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(71) We, EATON-LEONARD CORPORATION, a corporation organised under the
laws of the State of California, United States of America, of 1923 E. St Andrews, Santa
Ana, California 92705, United States of America, do hereby declare the invention, for
which we pray that a patent may be granted to me and the method by which it is to be
performed, to be particularly described in and by the following statement:-
BACKGROUND OF THE INVENTION

The present invention relates to measurement of object configurations and more particu-

 larly concerns determination of three dimensional configurations. Methods and apparatus of

the invention may be employed to obtain different profiles of the same object to facilitate
definition of three dimensional configuration of the object.

Inspection of configuration of manufactured parts 1s frequently necessary and always
desirable, yet difficult, expensive and time consuming. Commonly, such configuration
inspection requires direct measurement of different elements and features of the manufac-
tured article. In the manufacture of bent tube, such as automobile exhaust pipe for example,
in which a number of straight portions are connected by several bends, it is necessary to
measure in three dimensions the axes of the several straight portions in order to define the
length of the straight portions, the angle of the bend between adjacent straights and the angle
of the plane of one bend with respect to the plane of another bend. Commonly, such
measurements are made by a probe mounted for translation or motion along three coordinate
axes as, for example in the machines shown in U.S. Patents 3,774,311 to Stemple and
3,774,312 to Sesch. These machines are of limited application because the size of the
machine itself determines the size of the object that may be measured. Costs increase rapidly
with increasing size. In such machines it is exceedingly difficult to maintain precision of
position and motion of traveling cantilevered elements. In addition to these and other
problems, such machines require time consuming physical manipulation to make contact with

~_the object being measured at a number of different points. Such manipulations require a

skilled or at least a trained and experienced operator.

A significant improvement in such three dimensional measuring devices is described in my
prior U.S. Patent for Method and Apparatus for Measuring Direction, No. 3,944,798, in
which a five axis articulated probe has a working head that may be oriented in three
dimensions so as to align itself with any straight portion of the tube. This arrangement permits
measurement of the vector that is parallel to a tube axis to be made with but a single
operation. Nevertheless, even with this improved instrumentation the object being meas-
ured, whether a tube or some other object with a three dimensional configuration that isto be

"determined and inspected, must be clamped to a support and then contacted with the

measuring instrument at least once for each straight portion in order to obtain the desired
information. This operation is time consuming and may cause undesired delay, particularly in
quantity production or where many parts must be carefully inspected as rapidly as possible.

Accordingly, it is an object of the present invention to provide methods and apparatus for
inspection and measurement of configuration which avoid or minimize above-described
problems and limitations of prior art devices.

UMMARY OF THE INVENTION

In carrying out principles of the present invention, in accordance with a preferred embodi-
ment thereof, the profile of an object is scanned by moving a scanning beam across the object
in a scan pattern, relatively moving the object and the pattern, and generating signals that
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collectively define points of intersection of the beam scan pattern with a boundary of the
object. For three dimensional scanning, a second scan of the object is made, angulated
relative to the first scan. For this second scan, in one embodiment, a second scanning beam
from a second scanner is moved across the object in a second scan pattern and projected in a
direction that is angulated with respect to the direction of projection of the first scanning
beam from a first scanner and also with respect to the direction of relative motion of the
object and the scan patterns. The object is also moved relative to the second scan pattern.
Signals are generated that collectively define intersections of the second scan pattern with the
object boundary. Alternatively, the object is rotated relative to a single scanner which is then
employed for the second scan. The two scans collectively define the object in three dimen-
sions.

BRIEF DESCRIPTION OF THE ACCOMPANYING DRAWINGS

_ Figure 1is a perspective view of a scanning apparatus embodying principles of the present
invention;

Figure 2 is a side view of the apparatus of Figure 1;

Figure 3 is an end view of the apparatus of Figure 1;

Figure 4 is a sectional view, on a larger scale, of a motor and part of a disc driven thereby;

Figure 5 illustrates a vertical scan pattern and geometry that defines coordinates of the
boundary of a projection on a horizontal plane of the object being scanned;

Figure 6 illustrates a horizontal scan pattern and geometry that defines coordinates of the
boundary of a projection on a vertical plane of an object being scanned;

Figure 7 is a block diagram of electronic components employed to generate signals that
collectively define intersection coordinates;

Figure 8 is a perspective view of a modified scanning apparatus;

Figure 9 is a section taken on lines 9-9 of Figure 8; and

Figure 10 is a section taken on lines 10-10 of Figure 9.

DETAILED DESCRIPTION

A mechanization of the invention will be described in connection with the measurement
and inspection of a bent tube such as an automobile exhaust pipe, for example. Nevertheless,
it will be readily appreciated that principles of the present invention, and indeed the
described embodiments themselves, may be applicable for measurement and inspection of
many other types of manufactured objects, the nature of the object to which the scanning of
the present invention may be applied being limited mainly by the size of the object with
respect to the scanning apparatus.

The scanning apparatus illustrated in Figures 1 to 3 permits a complete measurement and
inspection, in three dimensions, of a bent automobile exhaust pipe or other similar bent tube,
simply by placing the pipe upon a moving platform in any convenient relation with respect to
the platiorm. The object or tube being measured is carried by the platform past a pair of
scanning devices which include apparatus for collectively generating signals that define
coordinates of interesections of the scanning light beams with a boundary of the object. The
coordinates are in two orthogonal planes and thus define two orthographic projections of the
tube. Orientation of the tube upon the conveyor need not be known since it is desired to
define one part of the tube relative to another part of the tube. Thus the tube can be placed
upon the conveyor in any orientation and position that allows it to pass through the scanning
region, but such orientation and position must remain fixed through a complete measure-
ment.

The orthographic projections or the intersection coordinates themselves may then be
employed to calculate three dimensional tube data. Such tube data comprises information
that defines the tube configuration, such as, for example, the length of the tube from end to
end, the length of each straight portion, the angle of each bend, and the plane of each bend.
This information may be compared with standard data for the tube being inspected. Thus, an
inspection and comparison of many tubes is simply achieved without handling the tubes any
more than is necessary to place them upon the moving platform.

A scanner support comprises a frame 10 having four or more upright standards, including
12, 13, and 15, interconnected by horizontal frame members 18, 20. An endless slatted
conveyor belt 22 is entrained over a number of rollers 24, 26, 28 and 30 that are journalled in
the standards. A motor 32 carried by the frame 10 is connected to drive one of the rollers,
such asroller 26 and thus drive the slatted conveyor 22 at fixed speed. Conveyor 22 is made of
a number of movably interconnected slats of transparent material.

A conveyor position detector 34, such as a conventional incremental encoder, is mounted
on one of the rollers, such as roller 24, and has an input shaft that is rotated together with the
rotation of the roller so as to provide from the detector encoder 34 a series of pulses each of
which denotes an increment of rotation of the roller and thus an increment of motion of the
conveyor 22.

A pair of inverted U-shaped scanner support members 19, 21 are fixed to horizontal frame
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members 18, 20, straddling the conveyor 22 to form therewith an enclosed scanning zone
through which the conveyor and a tube thereon may pass. Fixedly mounted to horizontal
upper legs 23, 25 of support members 19, 21 is a synchronous motor 38 having a rotatable
hollow shaft 39 (Figure 2). Mounted atop the motor 38 is a highly collimated light source,
such as a laser 40, which projects a narrow light beam through the hollow motor shaft 39 to a
first mirror 42 carried at the center of a heavy fly wheel type disc 44 that is fixed to the motor
shaft for rotation therewith.

The disc 44 is constructed to provide a light path 46 (Figure 2) extending radially through
the disc from its first mirror 42 (which is positioned at an angle 45° with respect to the disc axis
and motor axis, and with respect to the beam projected from the laser), to a second mirror 48
mounted at the periphery of the disc at an angle of 45° to the path 46.

A second sychronous motor 50 is fixed to frame members 18, 20 by means of fixed cross
members 27, 29 beneath the upper section of conveyor 22. Motor 50 has a similar hollow

~shaft and fixedly carries a laser target, such as a photo-cell 52 that receives light projected

through the axis of the hollow shaft of motor 50.

A second flywheel type disc 54 is fixed to the shaft of motor 50 for rotation therewith on the
other side (immediately below) conveyor 22 and likewise includes a pair of 45° mirrors 56, 58
at its periphery and center respectively.

The two motors and two discs are all coaxial with one another, and the two synchronous

“ motors are driven in synchronism by a common electric signal. One of the motors such as

motor 50, for example, is mounted so that its housing may be rotationally adjusted about the
motor axis by an adjusting mechanism (not shown) in order to provide for synchronization of
the phasing of the two discs 44, 54.

Photo-cell 52 in effect comprises a moving target since it receives light that is projected
along a vertically oriented circular cylindrical pattern as the discs 44, 54 revolve. A fixed
target, such as a photo-cell 64 (Figure 3), is mounted above the disc 54 and just below
conveyor 22 upon a bracket 66 that is fixed to lower frame member 18 so as to receive the
beam pro%'ected downwardly by mirror 48 at a fixed reference point in the circular scanning
pattern of this beam.

A horizontal scanning arrangement substantially identical to the above described vertical
scanning arrangement is also mounted on the scanner frame 10. Thus, a third synchronous
motor 70 having a hollow shaft is fixedly mounted on vertical legs 31, 33 of scanner support
members 19, 21 and carries a second collimated light source, such as a laser 72, which
projects a beam of light through the motor shaft for reflection by mirrors 74, 76 of a heavy
flywheel-like disc 78, substantially identical to disc 44. Disc 78 is coaxial with the motor 70
and rotated therewith about the horizontal axis of the motor.

A target arrangement similar to the target arrangement of the vertical scan is provided in
the form of a fourth synchronous motor 82 carried on vertical legs 35, 37 of scanner support
members 19, 21 and having a hollow shaft and mounting a laser target in the form of a second
photo-cell 84. A fourth heavy flywheel-like disc 86 is coaxial with the shaft of motor 82 and
connected to be rotated thereby. Disc 86 carries 45° mirrors 88, 90 which reflect a beam of
light projected horizontally in a circular cylindrical pattern from mirror 76 through the axis of
motor 82 for reception by the second detector 84. The two motors 70 and 82 are driven in
synchronism by the same or identical electrical signals. The housing of motor 82 is provided
with a rotational adjustment mechanism (not shown) to adjustably position its motor about
its axis with respect to the frame 10 in order to allow adjustment of the relative phases of
rotation of the two motors 70, 82.

Just as in the vertically directed beam scan a horizontal beam reference target, such as a
photo-cell 92, is carried between discs 78, 86 upon a bracket 94 that is fixed to frame member
20. Thus, detector 92 will intercept the horizontally directed beam of laser 72 at one point in
each scan cycle.

Conveniently, the two motor pairs are driven at the same speed. Synchronization between
the one pair of motors 38, 50 and the other pair 70, 82 is not needed. In fact, the two pairs of
motors need not even be driven at the same rotary speed although speeds that are equal or
nearly equal are preferred. Fundamentally the horizontal and vertical scanning systems are
completely independent of one another but it is convenient to make the two similar or
identical in construction and operation.

“'The various signal detectors, photo-cells 52 and 84 and the position encoder 34 of the
conveyor 22, generate signals that collectively define intersections of the cylindrical patterns
of the scanning beams with the boundary of a tube 102 upon the conveyor as the tube passes
the scanners. More specifically, a three dimensional coordinate system is established in a
fixed relation with respect to the moving conveyor and, therefore, fixedly related to an object
carried on the conveyor. Such an X, Y, Z coordinate system is shown in Figure 1 in relation to
the scanning apparatus. Photo-cell 52 and position encoder 34 collectively generate signals
that define a first pair of coordinates (x, y) of an intersection of the vertically directed
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scanning beam with a boundary of the tube (e.g. with a projection of the tube on a horizontal
plane). Similarly, photo-cell 84 and encoder 34 collectively generate signals that define
coordinates x, y of the intersection of the horizontal beam with the tube boundary.

The geometry of this definition of the intersection coordinates may be described in
connection with Figures 5 and 6.

Illustrated in Figure 5 is the horizontal projection 100 of the circular cylindrical scan
pattern of the vertically directed scanning beam produced by laser 40. Shown superimposed
upon the scan pattern are horizontal projections (e.g. projections on a horizontal plane) of
first and second successive positions of a bent tube 102 that is carried past the scanner by the
conveyor. The first position of the tube is indicated in solid lines. The second position of the
tube, which occurs at some later time as the conveyor moves the tube past the scanner, is
shown in dotted lines. Thus, it is assumed for the purposes of this exposition, that the
conveyor is moving the tube from right to left as viewed from the top and looking down upon
this scan pattern projection upon a horizontal plane.

The cylindrical scan of the vertically directed beam intersects the boundaries of the tube (in
its solid line position) at points 104, 106, 108 and 110 in a single scan. Coordinates of these
points may be identified as X1, Y1, Xz, Y2, X3, ¥3, Xs, Y4 in a three dimensional coordinate system
having X and Y axes as is illustrated in the upper right hand portion of Figure 5 and havinga Z
axis extending through the intersection of the X and Y axes normal to the plane of the paper.
The X axis is conveniently chosen to be tangent to the scan pattern and parallel to the
direction of linear travel of the conveyor. The other axes are also arbitrarily positioned but
oriented parallel to the respective vertical and horizontal axes of the scanners. This coordi-
nate system is established as being fixed to and moving with the conveyor. It is therefore fixed
to and moving with the tube on the conveyor. As the conveyor moves, intersections of the
tube boundary and the scan pattern occur at different points and thus a number of different
points along the length of the tube boundary are intersected by successive scans of the
vertically directed beam. The speed of rotation of the beam is considerably greater than the
speed of the horizontal linear travel of the conveyor and tube. In an embodiment presently
preferred, the relative speeds are such that each scan of the vertically directed beam will
intersect the tube at a point approximately 0.2 inches from a corresponding intersection of a
previous scan, as measured along the X axis. For greater resolution, that is, to obtain a larger
number of coordinate points for any inspection and measurement, one merely increases the
differential speed between beam motion in its scan pattern and conveyor motion along the X
axis. In other words, to increase resolution, one decreases the conveyor speed or increases the
speed of rotation of the scanning beam, or both. As will be more particularly explained below,
measurements of the beam position within its scan are made with respect to the reference
target 64 which is indicated in Figure 5 by a reference point 112.

The X coordinate x; of intersection 104 is defined as follows:

X; = Xc¢; - Rsin (du; - an) Eq.(1)
Where xc; is the distance between the center of the scan pattern 100 and the coordinate
system origin at the time of interesection of the beam with the tube boundary, R is the radius
of the circular projection of the scan pattern, ¢H, is the angle between a radius of the pattern
to reference point 112 and a radius of the pattern to intersection 104, and an is the angle
between the pattern radius to reference point 112 and the radius parallel to the Y axis.

Similarly, the Y coordinate of intersection 104 is defined by

Y; = R- R cos (dn; - an) Eq.(2)

Measurements are made based upon pulses produced by a fixed repetition rate pulse
generator to be more particularly described hereinafter. Thus anis equal to KK, where K, is
the number of such pulses that occur in the time required for the beam to travel through the
reference angle ax and K; is the angular distance through which the beam travels along its
scan pattern in the interval between two successive pulses. Thus, we may write:

d X = XCy - R sin [(NH] - K]) Kz] Eq.(3)
an

Y, =R[1-cos(Nu -K;)K;] Eq.(4)
in which N, is the number of pulses occurring in the time required for the beam to travel
from reference point 112 to instersection 104. A first pair of coordinates x;, y; of an
intersection 104 of the beam with a horizontal projection of the tube boundary is thus defined
by equations (3) and (4) in terms of fixed quantities R, K, and K, and variable quantities xc;
and Nu,. As will be described below, the quantity of xc; is obtained from the incremental
encoder 34 that detects position of the conveyor in its travel and N, is determined by a count
of pulses of the pulse train to the point of intersection.

Thus. in a single complete scan of the illustrated tube, the beam intersects the tube
boundary at four points, being occluded at 104, again reaching the photo-cell at 106, again
occluded at 108, and once again reaching the photo-cell at 110. In a subsequent scan the tube
has moved to the position shown in dotted lines in Figure 5 and four different points of
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intersection occur and thus many x, y (and x, z) pairs of coordinates are generated over the
length of the tube, all in the same coordinate system, which is fixed with respect to the tube.

Iilustrated in Figure 6 is a geometric relation analogous to that of Figure 5 showing a
projection of the horizontally directed beam upon a vertical plane to produce the vertical
projection 120 of the scan pattern of the beam produced by laser 72. Also illustrated is the
projection 122, on a vertical plane, of the tube in a single position of its passage across the
scanners. In the course of one scan, the horizontally directed beam will intersect the tube
boundary at points 124, 126, 128 and 130. Coordinates of these intersections in the same X,
Y, Z coordinate system, of which axes X and Z are illustrated in Figure 6, are obtained for
each full scan cycle. In the X, Z plane of the coordinate system, measurements of the position
of the beam in its scan are made with respect to a reference point 132 that is defined by the
location of the photo-cell 92. The x coordinate of intersection 124 is defined as

X; = Xc; - R sin (d)Vl - (XV) Eq(S)

where xc, is the distance from the coordinate origin along the X axis to the center of the
horizontally directed beam scan pattern, R is the radius of this scan pattern, ¢v, is the angle
between a radius to the reference point 132 and the pattern radius to the intersection point
124, and av is the angle between a radius to the reference point 132 and a radius parallel to
the Z axis. Although the equations employ a symbol R that is the same for both the vertical
and horizontal projections, indicating that the vertical and horizontal beams scan in patterns
of equal radii, it will be readily understood that the radii of the two patterns may differ from
one another.

The Z coordinate of intersection 124 is defined by

z; = R-Rcos (¢v; - av) Eq.(6)

av may be set equal to K;K,, where K; is the number of pulses that occurs in the time
required for the beam to travel through the reference angle av and K, is the angular beam
travel distance per pulse of the generated train of fixed repetition rate pulses. Where a single
pulse train is employed for measurement of both the horizontal and vertical scanning K is
equal to K,. Coordinates of intersection 124 of the beam with the projection of the tube upon
a horizontal plane are defined as follows:

X, = Xc; - R sin [(Nv, - K;3)K,] Eq.(7)

zZ, = R [ 1 - cos (NV] - K;) K4 ] Eq(g)
Nv, is the number of pulses occurring in the time required for the beam to travel from
reference point 132 to the intersection 124. Again, the coordinates x,, z; which define the
intersection 124 are themselves defined in terms of fixed values R, K3 and K, and variable
values xc and Nv,. Variable value xc is the read-out of the incremental conveyor position
encoder 34 at the time of intersection of the horizontally directed beam with the tube
boundary at point 124. At this time, a number of pulses Nv; have been counted.

Thus, for each of the beams the vertical beam and the horizontal beam, each successive
scan intersects the tube at at least two points on its boundary and each pair of points produced
upon each scan is displaced along the tube with respect to the pair of a prior scan.

The many pairs of coordinates x, y of the beam intersections with the projection of the tube
boundary on a horizontal plane are readily employed to define the horizontal projection of
the tube, either graphically or in a computer. The pairs of coordinates X, z of the horizontal
beam intersections with the projection of the tube boundary on a vertical plane are readily
employed to define the vertical projection, either graphically or in the computer. The two
orthographic projections may be combined to define the three dimensional configuration of
the tube and this, yield the desired tube data.

It will be seen that the object is subjected to two separate and independent, but spatially
correlated and mutually angulated scans. Each scan is in two dimensions, moving the
scanning beam across the object with components of motion relative to the object that are
parallel to two mutually orthogonal axes. In effect the beam of laser 40 scans the object along
(and parallel to) X and Y axes and the beam of laser 72 scans along (and parallel to) X and Z
axes. Although this is achieved by rotary motion in the preferred embodiment, it can also be
achieved by %inear reciprocating motion of the lasers (in synchronism with their targets, or
with fixed target and parabolic reflector) along the Y and Z axes.

The two mutually angulated scans are correlated by use of spatially correlated axes. One
axis of each scan has a known relation to one axis of the other scan. Conveniently, although

not necessarily, this relation is coincidence, that is, the X axis is common to both scans.

Although the preferred system employs a moving conveyor and fixed scanner assemblies, it

+-is contemplated that the conveyor be eliminated, providing a fixed transparent support, and
: the entire scanning assembly be moved along the frame. The reciprocating scanner support of

the embodiment of Figures 8-10, described below, may be readily modified to carry a pair of
orthogonal scanners for use with such a fixed transparent platform. Further, scanniag

atterns other than the described cylindrical patterns may be employed without departing
rom principles of this invention.
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IHllustrated in Figure 7 is an electronic circuit that will generate the electrical signals
defining the coordinate pairs of the several intersections. Vertical beam reference sensor 64
generates a single pulse that is sent to reset a counter 140 having a counting input on a line
141 from a pulse generator 142. Pulse generator 142 provides a train of output pulses of fixed
repetition rate at a relatively high frequency such as one megahertz for example. Vertical
beam sensor 52 produces a signal that is on or off depending upon whether or not the vertical
beam is occluded by the interposed pipe. The output signal of the sensor 52 switches from on
to off and from off to on as the beam intersects a boundary of the tube. As the beam first
meets a tube boundary the output of sensor 52 goes from on to off and as the beam leaves the
tube, at its next intersection with the boundary, the sensor output goes from off to on. This
on/ off signal is fed to an interrupt detector 144 that senses each discontinuity in the on/off
and off/on output of the vertical beam sensor and produces a pulse on an output line 146 at
each change of the vertical beam sensor output from on to off and from off to on. The signal
on line 146 is fed to a storage register 148 to allow transfer of the number stored in counter
140 into the storage register. Thus, the latter will store and hold the value in the counter at the
time of intersection of the scanning beam with the tube boundary. The output of storage
register 148 is an electrical representation of the quantity Nu of equations (3) and (4) and
thus represents the number of pulses provided by pulse generator 142 between the time that
{)he vertical beam passed the reference sensor 64 and the time of its intersection with a tube

oundary.

Conveyor position detector or incremental encoder 34 produces an output comprising a
series of pulses which are chronologically spaced from one another by fixed intervals, each
representing an equal increment of motion of the conveyor and tube in the travel past the
scanners. The pulse output of the detector 34 is fed to a second counter 150 and thence to a
second storage register 152 which, like register 148, is enabled by the interrupter detector
output pulse on line 146. Thus, storage register 152 will store the number that is contained in
counter 150 at the time that the vertically directed beam intersects the tube boundary. The
output of storage register 152 is thus that X axis quantity xc which occurs with the particular
value of N that is generated at the same time.

For the horizontally directed beam similar circuitry is employed so that the horizontal
beam reference sensor 92 produces a signal that is fed to reset a third counter 156 which
receives at its counting input the fixed repetition rate pulses generated by pulse generator
142, The horizontal beam sensor or photo-cell 84 produces an on/off signal similar to that
produced by vertical sensor 52 and this signal is fed to an interrupt detector 158, identical to
interrupt detector 144, which produces on an output line 160, a pulse for each change of the
output of sensor 84 from on to off and from off to on. Each pulse on line 160 is fed to a storage
register 162 to enable the latter to store the number contained in counter 156 at the time of
occurrence of a particular intersection of the horizontally directed beam with a boundary of
the tube. The output of storage register 162 is the quantity Nv of equations (7) and (8) and
represents the number of pulses provided by the pulse generator between the time that the
beam passes the reference point and the time of intersection of the beam and tube boundary.

To obtain the second coordinate of the pair of coordinates that defines an intersection on
the vertical projection of the tube, the output of conveyor position detector counter 150 is fed
to another storage register 16 which is enabled by the output on line 160 of horizontal beam
sensor interrupt detector 158. The storage register 164 receives and stores the number in the
counter 150 at the time of the particular intersection of the horizontal beam and tube
boundary. Thus, the output of storage register 164 is that X axis dimension xc which occurs
with the particular value of Nv that is generated at the same time. The xc outputs of registers
152, 164 represent the position of the conveyor (and tube) with respect to the scanners (and
scan patterns).

Thus, it will be seen that the described circuit generates pairs of electrical signals, xc, Nu
and xc, Nv. The signals of one pair define a point on one orthographic projection of the tube
and the signals of the other pair define a point on another orthographic projection of the tube.
It will be understood that the intersection of which x and y coordinates are defined by Nu and
xc from the storage registers 148 and 152, respectively, is not the same as the intersection of
which the x and z coordinates are defined by xc and Nv from storage registers 164 and 162,
respectively.

Given x, y coordinates of the projection of the tube on a horizontal plane, the center line of
this projection may be readily obtained. Similarly, given x, z coordinates of the x, z projection
of the tube on a vertical plane, the center line of this projection may be obtained. Having
defined the center lines of two mutually orthogonal projections the three dimensional center
line of the actual tube may be obtained. From the three dimensional center lines can be
computed the desired tube data including the length of the straights, the angle of bend, bend
radius and the plane of bend. This can be done by graphical. analog or digital analysis and
computation. Preferably a suitably programmed digital computer 170 will receive the outputs
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of the several storage registers and directly print out the data for each scanned tube, or merely
compare such data with a reference and indicate acceptability of the tube.

As previously mentioned, the slats of the conveyor are transparent to enable the scanning
beams to reach the target disc and target photo-cell. The slats are flexibly interconnected and,
as presently preferred, are from six to eight inches wide with one-eighth inch spacing between
adjacent slats. Length of the slats (and width of the conveyor) is just less than the distance
between discs 78 and 86. This is determined by the size of the objects to be measured and may

' ‘be in the order of three to five feet, for example. Changes in light transmission at slat edges

(due to such effects as diffraction) are small enough to be tolerated in some applications. To
minimize such errors, the gap between slats is kept quite small. Positions of the gaps are
known in the measuring coordinate system and thus measurements at the gaps may be
inhibited or discarded (without significant compromise of accuracy) to eliminate effects of
diffraction.

The problem of diffraction may also be eliminated by use of a solid, one piece transparent
platform, instead of the conveyor, to support the tube. Such platform would reciprocate along
the frame 10, moving from one end to the other and carrying a tube through the scanning
region. The tube is then removed and the one piece platform is returned to the starting end to
receive another tube to be measured.

MODIFICATION

Ilustrated in Figure 8 is a modification of the invention employing only a single scanner
movable along a framework that supports the object being scanned without any conveyor or
platform. In this arrangement, the object is turned through 90° after a first scan has been
completed in order to provide a second orthogonal scan.

As shown in Figure 8, an upstanding frame comprises fixed corner posts 200, 202, 204 and
206, fixedly connected to each other in a substantially rectangular array by means of a bottom
glate 208 and a rigid upper rectangular frame 210. Slidably mounted upon the standards 200,

02, 204 and 206 is a substantially U-shaped scanner support comprising first and second
rigid side plates 212, 214 and a back plate 216. The scanner support plates are fixedly
connected to each other by means of their rigid connections to a plurality of slidable bearing
collars 220, 222,224 and 226. The bearing collars are a snug but sliding fit upon the standards
and thus the entire scanner support may be readily moved up and down along the standards.

To reciprocally drive the scanner support along the posts, there is provided a fixedly
mounted reversible motor 228 that simultaneously drives a pair of vertically extending
threaded shafts 230, 232 by means of first and second gear boxes 234, 236 interconnected bia
a coupling shaft 238. Threaded shafts 230, 232 are journalled at their lower ends in bearings
240, 242 mounted upon plate 208. The shafts are threaded in internally threaded apertures of
a lug 244 fixedly mounted to and projecting inwardly from side plate 212 and a similar lug
(not seen in Figure 8) fixedly mounted to and projecting inwardly from side plate 214. An
encoder or scanner support position detector 248 is mounted to detect motion of one of the
shafts, such as shaft 238, for example, and may be the same as encoder or conveyor position
detector 34 described in the embodiments of Figures 1-4. Encoder 248 provides an output
signal that defines the position of the scanner support in its slidable travel along the vertical
posts.

Mounted on the scanner support side plate 212 are a first disc 250, a motor 252 and a laser
254, all of which are identical to corresponding components 78, 70 and 72, respectively, of
Figures 1 and 3. Mounted upon the side plate 214 are a second disc 256, a second motor 258
and a laser target or detector 260, all of which are respectively identical in construction,
relation and operation to the corresponding components identified as disc 86, motor 82 and
detector 84 of Figures 1-3. The pair of scanning discs, their motors, the laser 254 and detector
260, all operate in the same manner as do the corresponding components forming one of the
two mutually. orthogonal scanners of Figures 1-3. A fixed target 262 is mounted on the
scanner support to provide a reference sensor for the scanning beam of the scanner.

Since the scanner in the embodiment of Figure 8, rather than the object being scanned, is
reciprocally movable along the frame, the object need not be mounted for motion across the
scan pattern of the scan generator. However, since in this embodiment only a single scanner is
provided, it is necessary either to rotate the scanner around an axis extending along the
direction of travel of the scan pattern (up and down in the embodiment of Figure 8) or to
¥otate the object itself about such axis. This relative rotation allows the single scanner to scan
first in one direction and then to scan in a second orthogonal direction relative to the object.

Accordingly, the object to be scanned, which is shown in Figure 8 as a bent tube 270, is
carried by a fixed platform 272 suspended from the upper frame 210 and spaced inwardly
from the posts to clear the discs 250, 256 as they move to an uppermost position. Fixedly
mounted to the platform 272 is a rotatable tube support 274 of which details are shown in
Figures 9 and 10.

10

15

20

25

30

35

45

50

35

65



1,567.401

10

15

20

25

30

35

45

50

55

65

The tube support comprises a housing 276 carrying bearings 278, 280 that rotatably mount
a tube support body 282 having a tapered recess 284 in a lower end thereof. A split ball collet
286, formed of segments 288, 290, 292, 294 (Figure 10), has an outer conical surface mating
with the surface of the conical recess 284 and also has an inner spherical recess for reception
of a ball 296 fixedly carried at the end of a tube support rod 298. Ball 296 carries a pair of
diametrically opposed and mutually aligned pivot pins 300, 302 that are fixed to the ball and
rotatably received in journal apertures of split collet segments 288, 292 respectively. Thus
the ball (and rod 298) can pivot about the axis of the pins 300, 302 in a single plane. Further,
the ball together with the split ball collet 286 can readily pivot about an axis aligned with the
axis of rotation of support body 282 (when the several components are not locked by the
locking means to be described below). Thus a gimbal or universal joint is provided. Ball 296 is
formed with an outwardly diverging slot 297 to permit rotation about pivot pins 300, 302
without undue interference with a cable 310 (described below).

Fixed to the other end of support rod 298 is a tube receiving chuck comprising a split chuck
collet 304 having a tapered recess that receives a mating tapered plug 306. A compression
spring 308 is mounted within the chuck collet, interposed between an end of the plug 306 and
gg fnd of support rod 298, to urge the plug outwardly of the tapered recess of chuck collet

A cable receiving aperture extends through plug 306, through support rod 298, through
ball 296 and through support body 282. Extending through this aperture and fixed at one end
to plug 306 is a flexible cable 310 that is fixed at its other end to reciprocable actuator 312 of
an air motor 314 mounted upon the support body 282.

A motor 316 is fixed to housing 276 and drives a rack 318 having teeth thereon that mesh
with teeth of a gear 320 fixed to and circumscribing the support body 282. Motor 316 has a
preset length of stroke capable of moving rack 318 between extended and retracted positions.
When the rack 318 moves from one of its positions to the other, gear 320 and support body
282 rotate through a precise 90°.

Motor 314 is operable to move actuator 312 between an extended and retracted position.
In extended position of actuator 312, plug 306 is loose in chuck collet 304 and the ball 296 is
loose in ball collet 286. In retracted position of actuator 312, the cable is tensioned to lock
both of the collets. Plug 306 is drawn tightly into the tapered recess of the chuck collet to
thereby urge the collet segments radially outwardly to firmly grasp the inner surfaces of the
end of the tube 270 into which the collet 304 has been inserted. The very same tension on
cable 310 axially drives the support rod 298 to drive the ball 296 into ball collet 286, causing
the collet segments 288, 290, 292 and 294 to be forced further into the tapered recess of the
support body 282, thus more firmly grasping the ball 296 and locking this ball against rotation
relative to the collet 286.

In operation of the embodiment of Figures 8-10, a tube 270 of which the profile is to be
scanned has an end thereof inserted over the collet 304. The angle of support rod 298 is
adjusted by moving the rod 298 about the axis of pivot pins 300, 302 and also by rotating the
ball collet 286 about the axis of support body 282 until the tube 270 is substantially centrally
located within the area of the posts 200, 202, 204 and 206. Motor 314 is actuated to tension
the cable and lock both the chuck collet and ball collet in adjusted position. The tube is now
supported on the upstanding frame in a fixed position and contacted only at its inner surfaces.
The scanner frame is moved to an extreme upper or an extreme lower position. The scanner
disc motors are operated in synchronism to rotate discs 250, and 256 in synchronism. Motor
228 is operated to commence to drive the scanner support together with the scanner in a first
direction along the tube, downwardly for example, from an extreme uppermost position.
Threaded rods 230, 232 are laterally displaced from the axis of rotation of the discs so as to
avoid interference with the scanning beam. Outputs of the reference sensor 262 and the beam
sensor 260 are processed by the same circuitry as is employed in the previously described
embodiment and, concomitantly, the output of position detector 248 is provided for use in
the computation in the same manner as 1s the signal xc previously described.

When the scanner has completed one full pass along the length of the tube, motor 316 is
energized to rotate the tube support and the tube through 90°, whereupon the scanner may
commence a second scan which is now in a plane orthogonal to the plane of the first scan
(relative to the tube). The scanner frame now moves upwardly under control of motor 228,
which has been reversed in direction, and data for the second orthogonal scan is generated.

It will be readily appreciated that other arrangements for holding the tube being scanned in
one of two mutually orthogonal positions and rotating it around an axis substantially parallel
to the direction of reciprocal travel of the scanner support may be readily devised. Thus the
tube may be held by opposed pressure against its two opposite ends or other arrangements
may be employed to position the tube at one or both of its ends. Further, the arrangemert of
Figure 8 may be employed in a horizontal position and a second pair of scanning discs may be
mounted on the scanner support so that no relative turning of the tube is necessary and a

10

15

20

30

35

45

50

55

65



1,567,401

10

15

35

45

55

complete set of data on the tube profile can be obtained in a single pass. In such an
arrangement the tube can be supported by pressing it at both of its ends or a fixedly positioned
transparent platform may be employed to support the now horizontally positioned tube.

There have been described methods and apparatus for defining three dimensional config-
urations of objects that are merely passed through a scanning region without specific
orientation or position and without physical contact with the object.

The foregoing detailed description is to be clearly understood as given by way of illustra-
tion and example only, the scope of this invention being limited solely by the appended
claims.

WHAT WE CLAIM IS:

1. A method of scanning the profile of an object to enable definition of the object
configuration in three dimensions comprising:

subjecting the object to first and second spatially correlated two-dimensional scans carried
out by a respective energy beam the beams for the respective scans being projected in
mutually angulated directions relative to the object, and

generating signals indicating location of intersections of each such scan with a boundary of
the object.

2. The method of claim 1, comprising:

projecting a beam of light parallel to a first axis in a first scan pattern,

projecting a beam of light parallel to a second axis in a second scan pattern,

said second axis being angulated with respect to said first axis,

moving said object relative to both said first and second scan patterns along a third axis
angulated with respect to said first and second axes, and

generating signals collectively defining locations of intersections of said beam scan patterns
with a boundary of said object to thereby define points on the boundary of projections of said
object upon first and second planes respectively transverse to said first and second axes.

3. The method of claim 2, wherein different beam projectors are used to project said
beams.

4, The method of claim 2, wherein said beams are projected at different times.

5. The method of claim 2, wherein said beams are projected by a common beam

rojector.
P 61. The method of claim 2, wherein said beams are projected by a common beam
projector at different times, and including turning said object relative to said first mentioned
beam about an axis entending in the direction of said third axis.

7. The method of claim 1 comprising:

moving a scanning beam across the object in a scan pattern, relatively moving said object
and pattern, and generating signals collectively defining locations of intersections of said
beam scan pattern with a boundary of said object.

8. The method of claim 7, including the steps of turning said object relative to said beam,
moving said beam across said object in a second scan pattern, relatively moving said object
and said second scan pattern, and generating signals collectively defining locations of interse-
ctions of said second beam scan pattern with a boundary of said object.

9. Themethod of claim 7, including moving a second scanning beam across the objectina
second scan pattern, and projecting said second beam in a direction that is angulated with
respect to the direction of projection of said first mentioned scanning beam and the direction
of relative motion of said object and said first mentioned pattern, relatively moving said
object and said second pattern, and generating signals collectively defining locations of
intersections of said second beam scan pattern with a boundary of said object, thereby to
provide signals collectively defining the configuration of said object in three dimensions.

10. The method of any of claims 7 to 9, wherein said step of generating signals comprises
generating a train of fixed repetition rate pulses, initiating a count of said pulses at a reference
point in said scan pattern, and reading out the count of said pulses upon intersection of said
beam with said boundary.

11. The method of claim 10, wherein said scan pattern is a circular cylinder and including
the step of determining a coordinate of said intersection of said pattern and beam in
accordance with the equation

X; = xc; - Rsin [(Nu - K;) K;]
where x; is distance of said point of intersection along one axis of a coordinate system fixed
with respect to said object, xc, is distance measured along said axis between points fixedly
related to said pattern and to said object, R is the radius of said pattern, Nu is the number of
pulses counted when said beam intersects said boundary, K, is a fixed number of pulses
angularly relating said reference point to said coordinate system, and K, is a constant relating
the number of pulses to distance travelled by said beam in said pattern.

12. Themethod of claim 11, including the step of determining a second coordinate of said
intersection of said pattern and boundary in accordance with the equation
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13. The method of claim 12, including moving a second scanning beam across the object
in a second scan pattern and projecting said second beam in a direction transverse to the
direction of projection of said first mentioned scanning beam and transverse to the direction
of relative motion of said object and said first mentioned pattern, maintaining said first
mentioned pattern in fixed relation to said second pattern, and generating signals collectively
defining locations of intersection of said second beam scanning pattern with said boundary.

14. The method of claim 1, wherein each said scan includes moving a scanning beam
across the object with a component of motion parallel to respective first and second spatially
correlated axes.

15. A profile scanning apparatus comprising:

carrier means for supporting an object of which the profile is to be scanned,

a scanning device comprising means for projecting an energy beam in a first direction
relative to an object supported by said carrier means and moving in a two-dimensional scan
pattern across said object,

the same or further means for projecting an energy beam in a second direction relative to
said object and moving in a second two-dimensional scan pattern across said object, said
directions being mutually angulated, means for effecting relative motion of said carrier means
and said scan patterns to thereby move such scan patterns over said object, and

means for generating signals representing locations of intersections of both said energy
beams with a boundary of said object.

16. The apparatus of claim 15, wherein said carrier means is transparent to said energy
beams.

17. The apparatus of claim 15, wherein said carrier means includes means for supporting
said object from an end of said object.

18. The apparatus of claim 15, wherein said carrier means contacts said object only at an
interior surtace of said object.

19. The apparatus of claim 15, substantially as described with reference to Figures 1 to 7
or Figures 8 to 10 of the accompanying drawings.

Agents for the Applicants
GILL, JENNINGS & EVERY
Chartered Patent Agents
53 to 64 Chancery Lane
LONDON WC2A 1HN

Printed for Her Majesty’s Stationery Oftice, by Croydon Printing Company Limited, Croydon, Surrey, 1980.
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY,from
which copies may be obtained.
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