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3,177,774
METHOD FOR GENERATING CAM SURFACES

Farlow B. Burt, Winter Park, Fla., assignor to' The Bendix

Corporation, South Bend, Ind., a corporationm of
Delaware
Application. Mar, 28, 1960, Ser. No. 18,113, which is a
division of application Ser, No. 635,747, Jar. 23, 1957,
now Patent No. 2,958,264, dated Nov. 1, 1960, - Di-
vided and this application July 6, 1962, Ser, No. 208,141
3 Claims,  (CL90—11)

The ‘present invention relates to method for accurately
forming cam surfaces.of the type having continuously re-
peating sections spaced about an axis of rotation; and to
a particalar shape of cam surface which can be accurately
produced very economically by further refinements in this
method, The present invention is a division of . my co-
pending application Serial No. 18,113, filed March 28;
1960, now abandoned, which in turn is a division of Pat-
ent-No. 2,958,264, issued November 1, 1960,

An object of the present invention ‘is the provision of
a new and improved method of forming cam surfaces of
the above described type.

Another object of the invention is the provision of a
new and improved method of generating a cam surface in
which a rotatable cutting element is positioned radially
with respect to-a blank while the center cf the cutting ele-
ment and blank are rotated relative to each other to pro-
vide a cylindrical surface- of- fixed radius, and thereafter
the valleys are formed by relative radial reciprocating
movement between the cutting element and blank until the
remaining sections of the cylindrical surface are machined
to a predetermined length.

Further objects and advantages will become apparent

~to those skilled in the art to which the invention relates

from. the following -description :of the preferred embodi-
ments described with reference to the accompanying draw-
ings forming a part of this specification, in: which:

FIGURE1 is'a perspective view of apparatus embody-
ing principles of the present invention;

FIGURE 2 is a. cross-sectional side: view of the ap-
paratus embodying principles of the present invention;

FIGURE 3 is a side view of a cam member finish
machined according:to the preferred cam configuration;

FIGURE 4 is a fragmentary side view of a portion of
FIGURE 3 better illustrating a refinement in its contour;

FIGURE 5 is a fragmentary ‘schematic view exaggerat-
ing the relationship between the desired cam configuration
and cutting elemént to more fully depict the principles of
the invention; and ‘

FIGURE 6 is a fragmentary schematic view.exaggerat-
ing the relationship between a’ preferred form of gearing
which strangely: enough 'closely approximates a desired
corrective phase shifting movement in the above appa-
ratus. : .

There is.shown in the drawings apparatus which Is
specifically. designed to machine the cain configuration il-
lustrated in FIGURES 3 and 4 of the drawings. The cam
body member.C shown in these views is specifically de-
signed for use in sliding vane cam pumps of the type de-
scribed: in- the Burt; Sung and Farron-Patent No. 2;985,-
110, issued May 23, 1961.: In this type of pump, a cylin-
drical rotor member (not -shown) is mounted within the
central opening 18 of the cam, in sliding sealing engage-
ment with the radially innermost projecting parts or lobes
12 of the cam. - The rotor carries aplurality of vanes
which are biased radially outwardly into engagement with
the cam surface 14, to sweep liguid out of the space de-
fined by the valleys, or cam depressions, and the rotor
through: suitable passages in the rotor -member.. For a
more complete description of the construction and oper-
ation of the pump for which the cam member C is de-
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signed, reference may- be had to-the above mentioned
application. R
The specific. pump of which cam member Cis a’ part
is intended for.use in hydraulic power steering systems
where : substantially pulse free flow is required at rotor
speeds tanging from 100 to 4000 r.p.m. and at pressures
in excess of 1000 p.s.i.. Numerous problems are involved
in designing pumps for these conditions. One -of -these
problems is presented by leakage from a high pressure
valley to a low pressure valley through the clearance be-
tween the separating lobe and rotor; and another of these
problems is presented by the dynamic forces of the vanes
which tend to separate them from the cam surface. - The
specific cam: contour used in the cam member C. is a: si-
nusoidal one conforming to the equation R=r,-+¢ cos né.

. For a more.detailed description of this contour and of the

problems- of -designing. pulse free pumps, reference may
be had to the above referred to application.

In his work with such pumps, applicant has found that
a great reduction in leakage between the cam surface and
rotor can be accomplished by means of a cylindrical con-
tour in the tip of each lobe without harmfully affecting
the pulse free operation of the pump. - These cylindrical
contours should -be confined to the tips of the lobes;-and
should preferably extend over an arc of from about 2
to about 5 degrees.

The method and apparatus used by applicant to machine
the cam contour previously described may best be under-
stood-by reference to FIGURE 5 of the drawings, where-
in ‘the pertinent angles and distances are shown exag-
gerated to better illustrate the relationship involved. - The
desired finished machined. contour is' generally indicated
at 15 and the periphery of a rotatable cutter ‘of predeter-
mined diameter for machining the contour is-indicated at
£6.  Thereis.also shown at 18 a line all points on which
are spaced radially -inwardly from the line 15 towards
the center O of the blank a distance R which corresponds
to. the radius-of the cutter 16, -Relatively simple means
could be provided for moving the center of the rotatable
cutter along line 18; but were this.to be done, the cutter
would not be tangent to the desired contour as.seen by
the dot-dash line 20, but would “dig out” tco much metal
at some spots and not.enough at others: In order for the
above described cam contour to be able to develop sub-
stantially pulse free discharge, the cam contour must be

- machined to an accuracy approaching a few fen thou-

sandths of an inch. This can only be obtained by cor=
tecting for ‘the above-stated. inaccuracy involved in the
use of a rotatable cutter.

The applicant has theorized that the above errors could

- be eliminated were means to be provided which; if ‘kept

in phase relationship with the angle of rotation of.the
blank, would move the center of the cutter along.a path
which is-a fixed radial distance from the desired cam con-
tour (i.e. along the line 18); and further has théorized
that by suitably changing the phase relationship bétween
the cutter and the blank, the periphery of the cutter could
be made tangent to the desired contour at all times. A
preferred method of accomplishing these results will now
be explained with reference to FIGURE 5 of the drawings.
Assume for the time being that a suitable means is used
to provide radial movement between the cutter- and the
blank, and that a further means is provided which, when
rotated in direct proportion to. said first means, moves the
center.of the cutter along the line 18. "Referring to FIG-
URE-35, the equation for the desired cam contour 15 will
be:
ro=Iy+e COS Hp

where.

r\b:rédius of any point of the cam defined by angle ¢
rp=mean-base circle for the cam
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e==maximum variation above and below the base circle

n=number of lobes

¢=the angle between any particular radius and an arbi-
trary reference line through a center of a valley.

4
(6)

cp=l lip_ _
..3—narccose[R ryt+Sl—e

For a cutter of radius R, the radius of curve 18 at any b +arc tan _Rsin (80—y) -
given point could be ro=r,—R-}-e cos ne. Ta— I cos 90—¢)
It will be seen that if the cutter is moved in and out on where
its radius in phase with its position about the cam its
center would be at 22 at the angle ¢ shown in FIGURE s=vVr2+-R*—2r,R cos (90—y)
5. If the center 22 were moved radially inwardly to the 10 554 :
point 24, the cutter would be tangent to the desired con-
tour .at the point T. Point 24 is the distance S from the y=arc tan—(ﬁl—w)
cener O; and if the cutter were moved out of phase by €7 81N Nce
the angle 0, it would have a radius equal to S. Therefore The above equation expresses the manner in which ¢ must
to be tangent, the means moving the cuiter radially would 15 yary with respect to ¢ and shows the relationship be-
have to have moved an angle proportional to § when the tween ¢ and ¢ to be quite complicated. .
cutter had moved ¢. By means of polar coordinates: Applicant further investigated the manner in which a
] ¢ e Tyte cos na first cylindrical gear journalled about a point spaced a
® an ‘/’*Zl;— T ensin ne 20 distance a from its center would rotate a similar gear also
T journalled a distance a from its center. : The arrangement
“ investigated is seen in FIGURE 6 where the various angles
2) S2=r2+R2-2r, R cos (90—1) and distances are appropriately labeled and from which
3) S=ry—R--e cos n(p-+6) the following equations are developed:
rewriting 3 25 (7) D*=R?+-q?—2aR cos (180—P)
1
cos n(p10) =< [R—r,+ 8] D=+vRi'Fa’F2aR cos P
and R2=F24q2—2aF cos (180—z)
—Llorccosl [BR—rp+S]—¢ 80 FAF2ak cos wt (al—RA) =0
n e
also from the law of sines p= 22008 2£V(20 005 2)*—4 (@'~ F?)
g ; 2
S _ R
gin (90—%) sin (a—4¢) 35 (8) F=—q cosz+VR2—gZsin? z
(4) ¢=qa—are sin E—Sm—(go———\n P= arc sin (F s x)=arc coSs (FM)
. S R R
Constructing a normal from point 24 to the radian . (Fsing
. ?o ?’ 40 ¢=arc sin T
é=are sin (—a cosz+:VR?—a? sin z) sin z
T-h —> VR*+a?+2aR cos P
1 —_ 2_ 2 . )
45 $—arc Sin( a cosz+VE v t}smzx) sin
. " cos z+a
2. g21-92 S ol B
by | 7\/R+a+aR( R)
9
e g 50 O=are sin (—a cos a:j:w/RZ—aZ sin? m) sin z
v R*+3a2+2a cos z(—a cos z VR —a? sin? z)
) a and x—¢ should approach n times the theoretical ¢ of
sin (99—y) =% Equation 6. :
— R sin (90 55 _ By cut and try methods applicant was able to establish
a=ZR sin (90—y) that, when r,=1.25, R=.375, n=6, ¢—.023, R—1 for the
cos (90—) _Ta=D gear, and th.e a value of th‘e tl}eoretically desired contour.
R A tabulation of data indicating the accuracy with which
h=ra—R cos (90—y) the. S value provided by the gearing approaches the theo-
R sin (90—y) go retically required S value for a perfect contour is as fol-
(5) tan (a—8)=—— lows:
ra— cos (90—y) Assuming values of « as indicated,
R si — are sin
s |smo-g | g2 | ReinGi-g s
S
° ’ 17 (-] ’ 7
80570 . 0542531 L022714 | 1| 18 4 3| 4@ 56
80213 . 0807788 . 033955 1l 86| 45 6 3 18
888883 . 0043158 - 039790 2| 16| 50 7| 43 10
88499 .1038389 . 044000 2| 31| 19 91 8] 4
87823 .1097343 . 046856 2| 4 8| 12| 18 52
87086 . 1050154 . 045921 2] 35| 31! 15| 24| 29
86599 . 0960484 - 041781 21 28| 39| 17| 36 21
85041 . 0746887 . 032500 1] 82 4| 2 7 56
85593 . 0560054 024537 | 1| 24| 21| 23| 35| 39
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6¢ input angle |z output
of gears angle of ¢0s 2h=0.23 cos #8—1,25—.376h—a
gears
L] ’ r © ’
22 117 3| 25| .30 . 90259 .02076 . 02070 . 00005
36 191 80| 41| 25 .74992 . 01725 .01713 . 00012
46 18 0 52| 28 . 60922 . 01401 . 01388 . 00013
56 52 6| 63| 56 43968 .01011 , 00999 .00012
73 53:] 121 81| 48 . 14263 . 00328 . 00328 . 00505
92 26 1 64} 100 {33 | —.18309 | —.00421 | —, 00414 | —. 00007
105 38 6 |-113:] 16 [ —.395601 | —.00608 | —.00901 | —~.C0C08
126 47786 | 1321 59 | —.,68179 | —. 01569 | —. 015659 | —. GOCO9
141 33| b4 | 146-1 21 | —.83244 | —, 01915 | —.01907 | —.00008

It will be seen that the maximum error is less than 2 ten
thousandths of an inch and is therefore acceptable.

Apparatus embodying the above principles is shown in
FIGURES 1 and 2 of the drawings. The apparatus gen-
erally comprises a frame A on which is-journalled a turn-
table B for supporting and rotating an’ annular blank C
to be machined. - The blank is machined by a rotatable cut-
ter-D carried by a high speed electric - motor E, which in
turn is. mounted on a slide F adapted to be reciprocated
so‘that the cutter moves in a straight line which passes
through the center of the blank. The slide F is moved
back and forth by means of the eccentric G which in turn
is rotated by means of gearing H which provides the proper
lead and lag to-an in-and-out.movemient of the slide to
maintain -the cutter tangent to the desired contour, as dis-
cussed above.

The turntable B: for supporting and rotating the blank
C comprises a bottom plate 39, the under surface of which
is accurately machined to revolve on a corresponding sur-
face 32 machined into the top face of a horizontal plate
34 of the frame A. A facing plate 36 recessed in'its upper
face to receive the bottom end of ‘the cuiter D and to
provide chip space-is suitably fastened to the plate 39;
and the blank C is adapted to be clamped thereto by the
bolts 38. The turntable assembly B is rotated by means
of a shaft 46 suitably journalled in the frame A; and the
bottom end of shaft 40 is coupled to the output shaft 42
of a gear reducer-44 having an input shaft 46 adapted to
be driven by an electric motor (not shown).

The blank C will usually be rough machined to an in-
ternal diameter approaching the desired distance between
opposite lobes of the finished cam. The rotatable cutting
element” D adapted to machine the finished contour is
rotatably supported from the electric motor E which in
turn is supported from the slide structure F about to be
described. "The top plate 48 of the frame is machined
parallel to-the machine surface 32 to provide a suitable
surface on which the slide structure ¥ reciprocates. - Op-
posite side edges of the slide F are beveled for sliding en-
gagement with a pair of ways 80 and $2 which in turn are
bolted to the top plate 48 in a manner assuring that the
cutter D' will move radially across the centerling of the
turntable B. ‘The electric motor E is supported from the
slide F-by means of blocks 54 and 56, the adjacent ends
of which ‘are suitably recessed to receive opposite sides of
the electric motor E; and the electric. motor is clamped
therebetween by means . of the machine bolts 2.  The

lock 54.is in turn adjustably positioned upon the slide F
by means of a plurality of bolts 64 which extend through
slotted holes 66 in the block 54 and are threaded into the
slide plate F. - Suitable openings 63 and 7¢ are provided
in the slide plate ¥ and the top plate 48 of the frame, re-
spectively, to receive the electric motor E and permit
lateral movement thereof relative to the blank C.

The slide F is adapted to be reciprocated generally ac-
cording to a desired sinusoidal function by an eccentric. G
and-a scotch yoke siructure 72 fixed to the slide plate F.
The scotch yoke structure 72 is formed by means of a
pair of blocks 74 and 76 adjacent sides of which are suit-
ably: recessed to receive opposite sides of a cylindrical
rotor 78. - The blocks 74 and 76 are confined into tight
engagement with opposite sides of the rotor 78 by means
of a:.cross-bar 8) and through bolts 82 and 84 which ex-
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tend through openings:in opposite side spacér members-86
and 88 and are threaded into the end of the slide plate F.
The spacer members 86 and 88 are of a length which will
provide a tight fit between the rotor 78 and the blocks 74
and 76 to overcome lost motion in the reciprocating struc-
ture. . The reciprocating cycle of the cutter D may be fed
radially outwardly into the blank by means of a hand wheg]
90 and rod 92 which is threaded into a support block 94
and the end of which is'adapted to abut the block 54. “The
support block 84 is fixed to slide F by bolts $6; and the end
of the rod 22 adjacent the hand whesl 98 is slidably Te-
ceived .in an opening 98 in a guide plate 16@ suitably
fixed ‘to-the frame A. The block 34 carrying the motor
E has been previously described as being adjustably fixed
to the slide plate F by means of slotted holes 66 and bolts
64; and by threading the rod 92 inwardly against the block
54, the block 54 may be moved relative to the slide plate F.
A dial indicator 102 is shown mounted ‘cn the block 54
with its sensitive element in engagement with the support
block 94 such that the depth of cut of the cutter D can
be readily determined. As a practical matter, the bolts 64
may be tightened to a point wherein friction: between the
biock 54 and slide plate F is sufficient to hold the cutter
into cutting engagement with the blank and yet still permit
the block 534 to'be moved relative to the slide by means of
the threaded rod 92 without further adjustment of the
bolts 64. ’

The cylindrical rotor 78 is mounted eccentrically on the
end of a shaft 104 by a distance e which in the present
instance is.equal to 0.023 inch. - The shaft 184is suitably
journalled in the frame A and is driven at a rate which
is- generally six times that at which the blank is rotated
to provide a cam having six lobes and six valleys. ~ The
shaft ‘104 is driven.from a jackshaft 186 by means of
gearing H later to be described and the jackshaft 166 is
suitably journalled in the framie A and driven at a rate
six ‘times- that of the ‘shaft ‘40 by means of ‘gears 168
and 11§ fixed to the shafts 40 and 166 respectively.

The. gear means H is adapted to provide the correction
by means of which the eutter element D is maintained
tangent to the desired cam- contour, utilizing the -prin-
ciples  previously described ‘with reference to FIGURE 6
of the drawing. The gear means H comprises two cylin-
drical gears each having a pitch diameter of two inches
and each of which is mourted on its respective shaft eccen-
trically by a’distance a, which in the present instance is
equal to 0.106 inch.” The gear 112 which is fixed to the
shaft 186 will correspond generally to the left-hand gear
depicted in FIGURE 6; and the gear ‘114 fixed to the
shaft 104 will correspond -to' that shown in the right-
hand side of the same figure. ;

In the preferred method of operating the apparatus
above described, a-gear blank C finished to'a rough- in-
terna] diameter will be belted to the turntable B. The
cutter D will be positioned  within the. opening of .the
blank C, and the gear 112 will be removed frém the shaft
104 so that the slide F will not be reciprocated relative
to the blank.  The hand wheel 98 will be turned to grad-
ually advance -the_ rotating' cutter D radially into the
blank C until its internal diameter corresponds to the de-
sired distance between the cylindrical surfaces 116 in op-
posite lobes of the finished cam. Once this diameter has
been accurately machined the gear 112 is inserted upon
the shaft 184 and the eccentric means G suitably rotated
to ‘provide reciprocatory movement of slide structure F.
Prior to the time that the slide’structire F - is recipro-
cated relative ‘to the blank, the motor E will 'be moved
radially inwardly a sufficient distance such that the cuf-
ter D will not engage the surfaces of the blank about
to be machined when the reciprocation of the slide struc-
ture is started. Thereafter the-rod 92 is threaded in-
wardly until the reciprocatory cycle is moved outwardly
to a point where the cutter D begins to engage the blank
during the radially outermost portion of its cycle. .En-
gagement of the cutter D during its-outermost extremity
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of radial movement begins to form the valleys in the
blank C; and by gradually advancing the rod 92 into
the support member 94, these valleys will be deepened
until all that remains of the original cylindrical internal
surface are the sections which are to be left in-the tips
of each of the lobes.- These cylindrical surfaces 116 will
preferably be from 2 to 5 degrees in length. It will be
seen that the chordal length of the cylindrical surfaces
116 will be gradually reduced as the machining of the
cam progresses. The cylindrical surfaces 116 provide a
mark which can readily be seen by the operator; and
when this mark has decreased to approximately 50 or 60
thousandths  of an inch (which can be judged by eye,
by a skilled machinist) the machining of the cam is com-
plete. By this simple expedient the sinusoidal surfaces
can be accurately machined to the desired depth. The

" appaiatus shown in the drawings can be used to machine
external cams as well as internal cams; and by suitably
alternating the eccentric G and gearing H the same prin-
ciples can be used to form cams having a configuration
other than the sinusoidal one of the cam shown in FIG-
URE 3.

While the invention has been described in considerable
detail, I do not wish to be limited to the particular meth-
ods and constructions shown and described, and it is my
intention to cover hereby all novel adaptations, modifi-
cations and arrangements thereof which come within the
practice of those skilled in the art to which the invention
relates, ’

I claim:

1. The'method of machining the fluid pressure cham-
ber forming cam member of a vane type positive dis-
placement fluid handling device, comprising: moving a
rotating cutting element radially with respect to a rotat-
ing blank until a cylindrical surface of said predeter-
mined diameter is formed; thereafter reciprocating said
rotating cutting element radially with respect to said ro-
tating blank according to a predetermined cycle; and
gradually advancing said reciprocating cycle of said cut-
ting element radially with respect to said cylindrical sur-
face to gradually remove more and more metal until the
remaining cylindrical surfaces are of a predetermined
length.

2. The method of machining the fluid pressure cham-
ber forming cam member of a vane type positive dis-
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placement fluid handling device in a machine having.
means for supporting a blank, means for supporting a
rotatable cutter, means for producing relative rotation be-
tween the blank and cutter, and means for moving the
blank and cutter radially refative to each other, said
method comprising: mounting the biank in the machine;
providing relative rotation between the biank and the cen-
ter of the cutter; gradually moving the cutter and blank
radially relative to each other until a cylindrical surface
of predetermiined diameter is generated; moving the cut-
ter and blank radially relative to each other to a non-
cutting position; providing a relative radially reciprocat-
ing movement between the blank and cutter in predeter-
mined phase relationship to relative rotaticnal movement
between the blank and cutter; and gradually advancing
the radially reciprocating movement between the cutter
and blank into the cylindrical surface of the blank until
the remaining portions of the cylindrical surface are of
a predetermined length. .

3. The method of machining the fluid pressure cham-
ber forming cam member of a vane type positive displace-
ment fluid handling device in a machine having means
for supporting a blank, means for supporting and rotating
a rotatable cutter, means for moving the blank radially
with respect to the cutter, and means for moving the
blank and cutter radially relative to each other, said
method comprising: mounting the blank in the machine;
gradually moving the cutter and blank radially into the
rotating blank until a cylindrical surface of. predeter-
mined diameter is generated; moving the cutter radially
out of cutting engagement with respect to the blank; pro-
viding a cyclic radially reciprocating movement to the
cutter in predetermined phase relationship to the rotation
of the blank; and gradually advancing the cycle of the
cutter into the cylindrical surface of the blank until the
remaining portions of the cylindrical surface are of a
predetermined length.

References Cited by the Examiner
UNITED STATES PATENTS

1,833,003 12/31 Hill
2,917,693

12/59 Calil.
WILLIAM W. DYER, Ir., Primary Examiner.



UNITED STATES PATENT OFFICE
CERTIFICATE OF CORRECTION

Patent No. 3,177,774 : - April 13, 1965
Farlow B. Burt
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ent requiring correction and that the said Letters Patent should read as
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Column 3, line 57, the equation should appear as shown
below instead of as in the patent:

ra—h
cos (90-y) ==

R

line 61, the equation should appear as shown below instead of
gs in the patent:

R sin (90-y)
ru—R cos (90-vy)

tan (a-¢) =
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