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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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KINEMATIC ANALYSIS OF DISC CAMS

1. NOTATION AND UNITS

The units used in this Item are predominantly SI. All angles are measured in an anticlockwise sense and
the cam is considered to rotate in an anticlockwise direction.

Units
B swinging follower arm crank length (see Figure 4 for sign convention) m
D distance between cam rotational centre and swinging follower pivot m
(see Figures 4, 5 and 6 for sign convention)
8 E translating follower offset (see Figures 1, 2 and 3 for sign convention) m
s H translating follower lift corresponding to one motion segment m
D (see Figures 1, 2 and 3)
c
o .
o k constant of value + 1 or — 1 (see Section 3.2.2) -
>
E L distance between swinging follower pivot and roller centre or centre of m
42 follower radius (see Figures 5 and 6)
(O]
g Rp reference circle radius of cam (see Figures 1 to 6) m
(S)
E R; radius of domed follower (see Figures 2 and 5) m
-'_;" R radius of cutter m
5 g
©
S R, radius of roller (see Figures 3 and 6) m
=
%: g distance between cam centre and centre of cutter (see Sketch 7.1) m
Q.
o . .
O M distance between cam centre and contact point (see Sketch 6.1) m
)
a
] u normalised cam angle of rotation -
W normalised follower displacement -
w’, w”, w”  non-dimensional follower velocity, acceleration and jerk, respectively -
XC , YC axes fixed in, and rotating with, cam -
Xm , Ym axes fixed in machine frame -
Xpr ¥p coordinates of cam profile (see Sketch 6.1) relative to X, Y. axes m
X Yg coordinates of cutter centre (see Sketch 7.1) m
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y translational displacement of follower m
Yy, ¥,y translational follower velocity (m/s), acceleration (m/sz) and jerk (m/s3), -
respectively
Yb height of translating follower reference point above X -axis m
at innermost position
Yo height of translating follower reference point above X . -axis m
at beginning of segment
Ym instantaneous height of translating of follower reference point m
above X -axis
o pressure angle (see Sketch 4.1) rad
g o constant pressure angle for flat-faced translating follower rad
)
- eg angle between X -axis and line connecting cam centre to centre of cutter rad
(S)
©
S ep angle between X . -axis and line connecting cam centre to contact point rad
(S)
(%]
% p radius of curvature of pitch curve m
42 Pp radius of curvature of cam profile (see Sketch 5.1) m
(O]
§ ) total angle of cam rotation corresponding to one motion segment rad
£ ) cam angle of rotation rad
-‘_;" ¥ follower swing corresponding to one motion segment rad
= (see Figures 4, 5 and 6)
S . . I
= W rotational displacement of swinging follower rad
a0
s W, W, rotational velocity (rad/s), acceleration (rad/sz) and jerk (rad/s3), -
§ respectively, of swinging follower
8 W reference angle for swinging follower at innermost position rad
(%]
w
Vo reference angle for swinging follower at beginning of segment rad
Vi instantaneous reference angle for swinging follower rad
o, angular velocity of cam rad/s
Subscripts
max refers to maximum value
min refers to minimum value
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2. INTRODUCTION

When the basic dimensions of a disc cam and its follower have been chosen provisionally it is necessary
to check that the resulting cam profile is satisfactory. This involves calculation of the pressure angle, the
radius of curvature of the cam profile, the radius of curvature of the pitch curve and, possibly, the coordinates
of the cam profile. In addition, when the profile has been finalised and the cam is to be manufactured, it is
necessary to generate a series of cutter coordinates for direct transfer to a computer-controlled machine tool.

This Data Item presents methods for the calculation of the above quantities for a disc cam with any one of
the commonly-used follower types and a specified follower motion. The Item is also applicable to slot or
ridged cams (see Example 1). The calculations are time consuming and are best carried out using the
computer program (ESDUpac A9501) supplied with this Data Item. The program calculates all quantities
throughout one complete cycle of the cam at user-specified intervals of cam rotation. The program checks
that interference (undercutting) between the cam and the follower or between the cam and the cutter is
avoided.
The derivation of the equations presented in this Data Item is given in ESDU ME2 (Derivation 1).
2.1 Assumptions
It is assumed that:
(i)  both the cam and the follower are sufficiently stiff to be considered rigid,
(i) imperfections in the cam profile (primarily due to manufacturing) can be ignored,
(iii)  the cam rotates in the anticlockwise sense at constant angular velocity
and (iv) the cam and the follower remain in contact throughout the operating cycle.
2.2 Scope
2.2.1 Follower type
This Data Item is applicable to the design of disc cams with any one of the six main types of follower
illustrated in Sketch 2.1. As this Item deals only with kinematic quantities the method by which closure
between the cam and follower is maintained does not affect the results. Thus the Item can be used for the

design of cam systems with spring force closure or with body force closure, for example cognate cams and
slot/grooved cams as shown in Example 1 and in ESDU 82024 (Reference 5).

ESDU Copyright material. For current status contact ESDU.

2.2.2  Follower motion

The methods presented in this Item can be used to analyse cams with a wide range of profiles. In cam design
the relationship between the motion of the cam and the motion of the follower, during a dwell-rise-dwell
(DRD), a dwell-return-dwell (DRD) motion, or a dwell-rise-return-dwell (DRRD) motion, is usually
governed by a mathematical equation known as a cam law (see ESDU 82006, Reference 3). Although the
equations (presented in Sections 4, 5, 6 and 7) are general, in that any mathematical cam law can be specified,
the computer program (ESDUpac A9501) contains only six commonly-used cam laws (identified in
Section 12.2.2(a).
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If the required cam law for a particular motion segment is not included in the current version of ESDUpac
A9501, the motion of a follower, throughout a cam cycle, can be provided to the program via a file. This
motion data file must contain values of follower displacement, follower velocity, follower acceleration and
follower jerk at a specified interval of cam rotation. The required format of the file is described in Section
12.2.2(b) and the reasons for specifying motion in this way are explained in Section 8.1.

2.3 Use of This Data Item

The equations used in this Data Item are presented in Sections 4, 5, 6 and 7 but it is not necessary to have
a deep understanding of the derivation of these equations to carry out the required calculations using the
accompanying computer program (ESDUpac A9501) as described in Section 12. A guide to the choice of
input values for this program and a description of the program output are presented in Section 8. Design
guidance is presented in Section 9. The examples in Section 11 also provide valuable information on the
effective use of the program. The calculation of pressure angle, radius of curvature and profile coordinates

is useful:
©)] during a feasibility study (to assess the potential of a particular cam mechanism type for
the provision of a specified motion path)
or (b) as part of the detail design (to ensure that a specified design has acceptable kinematic

performance).

The calculation of profile cutting coordinates is essential prior to manufacturing the cam. Modern computer
controlled machines can make direct use of a file of cutting coordinates to drive the cutting tool along the
required path.

When an acceptable kinematic design has been achieved it is recommended that ESDU 94017
(Reference 15) be used to aid the choice of materials.

ESDU Copyright material. For current status contact ESDU.
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crown radius
follower .

camshaft

Typical side elevation

cam
j—

Disc cam with translating Disc cam with swinging

flat-faced follower flat-faced follower

Disc cam with translating Disc cam with swinging
domed follower domed follower
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Disc cam with translating Disc cam with swinging
roller follower roller follower

Sketch 2.1 Disc cams with six commonly-used followers
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3. SIGN CONVENTIONS

3.1 General Comments

To use this Item it is necessary to adopt sign conventions for certain aspects of the cam and follower
geometry and for the follower motion. These conventions are indicated in the following statements and
illustrated in Figures 1, 2, 3, 4, 5 and 6.

(D) All angles are measured as positive in the anticlockwise sense. A negative angle returned during
the calculations indicates that the quantity has been measured in the clockwise sense.

(2 The cam is always considered as rotating in an anticlockwise sense. The angle, ¢, between the
fixed machine axes (X, Y ;) and the rotating axes (X, Y .) is always positive as shown in Figures

1to 6.

quantity.

(3) The total follower lift during a rise or a return segment is always considered a positive scalar

(G)) For cams with translating followers the offset of the follower line-of-action, E, is positive if it passes
to the right of the cam centre and negative if it passes to the left (see Figures 1 to 3). The height of
the follower above the X -axis, y . is always considered as positive (see Table 3.1).

TABLE 3.1 Follower reference height

Follower type

Follower reference point

Translating flat-faced

point at which follower face intersects follower line-of-action
(see Figure 1)

Translating domed

centre of domed follower radius (see Figure 2)

Translating roller

centre of roller (see Figure 3)

ESDU Copyright material. For current status contact ESDU.

5) For cams with swinging followers the distance between the cam centre and the follower pivot, D,
is positive if the pivot is to the right of the cam centre and negative if it is to the left (see Figures 4
to 6). The angle (anticlockwise positive) between the X -axis and the follower reference line (see
Table 3.2) is always positive.

TABLE 3.2 Follower reference line

Follower type

Follower reference line

Swinging flat-faced

line forming the contact face of the follower (see Figure 4)

Swinging domed

line joining follower pivot to centre of domed follower radius
(see Figure 5)

Swinging roller

line joining follower pivot to centre of roller (see Figure 6)

An additional quantity, the length of the follower arm crank, B, is required for a cam with a swinging
flat-faced follower. This has a positive sign if it lies above the X -axis and a negative sign if it
lies below that axis (see Figure 4).
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3.2 Follower Motion

The follower motion, throughout one complete rotation of the cam, must be decided before the calculations
described in this Data Item can be performed. Normally the motion is specified in terms of a sequence of
distinct motion segments as shown in Sketch 3.1. This information is summarised in the form of a timing
chart, an example of which is given by Sketch 8.1.

For each motion segment it is necessary to specify the total cam angle of rotation, @, the total follower -
lift, H or ¥, and the non-dimensional equation, w = f (u) (known as a cam law), that governs the -
relationship between cam angle and follower displacement. The equations of widely-used cam laws for
DRD motion segments are specified in ESDU 82006 (Reference 3).

Note that:

@ u is defined by the expression u = (¢—¢q) / ®,

(b) w =f(u), w = f(u)’ and w” = f(u)” for each DRD or DRRD motion segment, where
u varies between 0 and 1,

(c) w and w' are positive for a rise segment and negative during a return motion

and (d) w"” changes sign during every motion segment (positive during the first part of a rise
segment and negative during the first part of a return segment).

3.2.1 Translating follower

For a rise motion, the displacement of a translating follower driven by a disc cam is given by

y = wH (3.1)
and the distance between the X .-axis and the reference point on the follower (see Figures 1, 2 and 3)

Ym = Yo t wH (3.2

where y, is defined as the follower displacement at the start of the current motion segment.

ESDU Copyright material. For current status contact ESDU.

It is conventional to designate the rise motion segment, which begins from the least cam radius, as the first
motion segment. Then y, is equal to y, and the follower displacement at inner dwell is given by

= R,cosa for a flat-faced follower (3.38)
Yp = [(R, + Rf)2 - E2]1/2 for a domed follower (3.3b)
— 2 _p21%2
= [(Ry +R)) E] for a roller follower. (3.3¢)
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Non-dimensional

Follower
displacement follower displacement, w
A

H (m) or 1

v (rad)

yory

w = f(u)
s 0 0 q)= 0 1
0

93 Cam angle Non-dimensional
L cam rotation, u
4+
(S)
©
)
c
o
g Follower Non-dimensional
3 velocity follower displacement, w'
i} A
2 7 (m/s)
- y
c or
"t’ v (rad/s)
=}
(S)
—
(o)
L
i j or
=
(7]
e
©
€ 0 ; -
+ 0o ¢ 0
<5 Cam angle _1 i
= Non-dimensional
S :
a cam rotation, u
(o)
O
2
A
L Follower Non-dimensional

acceleration

A
y (m/s?)
or

v (rad/s?)

follower acceleration, w'

do

w'= " (u)
o (% 0 !

- L —
Cam angle Non-dimensional
cam rotation, u

yory
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. w'o H
= : 3.4
y D 34
3 W"cogH
w'" (DgH
and y = ——'&)—3——— (3.6)
3.2.2  Swinging follower
For a rise motion, the displacement of a swinging follower driven by a disc cam is given by
g v = wY¥ (3.7
o and the angle between the X . -axis and the follower arm (see Figures 4, 5 and 6) is given by
3]
g W = vo - kw?, (3.8)
o
It where v, is defined as the follower displacement at the start of the current motion segment and where k
% is a constant of value unity that adopts the sign of D to take account of configurations in which the follower
@ pivot lies to the left of the cam centre (D — ve) or to the right of the cam centre (D + ve).
§ It is conventional to designate the rise motion segment, which begins from the least cam radius, as the first
= motion segment. Then vy, is equal to v, and the follower displacement is given by
(S)
2 4R, -B
= = m—sin 5 for a flat-faced follower (D + ve) (3.93)
i
4('_6 . _l B - Rb
S = sin 5 for a flat-faced follower (D - ve) (3.9b)
<
e r
= i -1 —(L2+D2—(Rb+Rf)2)
& = COS for a domed follower (3.9¢)
= 2LD
a
m L
n -
-1/~ {12+ D2~ (R, + R)?)
= Cos for a roller follower. (3.9d)
2LD
For a rise motion, the follower velocity, acceleration and jerk, respectively, are given by
. w'o, Yk
= e 3.10
1% > (3.10)
) W02k
Yy o= - T (3.11)
W 03wk
and Yy = - T (3.12)
This page Amendment A Documents
9 Document Sharing Hub

ESDU 95001
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4. PRESSURE ANGLE CALCULATIONS

The pressure angle is the acute angle between the follower line-of-action and the contact normal (see
Sketch 4.1). It can be used to judge the quality of load transmission between the cam and the follower as

described in Section 9.2.1.

Table 4.1 gives expressions for the pressure angle for each of the cam/follower configurations covered by
this Data Item. These are derived in ESDU ME2 (Derivation 1).

TABLE 4.1 Pressure angle expression

Follower type

Pressure angle (degrees)

translating flat-faced o. = constant
translating domed [y 7
L _E
()
o = tan~l|—=
L Ym
translating roller My 7
Y _E
()
o = tan~l| =
Ym
swinging flat-faced _ ,
—kB[1- ]
wC
a = tan~1
Dcosy,,

wherek=1ifD>0andk=-1if D<0

swinging domed

ESDU Copyright material. For current status contact ESDU.

o = tan~!

L[l - (D—W—] + Dcosy,
C
Dsinwy,,

swinging roller

o = tan~!

C
Dsiny,,

_L[l - (D—W—J + Dcoswm_
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Contact
normal
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Follower /
A
Cam
101
O /\ T T T T —
Pressure 90 180 270 360
angle,
a (degree) Cam angle (degree)
-101
-207
~ O
20 Contact
- normal Line-of-action
Follower
A
357
307
257
Pressure
angle, 207
a (degree)
151
10
5

—
O T T T -

90 180 270 360

Cam angle (degree)

Sketch 4.1 Typical examples of pressure angle

11 Document Sharing Hub
Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 95001 A 2011


http://www.avadocuments.com/doc/esdu-95001-a-2011
http://www.avadocuments.com/doc/esdu-95001-a-2011

ESDU 95001

RADIUS OF CURVATURE CALCULATIONS

The instantaneous value of the radius of curvature of the cam profile (see Sketch 5.1) must be calculated.
This is necessary to ensure that the cam profile is not undercut (see Section 9.2.2).

Table 5.1 gives expressions for the radius of curvature of the cam profile for each of the cam/follower
configurations covered by this Data Item. These are derived in ESDU ME2 (Derivation 1). Tests for
undercutting (with domed or roller followers) require the radius of curvature of the pitch curve and this is

given by

or

Pp * R; for a domed follower

Pp + R, foraroller follower.

TABLE 5.1 Radius of curvature of cam profile
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8’ Follower type | Radius of curvature of cam profile (m)
o translating ¢ J
C flat-faced Pp = [ym + —Zj cosa — (E - 2—) sina
3 ¢ O
C
8
v translatin 2
2 domed ’ = Y R
S pp - . . 3 - ¥
2 L cos?asino — = cos’a + Y COS O
[ (DC (02
CILJ C
] translating y 2
— m
S roller Pp = - - Rr
. Y cos2asina — <= cos3a + y, coso
© ® 2 m
= c ®¢
&
© swinging . .
E flat-faced : LDsiny,, %DCOS Vi
< Dsiny ® ®
0 p. = k m _C + C
% SR [FR PR P
8 O« O O
= wherek =1 if D>0 and k = -1 if D<0
(%]
w swinging - sin?
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where k =1 ifD>0 and k = -1 if D<0
swinging 2
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wherek =1 ifD>0 and k = -1 if D<0
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CAM PROFILE COORDINATE CALCULATIONS

The cam profile can be described by a series of coordinates (cartesian or polar) with the origin at the cam
rotational centre (see Sketch 6.1). The coordinates can be used to generate a scale drawing of the cam (see
Section 9). Table 6.1 gives expressions for the cartesian coordinates of the cam profile for each of the
cam/follower configurations covered by this Data Item. These are derived in ESDU ME2 (Derivation 1).

In each case the polar coordinates of the cam profile are given by

= (x 24y 212
fp = (X7 *Yp0)

y
and 0. = tan_l(-fj.
p X

g TABLE 6.1 Cartesian coordinates of cam profile

)

wl . .

§ Follower type Profile coordinates (m)

5 translating _ y

- flat-faced Xp = Y sing — [ym sina. — m—cow} cos(a — &)

> c

s .

4:-:3 Yp = Yy COSO + {ymsina—micom}sin(oc—cb)

o c

= :

= translating Xy = Ecos¢ +y,sind — Resin(¢ — a)

it domed .

. yp = - Esing +y, cos¢ — Recos(¢ — a)

©

4§ :g?;:ating X, = Ecos¢ +y,sing - R sin(¢ - o)

% Yp = - Esing +ycosd — R cos(d - a)

% swinging _ D cosy,, cos(y, — )

S flat-faced X, = Dcos¢ + kBsin(y, - ¢) - -

2 (-3

o O¢

o .

) Dcosy,sin(y., — ¢)
y. = —Dsing — kBcos(y,. — ¢) - ,
" ' (-3
('OC
wherek =1 ifD>0andk =-1 if D<0
z\gvrl]:\géng X, = Dcos¢ + Lcos(y,, — ¢) + kRgsin(¢ - v, — @)
Yp = - Dsing + Lsin(y,, = ¢) + kR¢cos(¢ — y, — a)
where k =1 ifD>0and k = -1 if D<0
?(\;\I/:Q?ing X, = Dcos¢ + Lcos(y, —¢) + kR, sin(¢ - v, —a)
Yp = - Dsin¢ + Lsin(y,, — ¢) + kR cos(¢ -y, — a)
wherek =1 ifD>0andk =-1 if D<0
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