& 0.429 Z0.005 13.301 47,758 <245.400 230,000 %0.12 -27.470
& 0.476 Z5.005 13.301 ~68.942 -240.306 230000 =T389 -Z2.3U
# 0.524 260.005 15.301 <89.628 2338 230.000 94,105 -243.0%2
& 0.374 263,005 15.501 =109.623 -226.484 50,000 -415.104 -Z85.918
& 0,619 20,005 13.501 -128.789 -24.774 Z0.000 -15.28 -24.9%
& 0,567 3.005 13.501 -146.974 02234 230,000 ~154.32 21234
8 0.714 280,005 13,501 -164.040 -168.635 20.000 ={72.242 -198.088
& 0.762 25.005 13.501 =388 -173.640 250,000 -{88.681 ~182.12
¢ 0.810 230,003 13,301 ~194.308 -157.304 250,000 “204.08 ~165.1869
& 0.857 29003 15.501 =207.218 -139.770 230.000 “UT.642 ~146, T
# 0.905 300.003 15.501 <28.671 -1U.1T3 20,000 “29.608 -121.72
8 0.2 308,005 15.501 -28.400 -101.683 20,000 =259.820 106,73
# 1,000 310,003 15.504 6,391 8130 20,000 -28.210 -E5.428
FOOTNOTE :

1. A list of all source code is available at Journal’s 4. Camlaw program, line no. 2250.
5. Dwell- Rise (Return)- Dwell

6. Choosemat program, line no. 27010.

files and can be obtained with the publisher’s

permission.

2. Dwell-Rise (Return)- Dwell

3. Cam program, line no. 1430.
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Fig. 3 : Crm profile
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Fig. 2 : System shown at start of rise segment
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and accelerations of the follower as well as the
pressure angles and cam profile coordinates for each
segment and for defined increments.

2. Providing coordinates on the needs of the user and
the type of milling machine. (They are: milling
machine, milling machine and a rotary table,
specialized numerically- controlled machine and x-y
numerically- controlled machine.)

3. Calling the Choosemat or. the Plotting program.

@ Choosemat Program

1. providing the tables of a sorted list of common
materials which are used for cams and [ollowers.

H

2. Analysing of contact stresses.

3. Optimization of the cam size by rerunning the
program with new data provided from contact stress
analysis.

4. Calling the Plotting program.

@ Plotting Program

1. Plotting all components of design. (e.g. displacement,
velocity, acceleration and cam profile.)

2. Exiting from the program or rcloading for a new

design.

7. lllustrative Example

For a specific design environment, we intend to design a

disk cam with swinging flat- faced fcliower. The

displacement diagram, the cam law for cach segment,

and the situation of the system at start of risc segment

arc given in Figures 1 and 2, respectively. Other data

are as follows:

1. Radius of cutter or grinding wheel, 12.5 mm.

2. Initial angle from X,,;-axis (i.c. axis fixcd in machinc)
can be determined from Figure 2 as 58.99 dcgress.

3. Radius of reference circle, 250 mm.
All of the above data are input using a data file
namely "cam4. dat”, and are tabulated in first two
table of output (page 15). We have chosen Cartesian
coordinates for output. There is no sign of
undercutting or interference in the design procedure.
To see this, it is enough to decreasc the radius of
reference circle to 175 mm. Pressure angle,
coordinates of cam profile, radius of curvaturc of
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cam contour, and coordinates of wheel center for
speciatized numerically- controlled milling machinc
arc calculated for a complete cam cycle by increment
of 5 degrees (page 16-17). FFinally cam profile is
sketched in Figure 3 in a X.-Y, axis which are fixed

in cam.

8. Some Special Features

In the provided package there arc some special features

which made the package more uscful and efficient.

They arc:

1. Checking data to ensure that they arc in proper
range.

2. Asking for correction. or improvement of data after a
preliminary analysis.

3. Reviewing the resuits and providing the chance of

improvement of data alter completion of the design.

4. Options of skipping some parts of the design process
in order to get specific information faster than with
the normal design procedure.

5. Possibility of running interactively or by inputing a
data file.

6. Providing coordinates in Polar or Cartesian form

depending on the needs of the user and the method

of cam manufacture to be used.

9. Conclusion

@ This package can be used to aid in the design of a
very wide variety of cams and followers.

@ Enginecring intuition for estimating initial data is
necessary f{or a succssful design. Graphical methods
may be used for deriving these initial data.
Reference [11], {12] and [13] give somce idea about
initial dimensions in different lubrication conditions.

@ Although obtaining an optimal design was not a
goal, improving design is not too difficult when one
has access to a computer code for design. Indeed.
computer design is the pecessary step for optimizing
the design. One may interface the provided package
with an external design optimizer to obtain an

optimal design.



the lower the unbalance in the system.

3. Design Methods

Even if the cam and the follower surfaces are
considered to correspond exactly to the theoretically
desired shapes, the calculation of the actual moticn-
time characteristics for a physical cam and follower is a
complex problem in nonlinear dynamics of elastic
bodies.

Most problems such as interference, sharp corners,
space considerations, wear and undercutting which are
encountered in cam design, are related to the size and
shape of the cam and the follower, and it becomes
necessary to consider the cam profile in some detail. If
extreme accuracy is necessary, we have to consider the
use of special analytical methods. Although "graphical
methods”, which are based on kinemalic inversion, are
niore convenient to use, but they are useful only for
those cases where low accuracy is acceptable. In the
package provided, we make use of the methods which
are given in references [3], [4], [5] and [6), because they
are applicable for more general applications.

4. Contact Stress Analysis

Some experimental graphs for calculating contact stress
are given in reference [7], while some others like: "R.J.
Roark" [8} and "F.Y.Chen" [9] have given formulas
instead of graphs. We make use of formulas® which are
given by "F.Y. Chen", because of ease implementation
of formulas and also because of their compatibility of

notation.

5. The Synthesis of Cam Motion by
Blending Segments

Several methods are given in reference [10] for using
poruons of symmetrical DRD cam motion laws in
combination with and superimposed on periods of
constant velocity to satisfy special motion requirements.
These special motions include a requirement for an
asymmetrical acceleration characteristic, a period of
constant velocity in a motion segment, motion without
dwell between follower rise and rcturn movements
(DRRD7 motion), or a precision point where the

follower position is given for a particular cam angle.

The methods make used of a biend factor which is

derived from the standard normaliscd cam law

formulae.

In the program the following syntheses are

developed:

1. Asymmetrical DRD motion.

2. Asymmetrical DRD motion with a constant velocity
period at the beginning.

3. Asymmetrical DRD motion with a constant velocity
period at the middle.

4. One precision point at displacement and a constant
velocity period.

5. One precision point at displacement and without a
constant velocily period.

6. Symmetricat DRD motion.

7. Asymmetrical DRD motion.

6. Algorithms of Programs

The package provided contains five programs which are
called consecutively. Because of the easy access to
graphics, GW-BASIC and ease of programming, the
BASIC language was selected to produce this package.
These programs are catled: Cam, Camlaw, Choosemat
and Plotting.

The function of each program is as follows:

@ Cam Program

. Selecting the type of output.

. Asking about running interactively or batch.

. Displaying of different types of followers.

. Selecting suitable follower.

. Calling the Camlaw program.

@ Camlaw Program

1. Providing different cam laws and providing the uscr a

h B W N

choice amongst them if designer has alrcady decided
on a specific cam law.

2. Choosing a suitable cam law for each segment if
desired.

3. providing the synthesis of cam motion by blending
segments.

4. Calling the Design progtam.

@ Design program B

1. Calculating the normalised displacements, velocities
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1t should also be obvious that manufacturing tolerance
and wear will cause backlash or clearance between the
unloaded face of the follower and the cam.
Consequently there will be undesirable noise and
vibration due to the impact occurring each time the
transmitted force reverses direction and the cam
contancts a different face of the follower. This problem
is more acute for high- speed operation and is one of
the reasons why high- speed cams generally operate
with spring- loaded followers.

2.4. Torsion of a Flexible Cam-shaft

The shaft exerts torque on the cam during a portion of
the cycle and the cam exerts torque on the shaft during
another portion of the cycle. This varying torque
requirement will cause the shaft to twist, or wind up, as
the torque increases during follower rise. During this
period, the cam angular velocity is slowed and so is the
follower velocity. Near the end of rise the energy stored
in the shaft by the windup is released, causing both the
follower velocity and acceleration torise above normal
values. The resulting "kick" may produce follower jump
or impact. This effect is most pronounced when heavy
loads are being moved by the follower, when the
follower moves at a high speed, and when the shaft is
relatively flexible.

In most cases a flywheel must be employed in the
cam system to alleviate the varying torque requirement.
Cam- shaft windup can be prevented to a large extent
by mounting the flywheel as close to the cam as

possible.

2.5. Unbalancing

A disk cam produces unbalance because its mass is not
symmetrical with the axis of rotation. This means that
two scts of vibratory forces exist, one due to the
eccentric cam mass and the other due to the reaction of
the follower against the cam. Thus the smaller the size
of the cam, the lower the unbalance in the system.

2.6, Cam Laws and Dynamic Performance
Analysing the dynamics of cam and follower motion is
extremely complicated. In this package we make use of
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a "quick reference" cam law dynamic performance
which is given in reference [2]. In fact we prevent
scrious dynamic problems by using a suitable cam law.
A comparison of dynamic performance has been.made
for cight different cam laws using cight variables which
define the dynamic performance. Based on the " quick
referene” cam law dynamic performance, these variables
and their effects on dynamic performance of cams and

followers are:

1. Nominal Acceleration
Low nominal acceleration results in better dynamic
performance.

2. Accclraration at Driven Load
This variablc is thc same as nominal acceleration in
low speed applications, and has the same cffect on
dynamic performand.

3. Follower Velocity
The lower the follower velocity, the better the
dyramic performance.

4. Nominal Driven Torque
The lower the nominal driven torque, the better the
dynamic response.

5. Driven Torque
This variable has the same effect as nominal driven

torque, and is very close to that in low s.pccd‘3

applications.
6. Impact at Midpoint of Motion Segment
The lower the jerk at midpoint of the motion
segment, the lower the impact.
7. Residual Vibration
Those cam laws which result in smaller residual
vibration after one DRD’ segment cvaluate better.
8. Cam Sizc for Predetermined Maximum Pressure
Angle
The smaller the size of the cam, the better the

dynamic performance.

Also as a general guideline in dynamics of cams and
followers, we should point out that: since all real parts
have mass, the lowest peak acceleration will result in the
lowest peak force acting between the cam and the
follower. In addition, the smaller the size of the cam,



swinging flat-faced. The package provided includes four
comprehensive practical worked examples to help the
NEW users.

1. Kinematics of Cams and Followers

1.1. RDR motion

In many design problems the follower is to move
outward during a certain part of a revolution of the
cam, to dwell for a part of a revolution of the cam, and
then to return to the initial position. This type of
motion is often referred to as rise-dwell-return or
simply, RDR.

1.2. Kinematic Problems in Design Pracedure
During the design procedure we have to ensure that
undercutting, sharp corners and interference are
eliminated: In this algorithm3, the presence of these
phenomena are automatically flagged during the design
procedure and associated suggestions for improvement
are given. The suggestions for getting around such
problems for a roller follower might be:
@ usc a smaller rolier or
@ use a larger cam or
@ usc a cam law which has a smooth peak acceleration
characteristic.

For flat-faced rollers choosing a larger cam is
suggested.

1.3. Pressure Angle

It is obvious that the forces and couples acting on the
guide may lead to problems related to friction and wear
and thus are undesirable. The larger the cam, the
smaller the pressure angle and, therefore, the smaller
the force and couple on the guide . It is usually
considered good pratice to limite the pressure angle to
30 degrees, but for swinging flat-faced followers it is
possible to use pressure angles as high as 60 degrees
without difficulty. Large cams and large rollers also
result in lower contuct stresses and thus permit the use
of cheaper materials or material treatments.

1.4. Sliding of the Roller
* When our materials are subject to wear, we have to

prevent sliding of the roiler. It is obvious that with a
roller fpllower if we do not have step changes in
acceleration, we will not have any sliding. We have to
use two complete cycles of motion in the accelearation
part and the deceleration pari; that is, at the combined
point acceleration is zero. This blending task is
automatically performed in the program4 upon designer
demand.

2. Dynamics of Cams and Followers

2.1. Vibration

At high speeds there is a tendency for machine
members to vibrate. Such vibrations increase the
operating forces and neise in a machine, and may be
the principal factor limiting a machine’s useful operating
speed. This phenomenon has been observed in cam
mechanisms. In cam driven systems the performance is
strongly dependent on the choice of cam profile (i.e.,
type of input motion). It is this correlation between
input motion and dynamic performance that makes the
study and design of miotions important to the design of
high speed machinery.

"J.L. Wicderrich" as quoted in reference [1] has
shown that it is necessary to eliminate or minimize the
"cam profile’s jerk" (i.e., the derivative of acceleration of
input motion.), to achieve low vibration motions.

2.2. Positive Contact

One obvious disadvantage of cams is thal there is no
positive contact between the cam and the follower. It
the outward motion of the follower is upward and the
speed of rotation of the cam is slow, the dead weight of
the follower may be sufficient to maintain contact
between the cam and the follower at all times.However,
if the rotation speed of the cam is so high that the
acceleration of the follower on its downward stroke is
greater that that due to gravity, an additional force
must be present to maintain contact at all times. Springs
are ordinarily used in this situation, even though cams
may be desinged to ensure positive return of the
follower.

2.3. Clearance
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The Development of a Computer Program for Cam

and Follower Design

Mohammad Hossein Abolbashari

Department of Mechanical Engineering, University of Saskatchewan,

Saskatoon, Saskatchewan, Canada STN OWO

ABSTRACT

An algorithm! for designing constant velocity DRD? disk cams with four different
followers has been developed. Based on the design environment, a suitable disk
cam and follower is selected as well as an appropriate cam law.

A general sine- constant- consine acceleration cam law as well as eight other
common cam laws are embedded in the program. In addition, properties for a
small number of suitable materials have been included. Finally, contact stresses
between the cam and the follower are checked in order to optimize the design.

Cam profile data is provided for four different milling machines.

Furthermore, an algorithm for synthesis of cam motion by blending segments has
been developed to meet specified requiremenis for the follower motion.

Introduction

computers were used in machine design only in
progressive industries in the 1960’s while in the 1970°s
this became standard practice. Computer aided machine
design involves more than design calculations. A large
amount of data, and standard tolerances, might be
tabulated 'in the éomputc_r, and can be accessible in the
design procedure. Some of the advantages of using
computers in design are:

@ reduction in design time.

@ providing a systemized logical design procedure.

@ case in dealing with a wide variety of design
variables and constraints which are difficult to visualize
using tables and formulas. :

One common problem in machine design is moving
or positioning components. With few exceptions, the
most convenient means for imparting a specific motion
to a member is by means of a cam-and-follower
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mechanism.

One of the attractive features of cam systems is
their versatility and flexibility in the design.

Technological developments in manufacturing
methods, mcasurements, materials and matcerial
trcatments, for example, often arising in completely
different applications, are finding their way into the ficld
of cams. Among the wide varicty of applications of cam
systems, some industrics such as machine tool
engincering, automobile engincering, mining equipment,
printing packaging, textile and special purpose
machincry are gaining form the benefits of the
cam-and-follower mechanism more than other ficlds.

Presently, there is no readily available
comprehensive cam and follower design package. This

-study attempts to fill this gap for the design of disk

cams with four common types of followers: translating
roller, translating flat - faced, swinging roller and



