelerometer having an output signal
which controls the linear motor to produce said force in

dependence on acceleration or deceleration.

T.. Coordinate positioning apparatus according to any one
off the preceding claims, including gravity—compensating
means (45) for supporting a said guide means (14,16:24,26)
against deflection under gravitational force.

8. Coordinate positioning apparatus accordlng to any one
of the precedlng claims, including measuring means

(244,254; 26A 27A) for measuring the displacement of the or
each second carriage (25;27).

9. Coordinate positioning apparatus for positioning a
tool, comprising:

an output member (11) connected to said tool (22);

a driving systenm (10), including at least one first,
drivable carriage (15;17); guide means (14;16) for guiding
said first carriage in a first direction; and a first
elongate element (16;18) connected to said output member
(11) and extending from the first carriage in a second
direction substantially perpendicular to the first

direction;

a driven system (20), inlcuding at least one second,

driven carriage (25;27); guide means (24;28) for guiding

i
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said second carriage in the first direction; and a second
elongate element (26;28) connected to said output member
(11) and extending from the second carriage in the second
direction; and

closed loop means (40) having driving signal means
(38,39) for driving the first carriage (15;17); measuring
means (24A,25A;26A,27A) for measuring the displacement of
the second carriage (25;27) thereby produced; and feedback
signal means (41) for feeding the displacement thus
measured back to the driving signal means.

10. Coordinate positioning ‘apparatus according to claim 9,

wherein the driving system (10) includes at least two
said first, drivable éarriages (15,17), having respective
said guide means (14,16) perpendicular to each other,
forming a component combiner for éombinigg mutually
perpendicular displacement of the first carriages into
resultant displacement of the output member (11),

and wherein the driven system (20) includes at least two
said second, driven carriages (25,27), having respective
said guide means (24,26) perpendicular to each other,
forming a component resolver for resolving the displacement
of the output member (11) into respective displacements of

the second carriages.

11. Coordinate positioning apparatus according to claim 9

or claim 10,

said tool being subject to positional inaccuracy caused
by bending deflection of a said elongate element upon

acceleration or deceleration of a said carriage;
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the apparatus further comprising means (55;65) for
applying a force between the first and second carriages, in
dependence on said acceleration or deceleration, in a sense
to reduce said positional inaccuracy.
12. Coordinate positioning apparatus for positioning a tool

comprising

a component combiner (10) adapfed to combine respective
displacement of a first and a second driving member (e.g.

15,17) into resultant displacementeof an output member
(11);

a8 component resolver (20) having an. input member (21)

connected to said output member (11) and adapted to resolve

© " the displacement of said output member (11) into respective

displacements of a first and a second driven member (e.g.
25,27);

said tool (22) being mounted on one of said output and

input members(11,21);

first closed loop means (40) having driving signal means
(38,39) adapted to drive said first and second driving
member (15,17) and feedback signal means (254,41)
identifying the displacement of said first and second

driven member (25,27) respectively.

13. Apparatus according to claim 12 comprising means (55)
for determining acceleration of at least one of said
driving members (15,17), and means connected between said
at least one driving member (15,17) and an adjacent
corresponding said driven member (25,27) for applying to
the driven member (25,27) a force being a function of said

acceleration.

(s
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