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ABSTRACT

The computer-aided software developed in this reshawork is used in designing cam systems by
generating various follower motions and cam profilelt is highly suited for extensive dynamics, kine
matics and geometric design analysis based on sotherent features that are unique. The plate cam
with either flat-face or roller followers can be degned. Most of the standard and acceptable cam
functions are included such as double harmonic, nifbed trapezoidal, cycloid, 4-5-6 polynomial and
others. Various prime circle radii and follower facwidths are calculated for flat-face follower dgsi
option for any user selected cam angle, followeofile and cam function. Other parameters such as
minimum and maximum values of radii of curvature r@ssure angle, are also calculated for roller
follower design option. In every design the follommotion and cam profiles are calculated and coor-
dinate files can be exported in Cartesian formatdaautomatically imported into a spreadsheet pack-
age thereby using all its features for better ansily of results. All dynamic, kinematics and geonietr
parameters can be plotted and all data may be mrihto the screen, to a printer, or to a file.

Keywords: Cams; Design; software; simulations; validation

|NTRODU(_:T|ON i ) namics. This research work is geared towards im-
Computer-aided methods are routinely being usegoying the universal design and final commercial
in virtually all aspects of engineering today. Inproduction of cams in many automotive and other
some of these cases, computational methods &§ated companies around the world. A software
used to perform kinematic and dynamic analysi§ackage for the design and profile simulation of
of mechanisms in the area of design and manufagtate cams with a possible choice of two followers
turing (Norton, 2000), while strategic planningysing eight standard cam motions for over one
software packages for manufacturing outfits havgyndred and eighty-nine different follower pro-
been developed using these methods in areas fifs has been developed. The developed software
management decision making and Systems Dysrovides the tools to analyze critical aspects of
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cam design before physical prototyping or protwo follower types by eight motion segments
duction of such cams and followers, thereby in{consisting of 189 different combinations) by
creasing their reliability and performance. eight-cam functions i.e.1 x 2 x 8 x 8 (128 main

The developed software does not only remove tHePmbinations) is achieved in this research work.

tedium associated with cam design process but i
also speeds it up dramatically thereby making thEE‘t'Face Follower Cam Ee3|gn i desi
process of comparative design analysis and optT- € output parameters that are peculiar to design

mization easier and faster. Some of the uniqugf a Plate cam attached to a flat-face follower in-

features of the software that aids better desigud® (Shigley & Uicker, 1980): prime radius of

analysis when compared with others include (i he cam (Ro), (b) th_e face Width of follower (Fw),
open-ended choice of cam angular increments (i _) the follower motion proflles an_d (d).cam coor-
segment by segment application of open-ende nates u, v. The equations are given in equations
choice of increment (iii) made easy and self-- 4.
explanatory multiple screens (iv) calculations and R, >(pmm—ymax-)/.;ax) (1)
presentations of results for both radial and IinearF S _

w Y(max) Y(min)"' (2)

follower motions.

Cams have been said, over the years, to be easy g (R +y)sing+y cos6) ®3)
design but hard to make (Chen, 1977). This isv=(R,+y)cosd-y'sin@) ()
because various tests must be carried out on the

cam systems at the manufacturing stage befoRoller Follower Cam Design

their final production; one of such is the profileThe basic design parameters needed (Shigley and
test for discontinuity. The software developed folJicker, 1998) as input/output values in the process
the design of cam in this research work has ovesf the roller follower cam layout are: (a) Pressure
come all the problems stated above as variowngle f. (b) Prime circle radius,Rc) Eccentric-
profiles can be synthesized and tested within sedye, (d) Radius of the roller follower,Re) Cam
onds during the design and manufacturing stagesordinates u, v. The equations are given in €q. (5
respectively. An initial part of this work was car-— (10)

ried out at a preliminary stage (Simolowo, 2004)

as depicted in Figure 1. Other works on cams g=tan*——Y ¢
include; dynamic performance of Cams (Norton, VRO -&*+y ®)
1988); the design of dwell-rise-dwell cams y—e - y(tand) 3 (6)
(Brian, 1995); modification of cam type profiles Rﬁ[[mg} +52)
(Gupta and Wiederrich, 1986); optimum design
of plate cams (Yoshio and Sarby, 1983); kinemat- Igich= 'min + Rr (7)
ics and dynamics of machinery such as cam sys- 2
tems (Robert, 1988). (R+YHYY

Phiret=Poin™ (8)

NUMERICAL DESIGN OF PLATE CAMS R_[ R+ +2YV-R+W' |

The diversity of options in cam system design _ _

based on the various motion requirements in engi-”:(\/ R —&+y )sing+ecos R sir{p-6 ) (©)
neering designs is one of the greatest challenges_|—— - ,

faced in this area of research. Presented in Figuré'_( R ¢ +y Jsird-ecosRsip-) (10)

1 is the complete option chart defining the entire . . .
scope of the cam system design carried out in thighere f is the pressure angle given by equation
work. A design combination of one cam type by(5).
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DEVELOPMENT OF SOFTWARE software development. For each segment of the
New features were introduced in the softwardollower motion there are 2-3 input interfaces and
developed presently as compared with some &4 design output interfaces. This method involves
the features that exist in most of the widely used even distribution of minimal design parame-
software packages for the commercial design of ters on different executable forms;

cams systems. Table 1 summarises these featug S

and compares them with those in some existin§
software. The descriptions of operations carried
out to bring about these features are presented in
the section below:

comprehensive interactive programming on
sequential interfaces. These attributes make
the software more users friendly when com-
pared with the single or dual interfaces that
are overcrowded with design parameters and

rocedures as found in existing software.
Software Features P g

Limitless choice of angular increment and

application to all motion segments

To accomplish this, a disjoint algorithm architec

ture approach was used in the development of t

software. This method entailed,;

i) breaking the whole program algorithm into
disjoint modules and performing simulationss'
for these separate modules. 4'

Sthe developed software is able to design for all
the choices depicted in Figure 1. These involve
‘the following:

. Cam Type: Plate cams as commonly used in
reciprocating internal combustion engines.
Follower Type: Flat-face and Roller
Relative follower/cam motion: Reciprocating.
Cam motions: Eight different cam motions.

i) Enabling all the separate motion segments t6. Follower motions: 8-motion segments with a
accept any prescribed value of input parame- total of 190 different combinations.
ters such as cam angular increment (q) and
other parameters considered under the sectidrhe task of developing program codes using a
on numerical design. versatile visual programming language
(Evangelos, 2002; Byron, 2004) for the design of
Simulation results generated for both radial andflat-face and roller follower cams entailed the-fol
linear motions lowing:
The follower displacements and their derivatived. Generation of/, y, and y" The codes were
y, ¥, and y"such as presented for double har-  written using equations (11) — (24) and those
monic motion and modified trapezoidal cam func-  for other standard cam motions considered in
tions (equations 11-24) were computed by consid- the software
ering 2

i) angular cam rotation in radians (q) Generation of u, and v values: Equations (3)

and (4) were used in generating the geometric

ii) angular speed of the cam (w). All simulations  coordinates for flat-face follower, while (9)
were carried out and results presented for the  and (10) were used for roller follower

two motion types. The final motion and cam o _ o
profiles generated are however exactly the. Determination of maximum and minimum

same for the motions. values ofy, y, and y" The computer program
was made to determine these values from

Simplified designs on increased interface those generated in step (1) above

The operation leading to this feature is the em4, Determination of R (flat-face follower) E,
ployment of the multiple executable form selec- R, f, ke Ro, (roller follower)andrmin: All
tion method at both input and design stages of the these parameters were calculated using com-
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CAM PROFILE DESIGN

|

CAM
TYPE

PLATE
> CAM

A 4

FOLLOWER
TYPE
»| FLAT-FACE
> ROLLER

A 4

A 4

A 4

A 4

A 4

[_]—» Options fully covered in previous work

FOLLOWER MOTION Cam
OPTIONS Motion
> Cycloid
2 MOTIONS || 1 OPTION
> Simple
Harmonic
3 MOTIONS ™ 3 OPTIONS
»|  Modified
4MOTIONS |, | 6 OPTIONS Harmonic
Double
Harmonic
5 MOTIONS > 12 OPTIONS ([~ Double
Harmonic
6 MOTIONS p»| 24 OPTIONS | Modified
Trapezoidal
7 MOTIONS [»| 48 OPTIONS | 345
Poly.Nomiall
_ 4-5-6-7
8 MOTIONS 96 OPTIONS Poly.Nomiall
8" Order
»( Poly.Nomiall

[ }—» New options completed in present software

Fig. 1: Design Options for Developed Software
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puter codes employing equations (1), (2), (5)software for the design of the roller follower cam,

(6), (7) and (8) accordingly a 2-follower motion-segment was selected. How-
ever, in this case, two different cam functions

were chosen for the rise and return motion seg-
ments namely, the modified harmonic and cycloid
(motions respectively.

5. Cartesian plotting of, y, and y"and genera-
tion of cam profile: Program codes were
written to automatically export numerical
value generated to a spread sheet applicati
and then plotted while within the software. Shown in Tables 2 and 3 are the input parameters

for the simulations while equations (11) - (24) are

the cam motions for double harmonic, modified
trapezoidal and cycloid (Norton, 1998) used in the
bove sample simulations. The numeric results for
e standard sample simulations carried out using
r]ihe software are presented in Tables 4 and 5. Also

simulation a 3-follower-motion segment (R_R_D)presented in Figures 2-5 are the motion and cam

was considered. The double harmonic cam m(p_rofiles of the sample designs. It is observed t
tion was applied to the rise and return motionQrOf'les of the two sample designs that there are

while the same Sincrement was used in the 31 discontinuities in the velocity or acceleration

different segments for the determination of thé;raphs. This implies that_thg two designs could be
design output parameters. In the application of th%s‘Gd for high speed applications.

RESULTS VALIDATION AND DESIGN
SIMULATIONS

Sample simulations were carried out for both th
flat-face and roller follower options using the
developed software. For the flat-face desig

Table 1: Improved Features of developed software ainst features of widely used software

Features Of Existing Commercial

No. Improvement In Present Software
Software

1 Limited number of choices of cam angle  Limitless choice of angular increments
increment

2 Application of the limited cam angular incre-Application of limitless choice of cam an-
ments to the overall design of cam systems gle increments to every particular motion-

segment

3 Presentation of motion derivatives results inPresentation of motion derivatives results
only one type of motion (linear or radial di- in both linear and radial dimensions
mensions)

4 Numerous and multiple designs on fewer Simplified and less cumbersome designs on
interfaces increased interfaces

Table 2: Design Input Parameters for Flat-Face Fodwer Option

Segments  Foll. Motion Cam motion Cam angle Initial lift Final Lift Increment
(deg.) (mm) (mm) (deg)
1 Rise D.Harmonic 100 0 mm 25mm 5°
2 Return D.Harmonic 200 25mm omm 5°
3 Dwell 360 Omm omm 5°
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Table 3: Design Input Parameters for Roller Followe Option

Seg- Foll. Cam Cam Initial Final Increment R, R, Prax Ecc

ments Motion  motion angle lift Lift (deg) (mm) (mm) degrees  (Mm)
(deg) (mm) (mm)

1 Rise M.Trap 100 0 10 10

2 Return Cycloid 360 10 0 10 1.00 16.53 30 1.5

Table 4: Design Output Parameters for Flat-Face Fédwer Option

Parameter y' (mm/rad) y" (mm/rad?) R, (mm) Fw (Mmm)
Minimum -29.14 -81.00
Maximum 29.14 45.28 64.00 60.00

Table 5: Design Output Parameters for Roller Follover Option

S . Radius of Curvature Pressure angle Roller radius
egment Follower Motion (mm) (mm) (mm)
1 Rise Maximum 49.40 19.80 12.68
Minimum -75.29 0.086 1.50
2 Return Maximum 17.79 15.82 16.52
Minimum 8.50 3.38 2.87

Table 6:-Design Input Parameters for Validation Pracess

Segments m'i)(:ilgn m%?ir(?n zfnzg;; Initial lift Final Lift Increment Cam rotation
1 Rise S.H.M 100 10mm 10mm 1°
2 Return S.H.M 360 10mm omm 1° 1rpm
40.00
30.00 -
20.00 4
10.00 -
0.00 <
-10.00 -
-20.00
-30.00 -
-40.00
0.00 100.00 200.00 300.00 400.00

cam angle (deg)

Fig. 2: - Follower profiles for Sample Flat-face Fblower cam Design
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Fig. 3: Cam Profile for Sample Flat-face Fig. 5:- Cam Profiles for Sample Roller
Follower cam Design Follower Cam Design
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-10.00 -

y(mm);y'(mm/rad);y"(mm/radxrad

-15.00 -

-20.00

camangle (degrees)

Fig. 4: - Follower Profiles For Sample Roller Follaver Cam
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O Displacements from present softw are

m Displacements from Norton's softw are

5.00+
4.50+
4.00+
3.50
3.00
2.50
2.00
1.50
1.00+
0.50
0.00+

displacement (mm)

0O 5 10 15 20 25 30 35 40 45 50

camangles

Fig. 6: =Y Values for rise motion: Developed Softwa vs. Norton's Software

@ Displacements from present softw are

m Displacements from Norton's softw are

0.15

— 0.107

0.05

displacement
(mm

0.00-
340 345 350 355 360

cam angles

Fig.7: =Y Values for return motion: Developed Softvare vs. Norton’'s Software
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@ Velocity from present software

m Velocity from Norton's software

1.00
0.80
0.60
0.40-
0.201

velocity(mm/sec)

0.00 -

_O. 20 >
0 10 20 30 40 50 345 355

cam angles

Fig. 8: —Y! Values: Developed Software vs. Norton’s Software

@ Acceleration from present software

B Acceleration from Norton's software

0.20+
0.181
0.16+
0.14
0.12
0.101
0.08
0.06
0.04 -
0.021
0.00+

acceleration
(mm/secxsec)

0 15 30 45 345 360
cam angles
Fig. 9: —Y! Values: Developed Software vs. Norton’s Software
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Double Harmonic Motion: Rise

= {eo{rg )| 2fereoferg

el Aol e

Y'"= ik {co{ngﬂ —{co{anﬂ
p? 2 B B
Double Harmonic Motion: Return

ket oot
e cof )} ofon]

Modified Trapezoidal Motion: Rise

1

For 05<0s_p

v _Zgﬂsin(”g} +§{S‘”[Z”zm (12)

Y = L{O.38898448; - 0.0309544sin (4”;;)}

Y'= 0.38898448"{1- cos[MHH
B B

Y"= 4888124 = sin (4n5j
B B

3
For B <8< §

|-

Y=L 2440618{g
B

Y'= [4 888124 Zj 0.22203097 }

2
J -0. 2220309‘E J + 0.00723407}

(13)

(14)

= 4.888124;

For gﬁsesfﬁ

| o

Y= L{l.GllOlSAg - 0.03095448[47‘[% - IT] —.305507%

Y= %[1.6110154+ .388984480 47T% - ﬂﬂ

(15)
Y= 4.888124"—2 sir{4ﬂ6 —rrj
B B
For gﬁ <6< %,3,
y=1] —2.44061E{4€j +4.666091[£J—1229264
B B
=L L
Y'= 5 { 4.888124 (,G j + 4.6660917 :| (16)

Y'= —4.88812#
,82
For %,E <0<p

Y= L[0.6110154- 0.3889844% - .030954$ir(477% - 377]:|

Y'= 0.38898448% {1+ C0{4ﬂ% - 377]}

17)
Y= —4.888124% sin(4ng - 3nJ
B B
Modified Trapezoidal Motion: Return:
For 0g <6< é B
Y= L[l.O- 0.388084487 -0.0309544&71(4UBH
B B
. L 0
Y= —0.38898448{1- cos[4nﬂ (18)
B B

Y'= —4.8881241 Sir{4rr%]

For 7ﬂ<9<§ﬂ

Y = {l 0 - 2.4406184 [%j - 0.22203097 [ ] +0.00723407 }
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L 6)_
Y= 5[4.8881ZEEJ 0.2220309% (19)
. L
Y"=-4.888124_;
B
S
{1 0- 16110154~ 0. 0309544!9(4”%—”] .305507%
Y= -5[1 6110154 388984430{4779 - nﬂ 20

Y"=-4.888124 Lsin[ﬂrng— nj
B B

2

2
Y L{l 0-2 440618{%} + 4.666091{%} —1.229264%
. 6
Y'= { 4, 888124(3] + 4.6660917} 1)
L

Y= 4.888124F
7
For Eﬁ <0<p

Y= L[l.O -0.6110154- 0.388984482 - .O309544in(4ﬂ% - 377)}

v= —0.38898448%[“ cos(4ﬂ%—3ﬂﬂ 22)
Y" = 4.888124 %sin[mﬂ— 3;7]
B B
Cycloid — Motion: Rise
Y = L[i_is, 2m )
B 2m B
, L( 2716 )
Y' =—| 1-cos——
B (23)
i _ 2nL 270
o 2
Cycloid — Motion: Return
Y:L[l-éhisarzﬂ )
B 2t B
Y =—£( 1-co® J
B B
Y'=- 2;1‘ sin% 24)

A case study sample simulation was considered in
the validation of the software being developed. It
involved a 2-follower motion segment design (R-
R) using the simple harmonic motion presented in
equation (25 - 26) for both segments. The demon-
stration version of Dynacam, a widely used com-
mercial software package was downloaded
(Norton, 2000) and used in the validation process.
The choice of case study simulations covers the
rise and fall follower motions and double har-
monic cam motion. The same set of design pa-
rameters were input to the research software as
well as the newly-downloaded demonstration ver-
sion of Dynacam. Output results such as displace-
ments, velocities and accelerations were compared
for the two software packages using the same in-
crement of cam angles namely, &, 10, 15,

20°, 25, 3@, 35, 40°,45, 5¢°, 340, 345, 350,
355’ and 360. Shown in Table 6 and Figure 7
respectively are the input parameters and result
obtained for the validation process.

The results obtained from the two software show
that the values of displacements, velocities and
accelerations generated for the same set of input
values are exactly the same except for some accel-
eration values presented in Figure 8. This may be
because of rounding up the different places of
decimals at various computing stages in the two
software packages. While the developed software
gives its result in exponential form to about 13
places of decimals, Norton's software considers
only 2 places of decimals. The other critical pa-
rameters such RF,, U and V are obtained from
the extreme values of the displacement and its
derivatives.

The Dynacam uses terms such as motion, pro-
gram, position and delta theta to represent fol-
lower motion, cam motion, Lift and angular incre-
ment respectively in the developed software. Fur-
thermore, the developed software has increments
with any possible value within range of cam an-
gles and for different motion segments. However,
Dynacam has only one delta theta for all the seg-
ments with the possibility of only three different
values (%, 0.5’ and 0.28).The Dynacam software
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presents its results for displacement, velocity andntailed the use of standard trigonometric and
acceleration in mm, mm/s and mf/eespec- polynomial cam functions in simulating the fol-
tively. However, to make the research softwardower motion derivatives; determining the fol-
being developed more universal; its results arwer and cam design parameters; generating the
presented both in mm/sec, mm/semd/sec and cam coordinates; and finally drawing the follower
rad/seé. The part that corresponds to that of thenotions and cam profiles. The software has the
Dynacam (mm, mm/s and mrfyshas been used capability of generating various profiles of plate

in this validation. cams and follower motions for a selection combi-
nation (1x2x1x8x190) i.e. one cam type (plate),
Simple-Harmonic-Motion: Rise two follower types (flat-face and roller), one fol-
lower/frame motion (reciprocating), eight cam
=£( 1—cosn—gj motions (cycloid, simple harmonic, double har-
B monic, modified trapezoidal, modified harmonic,
A o 3-4-5 polynomial, 4-5-6 polynomial and"&rder
"= —sin — polynomial), 190 different follower motions (for a
23 B .
total of 8-motion segments).
Yi ﬂztcoﬂ (25) Among some of the common features of the de-
28 B veloped software, there are some unique ones that
make it different from all others. They include); (i
vi = L cosﬁ open-ended degree increment in drawing all the
23° B cam and follower profiles and in calculating all
. _ . design parameters (ii) segment by segment appli-
Simple-Harmonic-Motion: Return cation of the open-ended degree increment in gen-
L 0 erating cam and follower profiles and determina-
Y=f( 1+cos— ) tion of other values (iii) presentation of design
2 B results to include the rotational and linear dimen-
S S 7 sions for all follower motions and its derivatives.
=-ogsin
A o NOMENCLATURE
{[— 772L 779 . - .
=-_-;C0s— (26) R, . Prime circle radius
23 B Fu- : Follower face width
{U, V}: Coordinates of the contact pointin a
CONCLUSION cgordinate system attacheql to the cam
A Computer-Aided Design (CAD) package that” Displacement of follower with respect to q

First derivatives of displacement of follower
with respect to q

. Second derivatives of displacement of
follower with respect to q

can be used to assist cam designers and manufac-
turers in designing cams in lesser time has beqp,
developed. The software is configured to give

better design analysis and to generate profiles tha . Distance of the instantaneous center of
finally converge to good cams having smooth curvature to the cam center
dynamics at their operating speeds. The many : Maximum displacement of follower (lift)
design combinations, repetition of calculationR . Radius of follower roller

coupled with plotting of hundreds of cam andgreek symbols

follower profile points involved in cam systemsp - Cam angle interval for motion segments
design has justified the need for the developmet - Offset of the follower face

of the software. The software design algorithm
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] . Angle of cam rotation Norton, R.L. (2000). DYNACAM for Windows
p : Radius of curvature of the current contact (http//www.designofmachinery.com/cam),
point of cam and  follower [downloaded August 26, 20005]

reich - Radius of curvature of pitch curve . .

{?,:,l:x,min}: Maximum and minimLE)m Pressure angle ~ Norton, R. L. (1998). Design of Machinery.

T'min - Minimum radius of curvature MCGI‘aW H|” BOOk, NeW YOI’k 345'425

Robert, C. N. (1988). Effect of Manufacturing
Method on Dynamic Performance of Cams:
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