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BACKGROUND OF THE INVENTION
This invention is a result of a contract with the

. pepartment of Energy (Contract No. W-7405-ENG-36).

The' invention disclosed herein is generally related to

_metrological gaging instruments and, more particularly, to

roundness gages used for measuring the roundness and
sphericity of spherical articles such as ball bearings.
In the following discussion, the terms roundness and
sphericity are to be distinguished. The term roundness
has reference in two dimensions only, and refers to the
deviation of a generally circular curve from a true cir-
cle. The term sphericity refers to the three-dimensional
shape of a ball, and, more specifically, refers to the

- deviation of that shape from a perfect geometric sphere.

With respect to a ball, the term roundness refers to the
shape of the curve defined by the intersection of the sur-
face of the ball with a plane passing through the center
of the ball. Thus, many roundness measurements may be
taken on a ball; and in referring to the roundness of a
ball one must specify the plane with respect to which the
reference is made. As will be discussed further below, a
determination of the sphericity of a ball usually involves
the taking of a series of roundness measurements.

In describing the shape of a ball, it is useful to
consider irregqularities in the surface of the ball as'con-

sisting of components of varving wavelength and ampli-

‘tude. Short wavelength irregularities in the surface of

the ball correspond to textural roughness in the surface
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finish, and are measufed by surface finish assessment
techniques such as optical interferometry. Surface irreg-
ularities having wavelengths which are longer, yvet which
are significantly shorter than the circumference of the
ball, give rise to what is called "waviness," which may he
generally visualized as localized bulges or depressions in
the surface of an otherwise spherical ball. Surface ir-
regularities having wavelengths which are longer yet, and
which are approximately equal in length to the circumfer-
ence of the ball, give rise to large scale variations in
the shape of the ball and result in an "out-of-round" con-
dition. It is the latter type of irreqularity that pri-
marily affects the large scale dimensionality, or spheric-
ity, of a ball. Whereas the presence of waviness in a
ball may often be detected relatively simply by one or
more randomly oriented roundness measurements, the larger
scale variations in sphericity are more difficult to de-
tect and measure with commercially available gaging tools,

. primarily because of problems associated with centering

the ball during successive roundness measurements, as fur-
ther discussed below.

The roundness of a ball is ordinarily measured with a
roundness gage that operates essentially to determine the
shape of the path travelled by a stylus which is used to
circumscribe the ball about a great circle. Such a deter-
mination is usually made by comparing the shape of the
ball with the rotary motion of a precision spindle. There
are two basic types of roundness gages having such spin-

dles. 1In those known as the stationary gagehead type, the

ball is centered on a precision spindle and both the spin-
dle and ball are rotated while a relatively stationary
gagehead stylus is held in contact with the surface of the
ball. If the ball is not perfectly round, the stylus un-
dergoes a slight radial displacement as the ball rotates.
This displacement is detected and measured to determine
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the roundness of the ball., In the second type of round-
ness gage, known as the rotating gagehead type, the ball
is held stationary while a gagehead stylus is held against
the ball and orbited around it. The stylus extends from
one side of a precision spindle which is centered on the
ball and which is rotated to orbit the stylus around the
ball. An out-of-round condition in the ball is reflected
as a slight radial movement of the stylus relative to the
spindle. Such movement is detected and measured to deter-
mine tﬁe‘roundness of the ball. The present invention is
directed primarily to the latter type of roundness gage,
although the invention is by no means limited to such
application and may be of use in various other applica-
tions which may be apparent to one of ordinary skill in
the art.

The determination of the sphericity of a ball requires
a number of two-dimensional roundness measurements to be
taken in different planes. One common practice has been
to take a series of randomly oriented roundness measure-
ments, rotating the ball through an arbitrary angle be-
tween each measurement. Although such a method is useful
for obtaining a general idea of whether the sphericity of
a ball is within tolerance limits, it is inadequate to ob-
tain detailed information with which the surface of the
ball may be mapped in three dimensions.

In order to accurately map the surface of a ball, it
is necessary to take'a series of roundness measurements at
known orientations with respect to one another. Since the
orientation of the plane of measurement of the roundness
gage is fixed, the ball must be rotated between successive
measurements. Various rotational sequences may be em-
ploygd to obtain a set of roundness measurements with
which the ball may be mapped, as discussed further below.
Accordingly, it is gencrally desirable to be able t0 ro-
tate ghe ball through any desired angle, and further, to
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rotate the ball through such angle about any axis of rota-
tion that might be drawn through the center of the ball.
Moreover, such rotation must be accomplished without mov-
ing the center of the ball from a substantially fixed

' position that is centered on the axis of the precision
.gagehead spindle. There has not been previously available

an apparatus for performing this function,

Accordingly, it is the broad object and purpose of the
present invention to provide a ball mounting fixture with
which a ball may be accurately and precisely rotated
through selected angles in any angular orientation.

It is also the object and purpose of the present in-
Qention to provide a ball mounting fixture for a roundness
gage. More particularly, it is an object of the invention
to provide a ball mounting fixture for a rotating gagehead
roundness gage.

It is also an object to provide a ball mounting fix-
ture for a roundness gage that enabhles accurate determina-
tion of the sphericity of a ball and the three-dimensional

_mapping of its surface.

It is another object of the present invention to pro-

.vide a mounting fixture that enables a ball to be accu-

rately centered on the axis of rotation of a precision
spindle of a rotating gagehead roundness gage, and which
also enables the ball to be precisely rotated through se-
lected angqular increments about any desired axis of
rotation. '

It is yet another object to attain the foregoing ob-
jects and purposes in a mounting fixture capable of sup-
porting balls of various diameters.

It is also an object to provide a mounting fixture
that achieves the foregoing objects and which also avoids
surface damage to balls made of soft or delicate materials.

Additional objects, advantages, and novel features of
the invention will be set forth in part in the description
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which follows, and in part will become apparent to those
skilled in the art upon examination of the following or
may be‘iearned by practice of the invention. The objects
and advantages of the invention may be realized and at-
tained by means of the instrumentalities and combinations
particularly pointed out in the appended claims.
SUMMARY OF THE INVENTION

T0o achieve the foregoing and other objects, and in ac-
cordance with the purposes of the present invention as em-
bodied and broadly described herein, the ball mounting
fixture of the present invention comprises two transverse-
ly oriented ball chuck assemblies mounted on a common

base. Each ball chuck assembly includes a rotatable stage
and a ball chuck attached thereto. Each of the ball
chucks may be selectively actuated to securely retain a
ball thereon. Further, each ball chuck is attached to its
respective rotatable stage by positioning means which en-
ables the position of the chuck to be adjusted radially
with respect to the axis of rotation of the stage, such
that a ball may be secured to the chuck and subsequently
centered on the axis of rotation of the rotatable stage.
As a result, each ball chuck assembly is independently
operable to support the ball and rotate it about an axis
passing through its center while so supported.
Additionally, the ball may be transferred smoothly
from one chuck assembly to the other by actvating one ball
chuck and deactuating the other chuck, with the ball being
held in a fixed orientation throughout such a transfer.
Consequently, the two chuck assemblies may bhe operated in
sequence, by rotating them about their mutually transverse
axes, in order to rotate the ball through any desired an-
gular increment and about any axis passing through the
center of the ball, and with the center of the ball always
being returned to substantially the same location after
each such rotation. As a result, a precise determination
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of the sphericity of the ball may be made by taking a se-
ries of roundness measurements at precisely known orienta-
tions to one another.

The ball chuck of each chuck assembly preferably con-
gsists of a vacuum chuck which may be selectively actuated
to secure a ball in a fixed position thereon. The posi-
tioning means attaching the vacuum chuck to the rotatable
stage preferably includes an adjustable wobble plate as-
sembly. With such an assembly the vacuum chuck may be
pivotably mounted on the rotatable stage, and centering of
a ball seated on the vacuum chuck may be effected by tilt-
ing the wobble plate about its pivot point, which lies\on
the axis of rotation of the rotary table.

In accordance with other aspects of the invention, one
chuck assembly is movable in translation relative to the
other. The movable chuck assembly is preferably mounted
on a three-way slide table assembly which enables the
chuck assembly to be translated rectilinearly in three
dimensions. This enables the movable chuck assembly to bhe
moved away from the nonmovable chuck assembly to permit

roundness measurements to be taken while a ball is mounted

on the nonmovable chuck assembly. Additionally, the posi-
tion of the movable chuck assembly may be adjusted so that
its axis of rotation is accurately centered on both the
axis of the nonmovable chuck assembly and the center of a
ball to be measured for roundness. As a result, balls of
various sizes can be accommodated by the mounting fix-
ture. Moreover, a ball can be accurately rotated in any
angular orientation by successive rotations of the two
chuck assemblies, but with the ball not undergoing any
substantial rotation as it is transferred from one chuck

4asseﬁb1y to the other.

The ball mounting fixture enables the surface of a
ball to be precisely mapped for the purpose of determining
the sphericity of the ball. 1In this regard, an important

!

!
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advantage of the mounting fixture over the prior art is
that thé ball can be precisely rotated through any desired
angle in any angular orientation between the taking of
successive roundness measurements. Moreover, an imperfect
or irregularly shaped ball can be so rotated and yet also
be centered on the axis of rotation of the gagehead spin-
dle after each rotation. These and other advantages and
the means by which they are achieved will be more readily
appa&ent upon consideration of the following description
of the preferred embodiment, taken with the accompanying
drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of the specification, illustrate an embod-
iment of the present invention and, together with the des-
cription, serve to explain the principles of the inven-
tion. In the drawings:

FIGURE 1 is an isometric view of the preferred embodi-
ment of the ball mounting fixture of the present inven-
tion, with elements of a conventional rotating gagehead
roundness gage shown in phantom outline;

FIGURE 2 is a side elevation view of the mounting fix-
ture shown in Figure 1;

FIGURE 3 is a plan view of the mounting fixture shown
in Figure 1;

FIGURE 4 is a side view in cross section of the verti-
cal chuck assembly of the mounting fixture shown in
Pigure 1; '

PIGURE 5 is a schematic illustration showing the paths
along which a sequence of roundness measurements might be
taken to determine the sphericity of a manufactured ball
with the mounting fixture of the invention; and

FIGURE 6 is a graphical illustration of the results of

a typical roundness measurement, as recorded on a polar
chart.
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PDETAILED DESCRIPTTON OF THE
PREFERRED EMBODIMENT OF THE INVENTION

Referring first to FIGURES 1 through 3, the preferred
embodiment of the hall mounting fixture generally includes
a vertical chuck assembly 10 and a horizontal chuck assem-
bly 12, both of which are mounted on a circular base plate
14. The entire mounting fixture is mountable on a hori-
zontal slide table 15 of a conventional rotating gagehead
roundness gage. As discussed further below, the function
of the vertical chuck assembly 10 is to support a ball 16
in a stationary position while roundness measurements are
taken, and also to rotate the ball about a vertical axis
between such measurements. The horizontal chuck assembly
12 is used to support and position the ball between round-
ness measurements, but is removed from the ball while
roundness measurements are being taken.

Roundness measurements are taken by circumscribing the
stationary ball 16 with a precision stylus 18. The sty-
lus 18 is pivotably attached to an arm 20 that extends
downwardly from an overhead precision spindle 22 (shown in
FIGURE 2). The precision spindle 22 rotates about a ver-
tical axis of rotation which is centered on the ball 16
and which is also coaxial with the axis of rotation of the
verfical chuck assembly 10. The stylus 18 is offset radi-
ally from the axis of the precision spindle 22 by a dis-
tance approximately equal to the radius of the ball 16,
such that the stylus 18 travels in a horizontal orbit
around the ball 16 at its widest point; i.e., along a
great circle orbit having a diameter substantially equal
to tbe.diameter of the ball 16. A hias spring (not shown)
maintains the stylus 18 urged radially inwardly against
the surface of the ball 16. The stylustlg is coupled to a
transducer (not shown) that is responsive to inward and
outward horizontal radial displacement of the tip of the
stylus 18 as it circumscribes the ball 16. It will be ap-
parent that no displacement will occur with a ball that is
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perfectly round in the horizontal plane being measured,
and which is exactly centered on the axis of the overhead
spindle 22. Short wavelength displacéments of the stylus
arise from roughness of the surface finish of the ball,
whereas long wavelength displacements arise due to wavi-
ness or an out-of-round condition in the ball.

The transducer coupled to the stylus 18 produces an
electrical signal that is representative of the radial
displacement of the stylus 18. This signal is ordinarily
recorded as a function of the angular position of the sty- |
lus about the ball 16, which may be measured, for example,
by means of a shaft angle encoder coupled to the spindle
22. The electrical signals representing the radial dis-
placement and angular orientation of the stylus are re-
corded, either in analog or digital form, so as to provide
a record of the shape of the circumferential path traveled
by the tip of the stylus 18 during each measurement cy-
cle. FIGURE 6 illustrates an exemplary trace 23 such as
is obtained during a typical roundness measurement. The
trace 23 is shown as it is recorded in graphical form on a
polar chart.

The vertical and horizontal chuck assemblies 10 and 12
are substantially identical and will be described—;h furt—
ther detail primarily by reference to the vertical chuck
assembly 10. Referring particularly to FIGURE 4, the ver-
tical chuck assembly 10 includes a hollow pedestal 24
which is affixed to the center of the base plate lij_
Mounted on the pedestal 24 is a rotary table 26 which con-
sists of a rotatable stage 26a and a fixed stage‘ggg, each
of which is marked with angular index lines to permit
accurate indexing of the rotatable stage with respect to
the fixed stage. The fixed stage 26b is nonrotatable with
respect to the pedestal 24 and the base plate 14, whereas
the rotatable stage 26a is rotatable about a vertical

‘axis. A pair of counterscrews 26c and 26d permit the
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rotatable stage 26a to be locked in position, and also may
be used to drive the rotatable stage 26a in fine
adjustment.

A precision wobble plate assembly 27 is mounted on the
rotatable stage ggg. The wobble plate assembly 27 con-
sists of a fixed bearing plate 28 and a pivotable ball-
seat wobble plate 30. The bearing plate 28 is affixed to
the upper side of the rotatable stage 26a, and inéludes a

.central bore 28a which opens at its upper end onto an up-

wardly facing conical seat 28b. The wobble plate, 30 in-

.¢cludes a central bore 30a, and further includes an inte-

gral, downwardly protruding semispherical pivot element
30b. The semispherical pivot element 30b rests on the
conical seat 28b of the bearing plate 28 so as to space
the wobble plate 30 from the bearing plate 28 and to also
permit the wobble plate 30 to undergo limited pivotal
motion with respect to the bearing plate 28. The wobble
plate'gg and the bearing plate 28 are each centered on the
rotatable stage 26a, such that pivotal motion of the wob-
ble plate 30 is about a pivot point which lies on the axis
of rotation of the rotatable stage 26a.

Pivotal motion of the wobble plate 30 is controlled by
means of four adjustment screws 32 which connect the wob-
ble plate 30 to the bearing plate 28. The adjustment
screws 32 are equally spaced about the periphery of the
wobble plate 30 and may be selectively tightened or loos-
ened to effect tilting of the wobble plate 30, as des-
cribed further below.

A chuck mounting member 34 is affixed to the upper
side of the wobble plate 30 by means of four screws 36.
The mounting member 34 includes a central bore 34a in
which is fitted a vacuum fitting 38. The vacuum fitting
protrudes downwardly from the mounting member Ei into the

- bore 30a of the wobble plate 30, and is connected through
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a rotatable vacuum seal (not shown) to a length of flex-
ible vacuum tubing 40. The tubing 40 passes through the
central bores of the bearing plate 28 and the rotary table
26, and through an aperture in the wall of the hollow ped-
zgkal 24. The tubing 40 is connected to a vacuum source
and suitable valving by which a vacuum may be applied to
the bore of the chuck mounting member 34.

The chuck mounting member gi supports a brass vacuum
chuqk 42 which is set into the bore 34a and extends up-
wardly therefrom. The vacuum chuck 42 includes an inte-
gral collar 42a by which the chuck 42 is affixed to the
mounting member 34 with four screws 43. The upper end of
the brass chuck 42 is tapered to allow the chucks of the
two chuck assemblies 10 and 12 to be brought relatively
close together while at right angles to one another. The
upper end of the chuck 42 also includes an upwardly open=-
ing cylindrical recess in which is inserted a polymeric
ball seat 44, which is preferably formed of polystyrene.
Both the chuck 42 and the ball seat 44 have central bores
by which a vacuum may be applied to seat the ball 16 firm-
ly on the ball seat 44. The ball seat 44 is provided with
an upwardly facing conical seating surface on which the
ball 16 rests. Although the ball seat 44 is preferably
formed of polystyrene, other suitable materials may be
used which adequately prevent surface damage to balls
formed of relatively soft materials.

The vacuum chuck 42 and the ball seat 44 will ordi-
narily be of a size and shape particularly adapted to the
size of the ball 16 being measured. Thus, a set of inter-
changeable vacuum chucks may be used where balls of vari-
ous diameters are to be routinely measured. It is for
this reason that the chuck mounting member 34 and the
associated vacuum fitting 38 are formed separately from
the vacuum chuck and are affixed to the wobble plate 30 to
permit the various vacuum chucks to be easily exchanged as

required.
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Referring to FIGURE 2, the horizontal chuck assembly
12 is substantially identical to the vertical chuck assem-
bly 10, including a mounting pedestal 46, a rotary table
48, a wobble plate assembly 49 consisting of a bearing
plate 50 and a ball-seat wobble plate 52, a chuck mounting
member 54, and a vacuum chuck 56 having a polystyrene ball
seat. The chuck 56 is actuated by application of a vacuum
to a vacuum line 57. The structure and function of the
various elements of the horizontal chuck assembly 12 are
substantially as described above with respect to the cor-
responding elements of the vertical chuck assembly 10. As
in the vertical chuck assembly, the wobble plate 52 en-
ables a ball seated on the vacuum chuck 56 to be centered
on the axis of rotation of the rotary table 48.

A counterweight 58 is situated on the opposite side of
the base plate 14 from the horizontal chuck assembly 12 to
position the center of gravity of the fixture near the
center of the base 14.

The horizontal chuck assembly 12 is mounted on a three-
way slide table assembly 60 that permits rectilinear mo-
tion of the horizontal chuck assembly 12 in three dimen-
sions. More specifically, the slide table assembly 60 in-
cludes a horizontal slide table 62 mounted on the base
plate 14, and a pair of transversely oriented upright
slide tables 64 and 66 mounted on an upright angle member

- 68. Each slide table includes a movable plate (62a, 64a,

and 66a) and a fixed plate (62b, 64b and 66b). The slide
tables 62, 64 and 66 are conventional in the art and are
illustrated in a simplified schematic form for purposes of
illustration.

The horizontal chuck assembly 12 is affixed to the
movable plate 66a of the slide table 66. The fixed plate
66b of the slide table 66 is affixed to the movable plate
§4a of the slide table 64. The fixed plate 64b of the up-
right slide table 64 is affixed to the upright arm of the
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right angle member 68, and the horizontal arm of the angle
member 68 is affixed to the movable plate 62a of the hori-
zontal gzide table 62. The fixed plate 62b of slide table
62 is affixed to the base plate 14.

—_ The movable plates of the three orthogonal slide
tables 62, 64, and 66 are driven by respective micrometer
adjustment screws 70, 72, and 74. The micrometer screw 70
drives the movable plate 62a of the horizontal slide table
62 radially inwardly and outwardly with respect to the
axis of the vertical chuck assembly 10, thereby enabling
the horizontal ball chuck 56 to be moved toward and away
from the ball 16. The micrometer screw 72 drives the mov-
able plate 64a of the slide table 64 vertically, thereby
enabling the horizontal chuck assembly 12 to be raised or
lowered so as to be centered on and to accommodate balls
of varying diameters. Finally, the third micrometer screw
74 drives the movable plate 66a of the slide table 66 lat-
erally with respect to the axes of both the horizontal and
vertical chuck assemblies, thereby enabling the horizontal

- chuck 56 to be laterally centered on a ball 16 seated on

the vertical chuck assembly 10.

Prior to operation, a sequence of alignment adjust-
ments is necessary to correctly align the two ball chuck
assemblies, the ball to be measured, and the spindle of
the roundness gage. The initial step in alignment is to
center of the ball 16, while seated on the vertical vacuum
chuck 42, on the axis of rotation of the vertical chuck
assembly. This is accomplished using the wobble plate 30
and a stationary indicator, which is ordinarily the sty-
lus 18. 1In this regard, the wobble plate 30 is tilted as
required, by progressive adjustment of the screws 32, un-
til the ball is centered on the axis of rotation of the
rotary table 26. Coarse adjustments of the wobble plate
30 are made by loosening one of the adjustment screws 32
and tightening the opposite screw 32, which causes the
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wobble plate 30 to tilt with respect to the bearing plate
28. Fine adjustments are then made by tightening one
;:rew 32 without loosening the opposite screw, thereby
slightly deforming the wobble plate to obtain a small an-
gular deflection of the vacuum chuck 42.

‘The entire mounting fixture is then moved horizontally
on the precision slide table 15 of the roundness gage un-
til the ball 16 is centered on the axis of rotation of the
ovérhead spindle 22. At this point, the axis of the spin-
dle 22 and the axis of the vertical chuck assembly 10 are ¢
coaxial and each pass through the center of the ball 16.
The slide table 15 of the roundness gage is then raised or
lowered, as required, until the stylus output indicates
that the stylus 18 is in contact with the ball 16 at its
maximum diaméter: i.e., that the plane of measurement is a
horizontal plane passing through the center of the ball.

The ball 16 is then centered on the axis of the hori-
zontal chuck assembly 12. This is done using a stationary
gagehead in the same manner as described above for the
vertical chuck assembly 10. Finally, the amount of offset
of the center of the ball 16 from the axis of the round-

- ness gage spindle 22, while supported by the horizontal

ball chuck 56, is observed by rotating the spindle 22 and
the stylus 18 partially around the ball. The ball 16 is
centered on the axis of the spindle 22 by moving the chuck
assembly 12 in the horizontal plane using the slide tables
66 and 70. The vertical micrometer slide table 64 is then
used to lower the ball until it just contacts the vertical
chuck 42, whereupon it may be transferred to the vertical
chuck 42 by switching the vacuum from the horizontal chuck
assembly 12 to the vertical chuck assembly 10.

At this point, the horizontal and vertical chuck as-
semblies are located such that the vacuum chucks 42 and 56

‘are each just in contact with the ball 16, and further
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such that the ball occupies the same position while sup-
ported by either one of the chuck assemblies. The read-
ings of the micrometer adjustment screws 70, 72 and 74 are
then recorded, the ball is transferred to the vertical
chuck assembly, and the horizontal chuck assembly is
backed away from the ball. The recorded micrometer read-
ings enable the horizontal chuck assembly to be later
moved up to the ball and to be positioned in a centeréd

position just in contact with the ball.

To describe the actual manipulation of the mounting

ffixtuké during the taking of roundness measurements, it is
‘first necessary to establish a convention for the descrip-

tion of the ball. For purposes of the following descrip-
tion, therefore, a ball to be measured for roundness will

‘be described in geographical terms as having lines of lat-

itude and longitude. The ball also includes opposite
north and south poles where the lines of longitude inter-
sect to define a polar axis of rotation. Additionally,
there is an equatorial line of latitude defined by a great
circle oriented transversely with respect to the polar

axis of rotation. This convention is illustrated schemat-
ically in FIGURE 5.

As noted earlier, to arrive at a description of the

three-dimensional sphericity of a ball by the taking of

two-dimensional roundness measurements, it is necessary to
make roundness measurements in more than one plane. One
particularly useful and efficient approach that requires
relatively few measurements is to take a series of round-
ness measurements about a set of great circles that are
analogous to the geographical lines of longitude, as il-
lustrated schematically in FIGURE 5. Such great circles
define planes that intersect along the common polar axis
which passes through the diametrically opposed poles on
the surface of the ball. Roundness measurements about

'such great circles may be made, for example, by rotating
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the ball by a predetermined angle after each measurement
about a horizontal axis of rotation extending diametrical-
ly through the orbit of the orbiting stylus. After a num-
ber of such roundness measurements have been taken, an
equatorial roundhess measurement may be taken as illus-
trated by the equatorial line shown in FIGURE 5. In prac-
tice, it is found that such a series of roundness measure-
ments is sufficient in many practical applications for
determining the sphericity of a manufactured article.

To obtain the sequence of roundness measurements des-
cribed ébove, the roundness gage and the mounting fixture

. of the invention are operated as follows., The stylus of

the roundness gage is first brought into contact with the

" ball, and the spindle to which the stylus is attached is

rotated until the stylus is opposite the horizontal chuck
assembly 12. This location on the ball is designated the

- south pole of the ball, and lies at the intersection of

the axis of rotation of the horizontal chuck assembly with
the surface of the ball opposite the horizontal chuck
assembly. The point on the opposite side of the ball is
designated the north pole. A roundness measurement is
then made by orbiting the stylus around the ball in a
horizontal plane, and the angular position of the north
pole is marked on the resulting polar chart recording.

The ball is then rotated about the polar axis passing
through the above-defined north and south poles. This is
accomplished by moving the horizontal chuck assembly 12
toward the ball 18 until the horizontal vacuum chuck 56 is
just in contact with the ball. The recorded micrometer
screw readings are observed in this movement. Vacuum is
then applied to transfer the ball to the horizontal vacuum

Chuck 56, and the horizontal chuck assembly 12 is raised

8lightly by means of the vertical micrometer screw 72.
The rotary table 48 of the horizontal chuck assembly 12 is
then rotated by the desired angle, for example the angle
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© shown in FIGURE 5, and the ball is then lowered and
transferred once again to the vertical vacuum chuck 13.
The horizontal chuck assembly 12 is then backed away from

the ball, and another roundness measurement is ready to he

taken.

At this point, it is instructive to consider what
effect a deviation from perfect sphericity will have upon
the position of the ball when it is transferred between
the two chuck assemblies. If the ball is imperfect, it
will locate in a slightly different position on the coni-
cal insert of the vertical chuck assembly than the posi-
tion it occupied during the first roundness measurement.
That is, the polar axis of the ball, while still parallel
to its original position, may be displaced vertically and
horizontally from that original position. The magnitude
of this displacement may be on the order of the deviation
from sphericity, or it may be larger if there are inaccu-
racies in the shape of the conical chuck insert. A small
vertical displacement of the polar axis of the ball will
cause a negligible error in the next roundness measure-
ment, because such errors vary as the cosine of the angle
between a horizontal great circle about the ball and the
circle traversed by the stylus, which is in any event a
small angle. However, offsets in the horizontal plane
will be readily observed, and may be misinterpreted as a
bulge in the ball to one side of the polar axis.

Because the polar axis may have been displaced hori-
zontally as just described, no information is lost by once
again moving the slide table 15 of the roundness gage so
as to center the ball on the axis of the precision spindle
22. Therefore, this adjustment is conducted before each
roundness measurement. The angular position of the north
pole on the polar chart recording of the next roundness
measurement is then known to be the same as its angular
position in the first measurement, because the polar axis
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of the ball is substantially parallel to its original
position. However, the data may need to be shifted to one
gide of this axis by an as vet unknown amount to account
for the polar axis being displaced horizontally from its
original location. A

" The above-described sequence of successively rotating,
centering, and obtaining a roundness measurement on the
ball is repeated until the required number of measurements

'is obtained. The angular orientations of all of the

roundness measurements with respect to one another are
known, so that the polar chart recofdings correspond di-
rectly. However, each recording may have to be shifted in
a direction perpendicular to the polar axis, that is, in
the plane of the equator of the ball. The amount by which
the data must be shifted in this plane can be determined
1f the shape of the equator of the ball is known, since
the points at an anqular position of 90° from the north
pole on each longitudinal roundness measurement must lie
on the equator at a known longitude.

In order to obtain the measurement of roundness at the
equator, the ball is first rotated back to its original
position, in which its polar axis lies parallel to the
axis of the horizontal chuck assembly 12, and its north
pole faces the horizontal chuck 56, essentially as shown
in FIGURE 5. 1In this position, 0° longitude lies in a
horizontal plane and the equator of the ball lies in a
vertical plane. The ball is then rotated 90° about a
vertical axis, using the vertical chuck assembly, and then
90° about a horizontal axis, using the horizontal chuck
assembly. This brings the equator of the ball into a
horizontal plane, and orients the 0° line of longitude

- on the axis of the horizontal chuck assembly. The slide

table of the roundness gage is once again adjusted to cen-
ter the ball on the axis of the overhead spindle, and the
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roundness of the ball at its equator is measured to com-
plete the series of roundness measurements. At this
point, roundness measurements have been taken along all
the great circles indicated schematically in FIGURE 6.

The information obtained in the series of roundness
measurements may be utilized in several ways. One simple
technique is to make transparencies of the longitudinal
polar chart recordings. The transparencies are overlayed
upon one another with the transparencies being shifted as
necessary as indicated by the equatorial roundness mea-
surement. Visual analysis of the overlayed transparencies
gives a useful qualitative estimate of the sphericity of
the ball. '

In more sophisticated techniques, the roundness data
are digitized and, knowing the orientation of each round-
ness measurement with respect to the others, assigned to a
common three-dimensional coordinate system. An equation
representing an imaginary best fit ball can then be calcu-
lated, and a three-dimensional map showing contour devia-
tions of the actual surface of the ball from the best fit
ball can be produced.

Although the mounting fixture of the present invention
has been described and illustrated with reference to a
preferred embodiment, and with further reference to one
particular method of using the fixture, it will be under-
stood that the foregoing descriptions of the preferred em-
bodiment and method of using it have been presented for
purposes of illustration and are not intended to be ex-
haustive or to limit the invention to the precise form
disclosed. Various modifications, substitutions and al-
terations that may be apparent to one of ordinary skill in
the art may be made without departing from the essential
spirit of the invention. Accordingly, it is intended that

the scope of the invention be defined by the claims ap-
pended hereto.



LN

T
. 4

10

15

ABSTRACT OF THE DISCLOSURE

A ball mounting fixture for a roundness gage is dis-
closed. The fixture includes a pair of chuck assemblies
oriented substantially transversei?\with respect to one
another and mounted on a common base. Each chuck assembly
preferably‘includes a rotary stage and a wobble plate
affixed thereto. A bhall chuck affixed to each wobble
plate is operable to selectively support a ball to be mea-
sured for roundness, with the wobble plate permitting the
ball chuck to be tilted to center the ball on the axis of
rotation of the rotary stage. In a preferred embodiment,
each chuck assembly includes a vacuum chuck operable to
selectively support the ball to be measured for round-
ness. The mounting fixture enables a series of roundness

measurements to be taken with a conventional rotating
gagehead roundness instrument, which measurements can be
utilized to determine the sphericity of the ball.
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Fig. 3
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Fig. 5








