Chapter 8 Notes Cams

Cams e Function generator
» Can generate atrue dwell

Dr. Keith Hekman

[m) Flat-Faced Followera f
. . .. . (eva..
The American University in Cairo i

Mechanical Engineering Department

All figures taken from Design of Machinery, 3 ed. Robert Norton 2003

Created for "Design of Machinery, 3rd ed." by B. L. Morton and
"The Multimedia Handbook, of Mechanical Devices" by 5. Wang
Software coppright © 2004 by The MeGraw-Hil Companies, Ine.
All rights reserved.

Cam Terminology Type of Follower Motion
» Type of follower motion (rotation, translation) * Trandating and Follower
« Typeof joint closure (force, form) oscillating followers
» Type of follower (roller, mushroom, flat) « Depends on motion
required

 Direction of follower motion (radial, axial)

« Type of motion constraints (critical extreme * Large r'adiUZI gives. )
position(CEP) and critical path motion (CPM)) ﬁpnzrommat y straight
» Type of motion program (rise-fall (RF), rise-fall-
dwell (RFD), rise-dwell-fall-dwell (RDFD)

Follower




Type of Joint Closure

Follower

Force and Form
Closed Cams i

*Force closed cams
require an external force o

Half joint

to keep thecam in —

contact with the follower  cum

A spring usualy

suppliesthisforce {7 2 K -
Followsr

Spring

Follower

Type of Joint Closure

» Form closed cams are
closed by joint geometry
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Direction of Follower Motion

» Radia or Axid
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Cam Terminology (review)

Type of follower motion (rotation, translation)
Type of joint closure (force, form)

Type of follower (roller, mushroom, flat)
Direction of follower motion (radial, axial)

Type of Motion Constraints

* Criticd Extreme Position (CEP) — start and end
paositions are specified but not the path between

 Criticd Path Motion (CPM) — path or derivativeis
defined over all or part of the can

Type of Motion Program

From the CEP cam profile

Dwell — period with no output motion with input
motion.

Rise-Fal (RF) —no dwell (think about using a
crank-rocker)

Rise-Fall-Dwell (RFD) — one dwell
Rise-Dwell-Fall-Dwell (RDFD) — two dwells

Coke bottling example:

» Unwrapping the cam

» Plot of position(s),
velocity(v),
acceleration(a) and
jerk(j) verses cam
angle

» Basisfor cam design




RDFD Cam Design RDFD Cam, Naive Cam Design

» Motion is between two dwells » Conned pointsusing , 4
straight line J
Motion . 0 -
St g » Constant velocity , | | | L
t ®lnfinite accderation 04 I — |
i | I | . € deg
1 and jerk
®Not an acceptable |
e - cam program ° _‘e’dg
Q0 180 270 360 Cam angle 8 deg #
0.25 0.50 0.75 1.0 Time t sec " _[ [ =
6 deg

RDFD Cam Sophomore Design

Simple Harmonic Motion

Any cam designed for operation at other than very « Sinfunction has ho
low speeds must be designed with the following continuous derivatives ——

constraints 5= % cos%%

» The cam function must be continuous through the —y T

Fundamental Law of Cam Design

_ds _ hrr .
first and second derivatives of displacement across "0 28 ?E
the entire interval (360 degrees). az Qv CO%E
Corollary: 2 » g
: _da_-hr
« Thejerk must be finite across the entire interval "o 2p Sf”%%
(360 degrees). ®Acceerationis — —

discontinuous, .
(Bad Cam DeS|gn) T cam angle O




RDFD Cam, Cycloidal

* Need to start with acceleration
and integrate

s-can9/ g
v= _C%Hcos%”% ﬁ+ ky

sincev=0 at 6=0,
&=
V= C%ﬂ@— cos%”% %

RDFD Cam, Cycloidal
s=CB/, o —cﬁ%ﬂﬁm%ﬂ% =

» Sinces=0 at 6=0, k,=0
e Since s=h at 6=,

h= ﬁ:/ Boc= 27y
5= D60~ DonSn 51

= Daltenf Y
o= P

= h<2n%3 COS%H% ﬁ . cam ang!

¢

RDFD Cam, Cycloidal

©Valid cam design (follows
fundamental law of cam design

®Acceleration and velocity are
higher than other functions

» General procedurefor designis
to start with a continuous curve
for acceleration and integrate.

cam angle

RDFD Cam, Trapezoida

» Constant acceleration givesinfinite jerk

» Trapezoidal acceleration givesfinite jerk, but the

acceleration is higher

—tl’]




RDFD Cam, Modified Trapezoidal RDFD Cam, Modified Trapezoidal

« Combination of sinusoidal and constant acceleration  After integrating, we get the following curves
» Need to integrate to get the magnitude » Has lowest magnitude of peak acceleration of
standard cam functions , . s
(lowest forces) , | —{a
B 0 — x
RDFD Cam, :
Modified Sin RDFD Cam, SCCA Family
« Combination of a ] S 7 » The cam functions discussed so far belong to the
low and high ‘ ' SCCA (family Sine-Constant-Cosine-Acceleration)
frequency sin "y, L » Only changetiming of functions o
function ‘ Ly=1
e Haslowest peak L el 0 o
velocity (lowest o . . —
Kinetic energy) . -
rm ) : 0—— ¥
| i 3 |57 5 |3




RDFD Cam, SCCA Family

» Comparison of accelerationsin SCCA family

e All are combination of sine, constant, cosine family

i Cycloidal (# =05,c=0,d =05) " .
Simple harmonic
(5=0,c=0,d=1)
Cp=628

g = —— 4.80

0 //

(b=0.c=1,d=0)

C, =4.00 — Gi=% Modified sine
(»=025,c=0,d=0.75)
B
- g

Modified trapezoid — LA
(b=025,c=05,4d=025) .
Constant acceleration

Polynomial Functions

» Can aso choose polynomials as the cam functions
» General form of
S=Cy+CX+CoX? +Cax° +Cyx* +---+C, X
where x=6/3 or t

» Choose the number of boundary conditions (BC's)
to satisfy the fundamental law of cam design

n

3-4-5 Polynomial

» Boundary conditions
— @06=0, s=0,v=0,a=0
— @06=, s=h,v=0,a=0

» Six boundry conditions, so
order 5 since C, term

s=co+q%%czé%§
NMTEE

cam angle B

3-4-5 Polynomial

s=corefB ol o2 H e o c%g
ool <gl =g
@Cz+603%12¢%§+zocsg%§

@B=0, s=0=C, v=0=C1/B a=0=2C,/[#
C=0 C=0 C,=0
@0=B, s=h=C;+C,+C;, v=0= 2C3+3C +5C
a=0= 6C +12C,+20C; R

Solve the 3 equations to get 0 4
o hmgﬁg 152 +Gggg




3-4-5 and 4-5-6-7 Polynomid
* 3-4-5 polynomia 4-5-6-7 Polynomial
— Similar in shapeto cycloidal
— Discontinuous jerk

4
g a2

* 4-5-6-7 polynomial — set the jerk
tobezeroatOand 8

4

s:hégf% -ofPE ol oo E

» Has continuous jerk, but
everything elseislarger

cam angle 8

Acceleration Comparisons
» Modified trapezoid is the best, followed by modified
sinand 3-4-5
» Low accelerations imply low forces

I L - 4-5-6-7 polynomial displacement
' f Cycloidal displacement (sine acceleration)
/ 3-4-5 polynomial displacement
) y 4 e
. / .4
|

Z i . ! - 9
Moeadified sine

Madified trapezoid

.

b=

Jerk Comparison

» Cycloidal islowest, followed by 4-5-6-7 polynomial
and 3-4-5 polynomial
» Low jerk implieslower vibrations

Jerk

Modified sine
A
‘// Modified trapezoid

3-4-5 polynomial

A emp %/_ 4-5-6-7 polynomial
BN Cycloidal
\\ ‘}-f‘ff_ e

: |
Sl
Nl - ’
\.
Moadified sine Moaodified trapezoid

Velocity Comparison

» Modified sineis best, followed by 3-4-5 polynomial
» Low velocity means|ow kinetic energy

4-5-6-7 polynomial

Velocity 3-4-5 polynomial
A Modified trapezoid
P / Cycloidal
,//// o Moadified sine
7
f/j//
’?" F
b
7/
A
/4
o
1 i -5




Table for Peak VAJfor Cam Functions

 Velocity isin m/rad, Acceleration isin m/rad?, Jerk
isin m/rad3.

Position Comparison

» Thereisnot much difference in the position curves
« Small position changes can lead to large acceleration

LS“p Acemen

Changes i Modified trapezoid
. TABLE §-3 Factors for Peak Velocity and Acceleration of Some Cam Functions
Function Max. Veloc. Max. Accel. Max. Jerk Comments
Constant accel, 2.000 h/p 4.000 h/p° Infinite = jetk—not acceptable
Harmonic disp. 1.571 h/B 4.945 h/p* Infinite e jerk—not aceeptab

Trapezold accel.  2.000 h/p 5.300 h/p° 44 h/g'  Not os good os mod. trap.
Cycloidal Mod. trap. accel.  2000h/B  4.888h/B°  61h/°  Low occel but rough jerk
Mod. sine accel.  1.760 h/p 5.528 h/p* 69 h/p?  Low veloc., good cceel
3-4-5 poly. disp. 1875h/p 5777 h/8°  60h/p?  Good compromise
\ | Cycloidal disp. 2.000 h/p 6.283 h/p? 40h/g®  Smooth accel. and jerk.
-0 4-56-7poly.disp.  2188h/f  7526h/B?  S2h/p°  Smooth jerk, high accel,

¢ Modified sine

Single Dwell Cam Design, Using Single Dwell Cam Design, Double

Double Dwell Functions ] » Harrrglor;{ ¢ function
e Largen ive acceleration
e The double dwell cam functions have an geneg L D
unnecessary return to zero in the acceleration, > 2%‘“’3%’ % a5 COSEZ %f” fise
causing the accel?rfflgn t? I?e hlghejrw:”alsewhere N 005%1 % %% COS% %mrml
) D

b -
Unnecessary a 80 ~— Continuous jerk
discontinuity in jerk 0 80 270




Single Dwell Cam Design, 3-4-5-6
Polynomial
e Boundary conditions @6=0 ssv=a=0
@6=B s=v=a=0 @6=pB/2 s=h

Bl -l

» Haslower peak

acceleration (547) |

than cycloidal (573)

or double harmonic ,

(900) 547 inisec?

Unsymmetricd RFD Cams

* |f the rise has diff erent time than the fall, need more
boundary conditi ons.

H 1
 With 7BC'’s
segment | 1
| ) mex = 2.37 at 90
h=1a 45° { o
8 g —
|
|
Vo 4
e
7 boundary I =4 ) ,
conditions | Vo +1 297 infsec
A e —
I . . -1 297 infsec?
T - !
| \!
0 45 180 360

Unsymmetrical RFD Cams

* |f you set the velocity to zero at the peak:

nary =
conditions 4011 infsec”

Unsymmetricd RFD Cams

» With 3 segments, segment 1 with 5BC’s, segment 2
with 6BC’ sget alarge peak acceleratlon

segment

=1uat 45°
e il
Segment | /
"boundnry -1.226
conditions {/\ /\
Segment 2
6 boundary
conditions A
iy sug2 nly
e 4377 infsec?
0 45 180 360




Unsymmetrical RFD Cams

» Best to start with segment with lowest acceleration
with 5BC’s then do the other segment with 6BC'’s

segment 1 2

h=1a4s /;.
e : - —

Critical Path Motion (CPM)

 Position or one of its derivativesis specified
» eg. Constant velocity for half the rotation
» Break the motion into the following parts:

. : Mo ji'? f Accelerate Decelerate
cement \ L /7 /
6 boundary X
lmnm“i\ V¢// S — Constant velocity Return
1 2 3 4
Sepment 2 [/ i T I -
S boundar A o : e SPa—N 1 -
unuhlinis , // seg | only R - \ R
: : 2024 infsec* ¢ AL
\ L aan o
J \\/A————~—»~—J % 0 30 210 240 360 cam angle 8 deg
0 45 150 scc 0 0.08 0.58 0.67 1.00 fime t sec
Critical Path Motion (CPM) Resulting Curves
function  Poly 3 Poly 1 Poly 3 Poly 5
g 2 N
« Segment 1 has T —
; infser. — C l.(\ 112 in
4BC’S local © 03_3:0_ 0 180 O ;0 0. leO . - |_ .

Segment 2 has "1y > 13| 4

-

2BC's (constant V) 13—-%,
Segment 3 has

i e
local® 0 30 0 180 0 30 0 120

o9 - 7—>%0;7 "
* Last segment has | |3y
local @ 0 30 0 180 0 30 0 120
6BC'’s (almost |
aways) NI . .
localé 0 30 0 180 0 30 0 120 deg

rlobal @ 0 30 30 210 210240 240 360 deg

294 indsec

cam angle (deg)

10 infsec

»
ST ind .
23 1 ISed




Constant Velocity, 2 Segments

» Thedivisions on the previous approach are not
given, only Qne segment of constant velocity

function

segment 1 2
_ |10in/sec !
0 — =
i a9
0 180 0 180
v i 1 2
10-‘ ®
0 ‘ - g
0 180 0 180
a 1 2
0 «I = —e ol
locale O 180 0 180
globaleé 0O 180 180 360 deg

Resulting SVAJ diagram
2 segment design has better properties

* 4 segment design had As=6.112, v=-29.4, a=257
5484 in

§ ' —(.484 in
10 in/sec

YT § infear i 8
21.3 nfsec 230 indsec

VI i F e
L0 inysed

cam angle (deg)

Sizing the Cam, Terminology
» Basecircle (R,) —smallest circle that can be drawn
tangent to the physical cam surface
* Primecircle (R;) —smallest circle that can be drawn
tangent to the locus of the centerline of the follower

* Pitch curve—locus
of the centerline of ™™
the follower Base circle

Cam Pressure Angle

Vfol Iower

* Pressure Angle () g

—the angle between
the direction of
motion (Velocity) Of  watremmson
the follower and the N

direction of the axis wasotsip
of transmission

« Want ¢<30 for / \
translating and @<35 / /
for oscillating ‘ [\ /
followers \\ A /




Cam Eccentricity

angle

» Eccentricty (€) —the
perpendicular distance
betweer] the fOl | oWer’S a)(i S(a}?gn;?;:nz?nﬁg;})n)

Of mOti On ar]d the Cmta‘ Of Commonlangem
the Carn (axis of slip)

 Aligned follower —e=0
 For velocity, b=v

Pressure Angle

angle

The pressure angleis
V—§&

Y
\
S+ \/W i /
Pressure angle has similar  commenmeen
shape as velocity.

If youincrease R, ¢
decreases e

With &, magnitude of ¢ /
decreases with positive ™
velocities, increases with
negative velocities

p=tan?

Overturning Moment

©For flat faced follower,
the pressure angleis _
zero

®@There is amoment on
the follower since the
forceisnot aligned
with the direction of
follower motion. This
Is called the
overturning moment

Radius of Curvature

Every point on the cam has an associated radius of
curvature

If the radius of curvature is smaller than the radius
of the follower the follower doesn't move properly

Wiy UL& w Visiiower

Follower




Dk cirve

Small Positive Radius of Curvature

« If R=p then the follower stays on one point for a
long time leading to high wear

* If R>p then there is undercutting and the desired
motion is not followed

! Actudl path

! .
=

tans 5

~3F- i~
;o [
Job | fo

< -

v, \

PN am — T

Sizing Cam for Radius of Curvature

» Want radius of curvature to be 2 to 3 timeslarger
than radius of the follower (R;)
[(Rp+3)2+V2]3/2 kd +S)2+(V—E)ZF/2

o Ppitch = \ '
Ppitch R, +sF+27-a[R, +9) P (d+sP+(2v-g)v-€)-a(d +s)

& = 0 (book equation 8.33) d=y sz -e?

* Increasing R, increases Py

Sample plot of Radius of Curvature

» Radius of curvature can be positive or negative
» Curvatureisinfinite at straight line

raclins ol curvature {in

180

cam angle (deg)

Different
Follower Radius o g

Ut e = i v X

« Thetop plot with = L s
R=lisavalidcam .. . - QRN
design (though the AP
radius of curvature N .o
ratiois low. Prime e F-am——

» The bottom plot has P L
the same SVAJ . ,\
diagrambutisnot i i o @ I
vaidasR=17,the =
same as P .. \ N




Radius of Curvature — Flat Faced

Foll ower

« Can't have anegative
radius of curvature

Prin :Ro+5+a

Cam Geometry

« For roller follower, pitch * For flat faced follower

curve =(R, +5s)sin6 +vcos@

X = COSA (d+s)2+£2 y:(Rb+s)cose+vsin9

X=V _ _ > 5
—— =sinAy(d+s) +¢
— 7 I y=sni(d+s
W 7 3 ~[AZ Center of curvature C' Where
Base circle A 27_[ 9 tan & E
6 e d+sC
: : : Actual vs.
Cam Manufacturing Considerations .
J Theoretical Cam
» Medium to high carbon stedls, or cast ductileiron Performance
» Milled or ground » Larger acceleration
* Heat treated for hardness (Rockwell HRC 50-55) dueto _ i o\
« CNC machines frequency use linear interpolation manufacturing s
errors, and

(larger accelerations) ...

vibrations from jerk




Practical Design Consideration

Trandlating or oscillating follower?

Force or Form-Closed?
— Follower Jump vs. Crossover Shock

Radial or Axial Cam?

Roller or Flat-Faced Follower?
To Dwell or Not to Dwell?

To Grind or not to Grind?

To Lubricate or Not to Lubricate?




