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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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SELECTION OF DRD AND DFD CAM LAWS

1 NOTATION AND UNITS

The unitsused in this Item are predominantly Sl but any coherent system of units may be used. All angles
are measured positively in an anticlockwise sense and the cam is considered to rotate in an anticlockwise

direction.
Units
A abc coefficientsused in Appendix A (see Section 5.2.2 and Equations (A1.1)  —
and (A1.2)
=S E offset of follower line-of-action from cam centre, O, measured in m
=) positive sense to right of cam centre in first quadrant
wl
§ Fe external force acting on moving follower (positive to increase N
= contact force)
(@]
§ ( Fs)nm limiting spring force at outer dwell for no-load to ensure force N
= closure
*q&)’ f natural frequency of follower assembly Hz
3 J = n/(n+4) (see Section 5.1.3) -
(@]
- K = 2/(n+2) (see Section 5.1.2) -
&
oy Kn acceleration ratio (see Equation (7.18)) -
©
S
% kg blending ratio (see Equation (7.19b)) -
§ K stiffness of follower assembly N/m
O
é Kse compression spring stiffness N/m
wl
g acceleration due to gravity m/s?
H total lift of translating follower corresponding to one motion m
segment
m; mass of follower assembly kg
N cam speed rev/min
N1 component of blended motion blending with inner dwell -
N2 component of blended motion blending with outer dwell -
n period ratio (see Equation (4.1)) -
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cam centre of rotation and origin of co-ordinate axis system

constant load
load due to friction
compression spring pre-load

torque to drive cam against constant load, inertia force and spring
stiffness, respectively

prime circle radius

non-dimensional torque factor for constant load, inertia force and
spring stiffness, respectively

normalised cam angle (see Equations (3.2a) and (3.2b))

normalised follower displacement, velocity, acceleration and jerk,
respectively (see Equations (3.3a) to (3.6a) and (3.3b) to (3.6h))

axes fixed in, and rotating with, cam with origin at cam centre O
axes fixed in machine, with origin at cam centre O

linear displacement of tranglating follower

height of trandlating follower datum above X, -axis at innermost
position of travel

height of translating follower datum above X, -axis at start of
motion segment

linear velocity of trandating follower
linear acceleration of trandlating follower
linear jerk of translating follower

intermediate calculation parameter
(see Equation (A1.4) of ESDU 06002!8] and Section 7.3.2)

force factor (see Equation (7.7))
pre-load factor (see Equation (7.9))

radius of curvature of pitch curve
total angle of cam rotation corresponding to one motion segment

intermediate angle of cam rotation from start of motion segment
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angle of cam rotation at start of motion segment degree
total angle of follower swing associated with one motion segment degree
angular displacement of swinging follower rad
angle between X -axis and swinging follower datum at innermost degree
position

angle between X -axis and swinging follower datum degree
angle between X -axis and swinging follower datum at start of degree
motion segment

angular velocity of swinging follower rad/s
angular acceleration of swinging follower rad/s®
angular jerk of swinging follower rad/s®
angular velocity of cam rad/s

refersto value at Blending Point

refersto dwell of follower

refersto fall motion of follower

refer to inner and outer dwell, respectively
limiting value

minimum value

refers to notional dimension of Component N1 blending with inner
dwell

refers to notional dimension of Component N2 blending with outer
dwell

refersto value at position of maximum separating force

refersto rise motion of follower

refersto location of maximum follower velocity for single law motions
refersto location of maximum follower velocity (Component N1)
refersto location of maximum follower velocity (Component N2)

relate to Segments 1, 2, ...
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INTRODUCTION

This document is one of the comprehensive series of ESDU Data Items covering the design of cam and
follower systems. It provides guidance upon the selection and analysis of cam laws suitable for
Dwell-Rise-Dwell (DRD) and Dwell-Fall-Dwell (DFD)TfoIIower motions. Inthistype of follower motion
the follower is held stationary at the inner dwell position whilst in contact with a constant radius segment
of the cam profile concentric with, and nearest to, the axis of rotation. It risesduring the subsequent motion
segment through the maximum displacement (the lift) to be held stationary at the outer dwell position
(another constant radius portion of the profile concentric with the axis of rotation) during the next motion
segment. Finally, the follower returnsto the inner dwell position during the fall motion segment. Therise
and fall actions are designed separately and can be radically different. The content of this Item appliesto
al configurations of the cam mechanism, such asadisc cam driving atrandlating follower through afreely
pivoted roller shown in Sketch 2.1, or a disc cam driving a swinging roller follower shown in Sketch 2.2.
The terminology and dimensions used in this Data Item are defined in the Notation and superimposed on
the Sketches. Procedures to refine motion design areillustrated in Example 1.

Besides the applications of cam laws to conventional cam mechanisms used throughout this series of Data
Items, the laws given are equally applicable to the definition of output motion of "electronic cams'. The
selection of cam laws for Dwell-Rise-Fall-Dwell (DRFD) and Dwell-Fall-Rise-Dwell (DFRD) follower
motions is covered in the associated Data Items, ESDU 06002!*€! and ESDU 06003,
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Sketch 2.1 Disc cam with DRD and DFD profiles
driving a tranglating offset roller follower
T "Fall" isdesi gnated "Return” in previous editions of this Data Item and some other Itemsin the ESDU Series.
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Sketch 2.2 Disc cam with DRD and DFD profiles
driving a swinging roller follower

The choice of a suitable cam law for the application, together with the selection of a suitable cam and
follower type (see ESDU 82024[1), forms the basis of the mechanism design process. The cam law isthe
mathematical expression defining the normalised follower displacement, w, during a single motion
segment as a function of the normalised cam rotation, u. It is conveniently expressed as Equation (3.1)
reproduced here as

ESDU Copyright material. For current status contact ESDU.

w = f{u} .

Theequationsof motionfor aselection of DRD camlawsaregiven asformulae and graphically in Section 5.
One cam law can define the complete DRD motion segment between the dwell positions. In some
applications, an improved motion can be derived by blending components of suitable cam laws (see
Section 2.2).

The definition of follower motion determines many of the input values for continuing the design of the
mechanism (see Section 4 and ESDU 010028l which provide guidance upon the criteriafor selecting a
cam law). The kinematic performance of a particular mechanism is readily assessed by using the
computer-aided design program, OSCAM (ESDU 00014[15]), to determine the critical values of pressure
angle, profile curvature and driving torque.
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The definition of follower motion synchronised with the operation of the machine determines many of the
input values for continuing the design of the mechanism. ESDU 030101171 explains the application of
timing diagrams to define the operation of a proposed design to determine the cam angle for each motion
segment of a mechanism. The associated Item, ESDU 010021, provides guidance for progressing the
design, e.g. for determining theleast size of the cam disc compatible with the kinematic constraintsimposed
by minimum pressure angle and profile curvature.

In many mechanismsforce closure to maintain contact between the cam profile and the follower reliesupon
spring force acting upon thefollower. When ariseor fall action consists of DRD or DFD motions separated
by an intermediate dwell, the peak acceleration of the motion nearer the cam centre may be limited by the
partial deflection of this spring (see Example 3).

2.1 Cam Law Selection

Thisltem deal s specifically with the selection of acam law to suit acomplete DRD or DFD motion segment.
The eguationsof cam lawsto generate complete DRD and DFD motionsare givenin the Information Sheets
(see Section 5). The cam laws selected cover awide range of applications and performance. For reasons
of clarity, thislistisonly arepresentative sample of all possible cam laws, noting that some alternative cam
laws have similar performance to those in the Information Sheets. In these equations the angle of cam
rotation and the resulting fol lower displacement are expressed in normalised form. Successive derivatives
of the displacement equation yield values for the non-dimensional parameters defining follower velocity,
acceleration and jerk.

Tables B1.1 and B1.2 of Appendix B show the critical values of these parameters and enable a direct
comparison between aternative cam laws to be made.

Cam laws should be chosen to ensure that the acceleration is a smooth, continuous function, zero at every
blend with a dwell. Hence cam laws having finite jerk’ (continuous or discontinuous) throughout DRD
and DFD motions are recommended. Typical follower motions, normalised displacement and
non-dimensional velocity, acceleration and jerk, corresponding to two symmetrical single-law motion
segments are compared in Sketch 2.3. The sketch provides a comparison between the Modified Sinusoidal
cam law, shown for DRD action, and the Triple Harmonic Zero Jerk at Zero Acceleration cam law, shown
for DFD action. Note that the sinusoidal law is continuous in displacement, velocity and accel eration, but
has afinite discontinuity in jerk at the ends of the motion, whereas the trapezoidal law is continuous up to
and including jerk. Notice aso the relative magnitudes of the peak acceleration.

ESDU Copyright material. For current status contact ESDU.

The cam laws to generate complete DRD and DFD finite-jerk motions given in Section 5.1 of the
Information Sheets are:

Cycloidal (Sine Curve Acceleration),
Modified Trapezoidal Acceleration,
Modified Sinusoidal Acceleration,
Triple Harmonic Modified Trapezoidal Acceleration,
Triple Harmonic Zero Jerk at Zero Acceleration,
3-4-5 Polynomial

and  4-5-6-7 Polynomial

These motions are also suitable for Component N1 of blended DRFD motions driving the follower from

T Jerk isthe third derivative of the displacement equation with respect to time.
Documents
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thedwell position tothetransition point, whereit attains maximum vel ocity (see ESDU 06002[18], 06003[19]
and examples in 06004[2%).

The cam laws to generate complete DRD and DFD infinite-jerk motions given in Section 5.2 of the
Information Sheets are:

Simple Harmonic Mation (SHM),
Constant-Cosine-Constant Acceleration (CCCA),
2-3 Polynomial

and  Parabolic’ (Constant Acceleration)

SHM, CCCA and the 2-3 Polynomial cam laws have infinite jerk at the start and end of DRD and DFD
motions and for this reason they are only suitable for very slow-speed DRD motions. However, in the case
of blended DRFD moations, SHM in particular is eminently suitable for the intermediate Component N2
which controlsthereversal of follower velocity at maximum displacement (see ESDU 06002!18], 06003[1°!
and examplesin 0600427,

The follower displacement, velocity and acceleration are determined by transposing the lift, found from
the design specification or the layout drawing, and the segment angle given by the timing diagram (see
ESDU 03010117} into the equations for the cam law chosen for the mechanism.

10 T T T T T T T T T T T T T T T T T T T T T T 100
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Sketch 2.3 Comparison of two single-law motion segments

T Parabolic Motion hasinfinite jerk at the start, transition point and end of DRD and DFD motions. It isincluded for information only and
is NOT recommended for any application.
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2.2 Reasonsfor Blending

One cam law may not generate the required follower motion for the complete rise or fall segment of a
DRFD action. Examplesinclude a displacement curve required to incorporate a specified precision point,
Sketch 2.4(a), or a constant velocity component, Sketch 2.4(b). In such cases it can be advantageous to
investigate the possibility of forming the segment from blended components of the same or different cam

laws.
1 1
= =
: :
: 2 ke

= & =3 Constant .
A 5 S velocity |
- % Displacement % component |
§ S precision S ,
c S point 2 |
o
2 E B |
> 8 - o '
® £ £ |
v 5] | S} !
.E P ' Z ! |
o | | |
5 | i |
o | -
= i ' '
u 0 . 1 0 . 1
. Normalised cam angle, u Normalised cam angle, u
©
EJ (a) Displacement precision point (b) Constant velocity component
©
S Sketch 2.4 Special motion requirement
+=
49
'%: Further reasons for profile blending and potential benefits are summarized as follows.
Q.
o
O €) It becomes possibleto vary therel ative magnitudes of the peak foll ower accel eration and retardation
8 corresponding to a given segment angle to reduce the peak value acting towards the cam and so
o reduce the spring force required to maintain contact (see Examples 3, 5 and 6 in ESDU 06004[201).

The consequences of such changes are explained in ESDU 9201419 and 93002!1.

(b It becomes possible to vary the follower displacement corresponding to a specific cam angle, for
example, to ensure that a specific displacement occurs at the required cam angle (see
ESDU 92014[%)).

(© It becomes possible to incorporate an intermediate constant velocity component between the
components controlling the follower acceleration and retardation, either to suit a design
requirement or to reduce the peak velocity §but increase the acceleration). (See ESDU 93002!1]
and also Examples 2 and 6 in ESDU 06004127 )

(d) The segment angle required for the follower to reach a given lift (for acam with specified values
of reference circle radius and maximum allowable pressure angle) can be minimised by blending
(see ESDU 92014[9).
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(e The minimum allowable reference circle radius required for a cam with specified segment angle,
follower lift and maximum alowable pressure angle can be reduced by blending (see
ESDU 9201419 and Example 2 in that Item).

()] Themaximum allowablefollower lift that can be obtai ned with aspecified segment angle, reference
circle radius and maximum allowable pressure angle can be increased by blending (see
ESDU 9201419,

(¢)] Blending provides a means of obtaining a more rapid follower displacement from dwell than
possible with a single-law motion (see Example 3in ESDU 06004[20)),

In some cases the decision to use a blended profile is determined by the suitability of a particular cam law
for that component of the motion. In the absence of further constraints, to minimise vibration the (unique)
"notiona” dimensions of segment angle and lift for each component should be found by equating the
follower velocity and jerk at the blending point. As an alternative, interposing a constant velocity
component between components controlling the accel eration and retardation can be beneficial.

Constant velocity sections are sometimes employed in cam profiles for use with trandating flat-faced
followers because in this arrangement the maximum travel of the contact point on the follower is directly
proportional to the peak velocity. Thusthe availablefollower face diameter places arestriction on the peak
velocity and so, if it is important to maximise the area under the lift curve, a constant velocity section is
useful.

The analyses of blended motion segments are given in ESDU 060020181,
2.3 Use of thisData Item

The theoretical background to alternative forms of the mechanism and follower motion, including
definitions and terminology, is explained in Section 3. It isstrongly recommended that the cal culations be
performed using the ESDU computer program (see OSCAM in ESDU 00014[1%) and ESDU 06005121)),
exporting the files defining the motion to other programs to complete the design of the mechanism.
ESDU 06005121 provides information regarding the use of the computer program including the
composition of program input and interpretation of program output.

The boundary conditions defining the general case of completefinite-jerk DRD and DFD motionsaregiven
in Table 3.1.

ESDU Copyright material. For current status contact ESDU.

The choice of acam law isinfluenced by the interaction between the peak values of follower velocity and
acceleration with the segment angle and lift. Hand calculations are convenient for this purpose. A concise
form of the equations is obtained by expressing parameters where possible as products of © as given in
Appendix D of ESDU 06002[18]. See also Example 3.

It is emphasized that completion of a dynamically suitable follower motion is no guarantee that the
mechanismisagood design. Theproceduregivenin ESDU 01002118l should be followed to ensure suitable
proportions and adequate strength.

Further analysis of the anticipated kinematic and dynamic performance to assess the short-listed cam laws
is readily accomplished with the aid of ESDU computer program OSCAMIL. The criteria specific to
dliding followers, namely lubrication of the cam/profile/follower interface and the contact stress in that
region, can be analysed with the ESDU computer programs W9408!12 and W9411[13], respectively.
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3. THEORETICAL BACKGROUND
3.1 Definitions and Ter minology
311 Motion segmentsand single-law motion

For the purpose of this Data Item, a motion segment is defined as that part of a cam motion cycle during
which thefollower movesfrom one position of zero velocity to the next position of zero velocity. A motion
segment may be described as Dwell-Rise-Dwell (DRD) in which the follower moves away from the centre
of cam rotation or Dwell-Fall-Dwell (DFD)Jr in which the follower moves towards the centre of cam
rotation: the complete sequence is designated DRDF. The most common way to specify follower motion,
and hence determine the cam profile, isto use one of a recommended series of equations known as cam
laws, which relate the cam angle of rotation to the follower motion. To define asingle-law motion segment
it isonly necessary to specify the cam law, the follower lift and the segment angle.

The straight-line displacement diagram shown in Sketch 3.1 (see ESDU 03010171 represents the simplest
form of a complete DRDF action. The sequence begins by the follower rising through the lift, H, from
the inner dwell position at the smallest profile radius to reach the outer dwell at maximum profile radius
after the cam has rotated through the segment angle, ® ... The follower remains stationary during the
outer dwell period, corresponding to a cam rotation of ® .- Then it fals through the same lift, H,
returning to dwell at the starting position as the cam rotates through the segment angle, @y, . Theriseand
fall actions can be radically different. With the dwells, they form distinct motion segments each of which
is analysed and specified separately.
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Follower
displacement
v,y Outer Inner
y=v ! ! ! !
y=H | | | |
| | | |
| | | |
Lift | | | |
| | | |
| | | |
y=0_| | | |
y=0 A | | | Cam angle,
! Do | P gnel | Dy | @) el | (degrge) ¢
¢=0 o =360°

Sketch 3.1 Diagrammatic displacement of translating follower
during one complete cam rotation

The zero datum of the cam angle, ¢, islocated at the start of the rise action, Point A;. The displacement
of atrandating follower, y, or of a swinging follower, v, is measured from the inner dwell position,
Point A,.

1

T “Fall” isdes gnated “Return” in previous editions of this Data Item and some other Itemsin this Series.
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3.1.2 Dimensionlessform of displacement, velocity, acceleration and jerk

The cam and follower mechanisms of Sketches 2.1 and 2.2 show two pairs of co-ordinate axes having
origins co-incident with the centre of cam rotation. The Xy Yy, 9Xes arefixed to the machineframewhilst
the X., Y, axes arefixed to the cam and rotate with it.

A cam law isthe mathematical function defining the normalised follower displacement, w, during asingle
motion segment in terms of the normalised cam rotation, u. It isconveniently expressed as

w = f{u} . (31)

Thisfunction isevaluated readily by substituting thisform of the equation for the relevant cam law. Inthis
series of Data Items the cam laws are identified by their generic names, e.g. "Modified Sine Acceleration”
or "4-5-6-7 Polynomial”. The equations of motion apply to both DRD and DFD actions. Those for
commonly-used DRD cam laws are given as formulae and graphically in Section 5 and for DRFD cam

2 : 18
2 lawsin ESDU 06002118,
w
g The Notation is given in Section 1. The sign convention and equivalent equations for the various
= configurations of translating and swinging followers are given in Section 3.2 of ESDU 950010141,
(S)
§ Translating followers
©
= For a disc cam driving a trandating follower, as shown in Sketch 2.1, the normalised cam angle and
th normalised follower displacement at anintermediate position during asingle-law DRD rise motion segment
= are given by
S o -9
&
% _ Y=Y
£ and Wi = q (3.39)
=
= Making the usual assumption that the cam rotates at constant angular velocity, the dimensionless velocity,
= acceleration and jerk parameters for atranglating follower are defined respectively as
O
o)
? y (n®
w W’ = —_— s 348.
. H [ 180J (343)
- 2
W = —Ey——(%j (3.59)
o, H
. 3
and w” = %[’i—ggj . (3.69)
o, H

Swinging followers

For adisc camdriving aswinging follower asshownin Sketch 2.2, the normalised cam angle and normalised
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follower displacement at an intermediate position during asingle-law DRD rise motion segment are given
by

U = (3.2b)

and W, = . (3.3b)

Making the usual assumption that the cam rotates at constant angular vel ocity, the dimensionless velocity,
acceleration and jerk parameters for a swinging follower are defined respectively as

;- ¥ (no
= 2 4
" 0, ¥ (180} ’ (3.40)
- 2
.~ (n <I>J
wooo= Y12 (3.50)
o? v | 180
- 3
and w = (g (@6
o, ¥

C
3.1.3 Equationsfor motion segments of DRD and DFD profiles

Thecurveshown in Sketch 3.2 illustratesthe general case of the normalised output displacement with DRD
and DFD motions separated by dwells at both the inner and outer limits of follower travel. The Sketch
showsthegeneral caseinwhichthetransition points (the position of maximumfollower velocity), Points V
and V,, do not occur at the mid-point of either the segment angle or the lift.
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E.OH(I’WH t Wrise Outer Inner 1 all
spracemen Rise | dwell | Fall | dwell
| | |
Wrie = 1 T What =1
1-wy | 1-wy
| |
wy | | wy
ICl Czl ! .
Wrise =0 . | Weg = 0
T—w Uy A Cam angle
1 | t——— U [
Urise =0 Uise=1 Uga1 =0 Uall = 1
\
| Onecycle
Sketch 3.2 Normalised follower displacement during one complete cycle
(same single cam law for DRD and DFD actions)
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Sketch 3.2 shows the follower displacement during a complete DRDF action. In this case, therise and fall
periods are equal and the same cam law isused for both rise and fall. The cam angle is measured from the
start of therise, Point A 1 where the normalised cam angle of the rise motion segment, Urise thenormalised
follower displacement, Wiise the non-dimensiona follower velocity, w and the non-dimensional

follower acceleration, ’r’ise, areall zero'.

/.
rise’

4

The follower has positive velocity during therise. The direction of the acceleration, wi;,, reverses from
positive to negative at the transition point, Vi where, in the general case, Urie = Uy and Wiige = Wy -
The rise motion segment is completed when the follower attains the lift, H , at Point B, corresponding to
acam rotation through the angle of lift, ® . Atthispoint the valuesof both u;g, and w,;, areunity, whilst
Wiige @Nd Wi, arezero'.
Rise action

Thefollower displacement, vel ocity, acceleration and jerk for therise of afinitejerk single-law DRD mation
are given by Equations (3.2a) to (3.6a) and (3.2b) to (3.6b), respectively. The boundary conditions are
defined in Table 3.1.

TABLE 3.1 Boundary conditionsfor general case
of single-law finitejerk DRD and DFD cam motions

u w w’ w”T | Notes
Rise 0 0 0 0 Profile blends with inner dwell
O<u<u,, Osw<wy, tve +ve
u Wy, Maximum +ve 0 Follower acceleration reverses
u,Sus<l w,<ws<1 +ve -ve
1 1 0 0
Profile blends with outer dwell
Fall 0 1 0 0
O<u<l-uy l<sw<w, -ve -ve
1-uy 1-wy, Maximum -ve 0 Follower acceleration reverses
l-u,<u<l w, <w<0 -ve +ve
1 0 0 0 Profile blends with inner dwell
Fall action

The fall of the DFD action is analysed separately. Referring to Sketch 3.2, Point C, is the datum for the
normalised parameters, U, and W, . At Point C,, Uy = 0 but wy, = 1, with wg,, and wf,, both
being zero!. Thefollower has negativevelocity duringthefall. Thepeak velocity isattained at thetransition
point, Vo, where, in the general case, Ugq = (1-uy) and Wi = Wy At this point the direction of
acceleration, wg,, , reversesfromnegativeto positive. Attheend of thefall motion segment thenormalised
—_— 1 4 4 H T H'™
camangle, Uy, = 1, with wey, Wiy, and wi,, al being zero'. The boundary conditions for a complete
DRDF motion are defined in Table 3.1.

For compatibility with the position of the datum at Point C,, Equation (3.1) becomes

Wi = F{1—-ugy} - (3.7)

T For infinite jerk cam laws only the velocity is zero at the start and end of DRD and DFD motion segments.
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For al the cam laws given in Section 5, the transition point occurs midway through both the lift and the
segment angle, i.e. u,, = wy, = 0.5. Inthefrequently encountered special case of symmetric cam lawsthe
relationship between the parametersis given in Table 3.2.

TABLE 3.2 Relationship between parameters of symmetric DRD cam laws

"
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4, DYNAMIC PERFORMANCE

Transient oscillations will occur asaresult of adiscontinuity in the cam law displacement equation or any
derivative of that function. The lower the order in which the first discontinuity occurs, the more serious
the resulting vibrations (see Kosterl?d or VDI [24]). For this reason cam laws chosen for DRD and DFD
actions should have both zero velocity and zero acceleration of the follower at the blends with the dwell at
both start and end of the motion segment. Then thefirst (finite) discontinuity occursin thethird derivative,
the jerk function.

With the exceptions of Simple Harmonic Motion (SHM), Constant-Cosine-Constant Acceleration (CCCA),
2-3 Polynomial Motion and Parabolic Moti on' (constant acceleration), both the velocity and acceleration
are zero at each limit of the follower displacement for all the cam laws considered in this Item. Included
for completeness, the first three of these motions are unsuitable as single-law motions since they have the
undesirable feature of abrupt changes of acceleration, and hence infinite jerk, at the start and finish of the
motion segment. However, SHM and CCCA are suitable for the intermediate Component N2 of blended
DRFD motions between thetransition pointsthrough thereversal of follower vel ocity (see ESDU 0600218]
and 0600319y,

A high rate of acceleration, or adiscontinuity in the acceleration curve, i.e. excessive jerk anywherein the
motion segment, will be accompanied by abrupt changes of torque in the drive and of forces acting on the
cam and following system. These abrupt changes cause fluctuating deflectionsin the parts concerned. The
importance of jerk depends upon the magnitude of these deflections and their relationship to the desired
lift curve accuracy. Even with continuous finite jerk, which is zero at the limits of follower travel, there
are deflections depending upon the elasticity of the system. As shown in Sketch 2.3, which compares the
Modified Sinusoidal Acceleration (see Section 5.1.3) with the Triple Harmonic Zero Jerk at Zero
Acceleration (see Section 5.1.5) motions, acam law with zero jerk at thelimits of travel isliableto produce
higher maximum accel erations, and therefore higher nominal forces, when therequired output displacement
isto be reached within the same period.

Rapid changes of forcesand of the resulting deflectionsarelikely to cause noise and wear through vibration
during operation. Backlash and elasticity in the drive, the cam and following system inevitably lead to the
follower deviating from the theoretical lift curve at speed due to the deflectionsinvolved. The reduction
of noise and avoidance of abrupt changes in the displacement curve are important, especially at high
operating speeds (the use of the term speed does not refer purely to the cam speed, the periods of the motion
segments are also significant). Increasing the stiffness/mass ratio of the following system is potentially
superior to reducing jerk and should be considered.

ESDU Copyright material. For current status contact ESDU.

The allowable operating speed is a so influenced by the accuracy of cam profile manufacture. The adverse
effect of local profileinaccuraciesisaggravated as the speed of operation increases but, in some cases, may
be compensated by the compliance of the system.

4.1 Period Ratio

In order to provide an accurate definition of the operating characteristics of the mechanism, including
induced vibration of thefollower system, the non-dimensional Period Ratio, n, isi ntroduced®. ThePeriod
Ratio is defined as the ratio of the period of the motion segment to the period of fundamental vibration of
the follower system, and is given by

Q)
n= 2 _n (4.2)
360 o,

T The jerk isadso infinite at the transition point of Parabolic Motion where the follower attains maximum velocity. Despite the fact that
this motion has the least possible peak acceleration, itis NOT recommended.
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High values of Period Ratio indicate tiff, low mass systems operated at moderate or |ow shaft speeds. Low
values of Period Ratio occur in systems with acompliant follower, alarge driven mass or high shaft speed
which produces a short rise time. As an approximate guide, a low value of n istaken as n<5, which
represents avery compliant or high speed mechanism. A mechanism operating at moderate speeds with a
fairly stiff follower system would be indicated by values of n=10. For values of n greater than 20, the
accel eration at the driven mass approachesthe nominal acceleration defined by the cam law and thedynamic
response of the follower system may be neglected when determining accelerations. In the case of the
single-law SHM, CCCA, 2-3 Polynomial and Parabolic cam laws, the actual acceleration will always be
significantly higher than the nominal value.

All systems will exhibit a degree of elasticity, and in applications where this elasticity is significant, the
resulting acceleration at the driven masswill be greater than the nominal acceleration predicted by the cam
law formulae. Cam laws which exhibit discontinuities in acceleration (infinite jerk) produce particularly
severe vibrations at the driven mass. The "peak |oad acceleration/deceleration™ ratio, i.e. the maximum
acceleration/decel eration of the driven mass, with an infinite jerk cam law istwice to four times the value
predicted by kinematic analysis which neglects flexibility in the follower system. Sketch 4.1 shows the
effect of variation of Period Ratio upon the peak load acceleration and deceleration during the motion
segment.

16

12 Typical curve for

x finite jerk cam law

Peak load
accel eration

2 4 6 810121416182
Period ratio, n

Peak load
acceleration

Cam Law

2 4 6 810121416182
Period ratio, n

16

12 Simple Harmonic Motion

N Cam Law

Peak load
acceleration

16
12L Parabolic (Constant Acceleration)

0 2 46 8101214161820

Period ratio, n
16
12 2-3 Polynomial
Peak load A Cam Law
accdleration |- _ _ _ _ _ _ _ _ _ _ _ _ ___.
4

0O 2 4 6 81012141618 20
Period ratio, n

Sketch 4.1 Peak load acceleration against period ratio
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In addition to the envel ope of acurvetypical of all thefinitejerk cam laws, separate envelopesfor the three
infinite jerk laws are given. The nominal acceleration is represented by the horizontal broken lines in
Sketch 4.1 which shows how the peak |oad accel eration approaches the nominal value as the Period Ratio
isincreased in the case of thefinitejerk cam laws but will always be substantially higher than the nominal
valuefor theinfinitejerk laws.

It must be noted that the performance of the cam laws discussed in this Item will only be replicated in
practiceif themanufacturing facilitiesand techniques avail ableto the user areableto producetheaccuracy
required (see Reference 23), and if there is no significant backlash in the system.

4.2 Drive Torques
The torque acting on the cam to drive the following system and external load varies throughout the active
motion segments. Both the magnitude and the fluctuation of this torque are influenced by the choice of
cam law. A low value of peak torque and, especially, a smooth variation of torque during the operation
cycle are desirable, but may be subsidiary to other considerations influencing the choice of cam law.

The drive torque can be divided into four components and consist of the following:

1 the torque necessary to overcome the sum of the "constant” forces within the mechanism
due to spring pre-load, friction, etc,
2. the torque required to accelerate the mass of the follower system, lumped at the follower
datum,
3. the torque necessary to overcome the force due to spring stiffness asit is deflected
and 4. the torque needed to overcome the external load acting on the end effector.

The component of torque needed to overcomethe external load is uniqueto the application. The remainder
apply equally to no-load operation when there is no contribution from the external load towards the force
closure of the mechanism and so is likely to be the worst case for design purposes. The expressions for
Components 1, 2 and 3, given as non-dimensional parametersin Table 4.1 (see Derivation 2), apply to the
rise of aradial trandating roller follower, but provide general guidance for other configurations. To assist
the selection of suitable cam laws, curves of these parameters are included in the graphical datagivenin
the Information Sheets of Section 5. Asthe speed increases, the drive torgue needed to accel erate the mass
of thefollowing system is likely to be the dominant component of driving torque, hence the importance of
it being asmooth, continuous function. (Spoeed does not refer merely to the cam speed, the periods of active
motion segments are al so significant.)
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Inspection of the tables in Appendix B and the graphs included in the Information Sheets in Section 5,
shows that the peak negative follower acceleration, wa , occurs at different displacements, w, , from
the inner dwell, depending on the cam law. For agiven following system and operating speed, these factors
determine the spring stiffness and spring torque.

The curves of non-dimensional torque factors for the components corresponding to no-load operation, i.e.

constant load,
force to accelerate lumped mass of following system
and  spring stiffness,

are plotted for every cam law included in the Information Sheetsin Section 5.

T A general term for the output drive member of any mechanism or actuator.
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TABLE 4.1 Non-dimensional torque factors

Component of torque

Expression for
component of torque

Non-dimensional torque factor

1. Constant load
PCOHSt = rnfg
+Pgp

+ I:)frict

) _ Yeonst® [ k3 ]
g =
const = p_H |180

2. Follower acceleration

3. Spring stiffness

S 2 {180
kgcH

W w
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