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ABSTRACT

ABSTRACT

Quick-return mechanisms are quite common in manufacturing processes. e.g. in pick-
and-place operations. metal-cutting. and metal-forming. where dwell is usually re-
quired. Dwell is the period where a driven link remains stationary and the tool can
be replaced or the workpicece can undergo a machining operation. Unlike lower-pair
mechanisms. cam mechanisms can produce dwell exactly.

In this thesis. cam-follower syvstems are used as building modules in the design of
quick-return mechanisms. The underlyving cam mechanisms are optimized to obtain
a compact. quick-return mechanisin. A unified method for the optimization of cam
mechanisms is proposed. The optimum parameters of the cam mechanism are ob-
tained by cam-area minimization subject to performance and geometric constraints.
[n addition. the power required from the motor is reduced by adding an elastic torque-
compensation mechanism to the syvstem. A Graphical User Interface is developed to
aid rhe designer during the design process.

The modular method is applied to the synthesis and optimization of long-stroke,
quick-return mechanisms. In addition. the design of a simple cam mechanism to
replace the transmission mechanism of a textile machine composed of an elliptic-gear

train and a four-bar linkage is also included as an application example.

1



RESUME

RESUME

Les mécanismes de retour-rapide sont utilisés tres fréquemment dans les procédés
de fabrication. par exemple dans les opérations de transfert. de découpage et de
poinconnage. Habituellement. une période dattente est nécessaire dans ce tyvpe
d’opérations. L attente est le temps oil le lien mené reste stationnaire et Foutil peut
étre remplacé ou effectue une opération d'usinage. Contrairement a des meécanismes
plus simples. tels que les mécanismies a quatre barres. les systemes a cames peuavent
produire une période d attente exacte.

Dans cette these. nous nous basons sur des mécanismes a cames pour la con-
ception de mécanismes de retour-rapide. Les mécanismes a cames sont optimises en
utilisant une méthode unifiée pour obtenir un mécanisme de retour-rapide compact.
Les parametres optimaux sont obtenus en minimisant la taille de la came sujerte aux
contraintes géométriques et de performance. De plus. la puissance requise par le mo-
teur est réduite par addition d'un svsteme élastique pour compenser les variations
de couple. Finalement. une interface graphique est developpée pour aider 'utilisateur
lors de la conception des mécanismes a cames.

Une méthodologie modulaire est appliquée a la syuthese et Poptimisation de
mécanismes de retour-rapide a longue course utilisés dans la production de placage.
Nous présentons également la conception d'un mécanisme a cames simple pour rem-
placer le mécanisme de transmission d’une machine textile composée d'un train d'en-

grenages elliptiques et d'un mécanisme a quatre barres.
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1.1 MOTIVATION

CHAPTER 1

Introduction

A quick-return mechanism is a mechanical transmission that produces a slow feed
motion under a load in one direction. followed by a fast return stroke under no load in
the opposite direction. Quick-return mechanisms are quite common in manufacturing
processes. e.g. in pick-and-place operations. metal-cutting. and metal-forming. A
period of dwell is usually required in these types of operations. During dwell. the
driven link remains stationary and the tool can be replaced or the workpiccee can
undergo a machining operation. Unlike lower-pair mechanisins. cam mechanisms
can produce dwell exactly. Even with the introduction of servomechanisms. cam
mechanisms are generally superior and more cost-effective.  Servomechanisms are
usually more expensive. and have low force and velocity characteristics as compared
to cam mechaniss.

The design of quick-return mechanisms. like the design of mechanical systems
at large can be broken down into several tasks. as depicted in Fig. L.1: rask defi-
nition. kinematic svathesis and dvnamic analvsis. optimization under geometric and

mechanical constraints. and finally, simulation.

1. Motivation

The motion of the most common types of quick-return mechanisms is produced by

a four-bar linkage. a six-bar linkage. or a Whitworth mechanism (Norton 1992). The
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Figure 1.1: Flow Chart for the design of mechanical systems

problem with the use of linkages to produce a quick-return motion is that they cannot
produce dwell exactly. Indeed. the input-output function of quick-return mechanisins
with dwell is nonanalyvtic. while that of lower-pair mechanisms is analytic. Also. a
large linkage is needed when the required stroke is large. One way to exactly reproduce
the quick-return motion is to control the motor using a servocontroller. which has
some disadvantages. First. the motor must accelerate and decelerate constantly. which
may damage the motor. Another disadvantage is that usually a larger motor is
required when the motor is not operated at constant velocity.

The main contribution of the thesis is the use of cam-follower svstems as build-
ing modules in the design of quick-return mechanisms. Moreover. cam mechanisms
are optimized to obtain a compact. quick-return mechanism. which is achieved by
minimizing the cam size using a unified approach. For a cam-follower svsten. the
input velocity is usually constant. but the required torque is periodic. by virtue of che
inertia forces occurring because the velocity of the follower fluctuates periodically. A
methodology to design and synthesize an elastic torque compensator to demodulate

the periodic torque and render it constant is also proposed.



1.2 LITERATURE REVIEW

2. Literature Review

The study of the design of cam mechanism has attracted many researchers in
recent vears. The research has focused primarily on the selection of the displacement
program (Erdman 1993). kinematic synthesis of cams (Gonzalez-Palacios and Angeles
1993). and the dynamic analysis of cam mechanisms (Berzak 1982). The optimization
of cam mechanisms has also been studied: it can be broken down into came-size mini-
mization (Angeles and Lopez-Cajiin 1991): vibration suppression ( Tesar and Matthew
1976): and minimization of cam forces (Jones 1978) and stresses (Fenton 1975). This
review focuses primarily on cam-size minimization.

The problem of cam-size minimization has been studied extensively in the last
thirty vears. This problem was first solved using graphical methads- -see. e.g.. (Roth-
bart. 1956: Hirschhorn. 1962). Since the introduction of computers in the design
process. the optimization of cams was further developed by Chen (1982). The opti-
mization of planar cams by minimizing the cam size was studied by Loeff and Soni
(1975). and Mills et al. (1993). while the optimization of spatial cams was outlined
by Angeles and Lopez-Cajiin (1991).

The size of the cam is usually constrained by the pressure-angle condition. Chen
(1982) proved rhat the pressure angle can be reduced by increasing the radius of rhe
base circle. Gonzdlez-Palacios and Angeles (1993) proposed a unified approach to the
svinthesis of cam mechanisms. and obtained the general equation for the tangent of
the pressure angle for all tvpes of cam mechanisms.

The optimization in this coutext becomes a nonlinear constrained problem. Chan
and Kok (1996) suggested to use the Monte Carlo method to obtain the optimuin
parameters. whereas Bouzakis et al. (1997) suggested to use the penalty-function
method to solve the nonlinear constrained problem.

The addition of an elastic torque compensator has been proven to lead to a
smaller overall mechanism. Nishioka et al. (1993. 1994. and 1995) proposed the
use of a cam-driven mass-spring system to compensate the input shafr torque on

indexing cam mechanisms. Lam et al. (1997) proposed a synthesis methodology to the



1.3 LOWER-PAIRS VS. HIGHER-PAIR MECHANISMS

design of a spring-cam mechanism to minimize the fluctuating torque of mechanical
transmissions. the spring-cam mechanism that accomplishes this task being termed

as an clustie torque compensator (ETC).

3. Lower-Pairs vs. Higher-Pair Mechanisms

Lower-pair mechanisms. also known as linkages. entail kinematic relations that are
expressed as trigonometric equations in the sines and cosines of the angles involved
see. e.g. (Duffv. 1980). Upon introduction of the well-known trigonometric identities
relating the sine and the cosine of an angle with the tangent of half this angle. the
foregoing relations become algebraic equations. i.e.. multivariate polvnomial equations
in those tangents. As a result. the equations relating the input and output angles take
the form f(r.y) = 0. where » and y are the tangents of half the input and the output
angle. respectively, Since f(r.y) is a bivariate polvnomial. it is an analytee function
of its arguments. As such. it admits only a finite. discrete set of isolated zeros -
if we disregard degenerate cases admitting a continuum of zeros. This property of
linkages prevents them from producing dwell exzactly. Indeed. dwell requiring that the
output variable y remain constant during a finite interval of values of . the relation
y = y{r) is necessarily nonanalytic. and hence. dwell cannot be produced exactly
with a linkage. Approximations of dwell can be obtained with linkages by exploiting
the properties of the coupler curves of four-bar linkages traced by points on special
loci of the coupler link. namely. the cubic of stationary curvature and the inflection
circle (Denavit and Hartenberg 1964).

Cam mechanisins. on the contrarv. entail input-output equations that are of a
much more general nature. and hence. accommodate nonanalviic input-output rela-

tions. This is the reason why we use cams as building blocks in this work.



2.1 CLASSIFICATION OF CAM MECHANISMS

CHAPTER 2

Kinematics of Cam Mechanisms and

Problem Definition

A cam mechanism is a mechanical system composed of three clements: the cam: the
follower: and the fixed frame. A fourth element. called the roller is usually added
between the cam and the follower to improve the mechanism performance. The cam
and the follower are linked by a higher kinematic pair. whereby the contact between
the driving clement and the driven element is either a line or a point.

Cam mechanisms are widely used in machines and instruments. Some typical ex-
amples are internal combustion engines. textile machines. machine tools. and count-
less automatic devices. Cam mechanisms offer important advantages. namely no-

backslash: low friction: high stiffness: and virtually unlimited versatility.

1. Classification of Cam Mechanisms
Cam mechanisms are generally classified according ro the tvpe of motion they
produce. the relative layvout of the instant screw axes of their elements. and the

follower geometry.

1.1. Type of output motion.  The follower can undergo two tvpes of motion.
as illustrated in Fig. 2.1. namely.

e Translating follower: The follower is coupled to the frame by a prismatic joint.
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e Oscillating follower: The follower is coupled to the frame by a revolute joint.

-
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Figure 2.1: (a) Planar cam with offset knife-edge. translating follower: (b) planar
cam with oscillating roller-follower.

1.2. Relative layout of the instant screw axes. The instantancous screw
axis (/S4) is defined as the set of points with minimum velocity magnitude of two
rigid-bodies undergoing relative motion (Angeles 1982). Three link cam mechanisms.
i.c.. the simple mechanisms counsisting of cam. follower. and frame. have three [SAs:
frame-cam: cam-follower: and follower-frame. A modified classification formulated by
Gonzdlez-Palacios and Angeles (1991) is given below:

e Planar: Everyv /54 is either parallel to one direction for the oscillating follower.

or perpendicular to it for the translating follower:

e Spherical: All [SAs are concurrent:

e Spatial: None of the two foregoing conditions is satisfied.

1.3. Follower configuration. The followers are classified according to their
physical shape. namely.

e [nife-edge follower.



2.3 QUICK-RETURN MECHANISMS

e Roller-follower.

o Flar-face follower.

Mechanisms of the first two tvpes are those of Fig 2.1. In addition to the cam
mechanisins described above. there are other types. such as conjugate cams and in-
dexing cams. [n conjugate cam mechanisms. the mechanisim includes multiple cams
and multiple followers. Contact takes place at multiple points. which allows for better
performance and eliminates the need for springs. In indexing cam mechanisms. the
follower undergoes several working cveles for one cam cvele. This is needed when

stimilar operations or intermittent motions must be performed during cach cam cyele.

2. The Displacement Program

The displacement program is a function that describes the input-output motion
of the cam mechanism. The synthesis of the displacement program has been studied
extensively in recent vears. An overview is found in (Angeles and Lopez-Cajin. 1991:
Chen. 1982: and Koloe and Viaclavik. 1993). A displacement progran is composed
of a set of simple motions. namely. rise. return. and dwell. The functions used o
describe these periods are cycloidal. polynomial. or spline functions (Angeles and

Lopez-Cajin. 1991).

3. Quick-Return Mechanisms

We decompose the quick-return mechanism into three modules. the moror. the
modulating mechanism. and the uniform-transmission stroke generator (U-TSG). as
shown in Fig. 2.2 and 2.3. Under steady-state conditions. the motor is operated at
uniform speed and periodically-varving torque. The uniform speed from the motor
is then modulated by the modulating mechanism to produce the required motion. as
shown in Fig. 2.5. and the motion is then transmitted to the U-TSG to move the
workpiece. The function of the U-TSG is to produce a uniforin velocity ratio berween
the shaft of the modulating mechanism and the tool. Thus. the U-TSG can be a

ballscrew. a belt-pullev. or a rack-and-pinion mechanism.

-
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Figure 2.2: Lavout of the quick-return mechanism
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Figure 2.3: Module of the quick-return mechanism

There are three possible relative lavouts of the axis of the motor and the axis of
the U-TSG. as shown in Fig. 2.4, i.e..

e co-axial:

e parallel:

e intersecting.

The modulating mechanisim can be subdivided into submodules. the function of
cach submodule being explained in Table 2.1. The purpose of the reducer is to step
down the high velocity from the motor such that a cvcle of the primary cam is equal
to the period required for ecach operation. A speed reducer based on cam mechanisms.
Speed-o-Cam (Gonzalez-Palacios and Angeles. 1998). is selected to accomplish this

task. Sinece the reducer is a mechanism based on cams. it has the advantage of

8
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Figure 2.5: Modules of the modulating mechanism

low friction. no backlash. and high stiffuess. as compared to gears. The task of the
primnary cam mechanism is to modulate the uniform motion of the motor to produce
the required motion for the task. The motion of the follower is then amplified using

‘ a speed amplifier. Speed-o0-Cam again. to produce the required quick-return motion.

9



2.4 LONG-STROKE. QUICK-RETURN MECHANISMS

Table 2.1: Cam eclements of the quick-return mechanism

- Intermediate ' Function
_Module |
' Primary cam mechanism Modulates the untform speed and velocity ;

from the input shaft of the motor: :

Elastic torque compensator ’ Eliminates the required torque fluctuations from !

' the motor.

Table 2.2: Characteristics of the U-TSG

P
|

Belt-Pullev

The axis of the input shaft is perpendicular to the
direction of motion of the tool.

The characteristic length of the tool actuator is defined by
the radius of the pulley.

Flexibility a lded to the overall system.

Low-Cost. can be easily customized to any size.

i
1
i
i
1
|
|
1

:
|
i
I

Ball screws

The axis of the inpur shaft of the ball-screw is parallel to the
direction of motion of the tool.

The characteristic length of the tool actuator is defined as
the pitch of the screw.

Counstrained by the size and pitches available commercially.

Rack-and-Pinion

The axis of the input shaft of the rack-and-pinion is
perpendicular to the direction of motion of the rool.

The characteristic length of the tool actuator is defined by
the radius of the piteh circle of the pinion.

Constrained by the racks-and-pinions available commercially.

4. Long-Stroke, Quick-Return Mechanisms

The method proposed in this thesis is applied to the design of long-stroke. quick-

return mechanisms. Three tvpes of U-TSG can be used. these are the helt-pulley.

ball-screw. and rack-and-pinion mechanisms. as summarized in Table 2.2

A long-stroke mechanisim is understood in this context as one whose stroke length

is at least one order of magnitude greater than the characteristic length of the U-TSG.

as defined in Table 2.2, The lavout of the quick-return mechanism. in block form.

is shown in Fig. 2.6. where & denotes the angular speed of the motor rotor: ¢ the

reduced speed. which is the speed of the cam: ¢ the modulated speed of the follower:

10



2.5 PROBLEM DEFINITION

6 the amplified speed of the follower: & the translational speed of the tool or the
wourkpiece. The input-output relationships of the building elements are given below:
5= Nacrt
6 = ‘\'ampfﬁ

o= (b(L‘)Ll'
o=\

red-

For belt-pulley svstems N, = 7r (m/rad). where r is the radius of the belt-pulley:
for ball screws V¢ = 27p (m/rad). where p is the pitch of the screw: for rack-and-

sinions. NV, ... = 7r (m/rad). where r is the radius of the pitch circle of the pinion.
I act

Motor Reducer t——={ Cam Amplifier

1 i |

Figure 2.6: Lavout of the quick-return mechanism

5. Problem Definition

This thesis focuses on the optimization of quick-return mechanisms by optimizing
its cam mechanisms. An important aspect of cam design is the minimization of camn
mass. A compact design has a small volume and. hence. small mass. The mass of the
cam affects the dyvnamic properties of the transmission. which comprises items such
as inertia forces. In addition to the material cost. a cam with large volunie needs a
large motor. thus further increasing the cost and volume of the overall mechanism.
By demodulating the required torque. such that the motor is alwayvs operating ar its
nominal speed. the size of the motor can be further reduced.

The aim is 1o develop two methodologies. Oune is to optimize cam mechantsis
by minimizing their size. The second is Lo propose a methodology for the design of

an clastic torque-compensation mechanism to demodulate the required torque.

i1



3.1 PRESSURE ANGLE

CHAPTER 3

Cam-Size Minimization Under

Pressure-Angle Bounds

Cam-size minimization is understood here as the process of selecting the geometric
parameters of a cam-follower mechanism of the smallest possible size. while observing
constraints on performance indicators such as pressure angle. cam-profile radius of
curvature. cte. The approach presented in this chapter is a streamlined version of the
method proposed by Angeles and Lopez-Cajun (1991). The objective is to develop a

unified method for the optimization of cam mechanisms.

1. Pressure Angle

The main task of a mechanism is ro transmit motion and force. The most widely
used factor to describe the force-transmission characteristies of cam mechanisms is
the pressure angle. o, as depicted in Fig. 3.1. This concept is defined as the angle
between the force exerted by the cam on the follower and the velocity of the contact
point on the follower. Ideally. the pressure angle should be zero. but. as the cam
rotates. the pressure angle o varies as a function of the angle ¢ of roration of the
cam. Therefore, the pressure angle is usually bounded between two values. = . A

value of «ryy that is widely accepted is 30° (Rothbart 1956).
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Figure 3.1: Pressure angle of the translating follower

ANGLE

2. Determination of the Occurrence of the Maximum Pressure

Angle

For any type of cam. either planar. cylindrical. spherical. or spatial. the taugent

of the pressure angle can be expressed in the form

N(e)
D)

tana =

(3.1)

where. a. N, and D are functions of the angle «. The tangent of the pressure angle for

the general tvpe of cam mechanisms was obtained by Gonzalez-Palacios and Angeles

(1993).

The maximum pressure angle occurs when the first derivative of the pressure

angle with respect to ¢ vanishes. The optimization problem becomes one of finding

the values of ¢ that make |o| a maximum. To this end. the extrema of tan a are first

found. which is done by taking the derivative of both sides of eq.(3.1) with respect to

.. and setting this derivative equal to zero. i.e..

L3



3.3 TRANSLATING FOLLOWER

dtana -0 (3.2)
de
which gives. successively.
(') sec? 1'\" (1 D'l (3300
a (t)secta = —i N = (1 ; L2, 24
b D 1 ) ; ]
F(o)= Ny —tana{c)D'(v) =0 (3.3b)

which is verified at values ¢ = . where ia] attains its maximuin ayy.

Equation (3.3b) then becomes the ectremality condition for the pressure angle.
Additional constraints. if needed. are obtained from the cam geometry. thus finally
obtaining a function F = F(o*). from which «" is to be found. The problem thus re-
duces. in some instances. to solving a nonlinear equation of only one variable. namely.
F(¢") = 0. which can be readily accomplished using any graphical or numerical meth-

ods.

3. Translating Follower

The study of the knife-edge translating follower is equivalent to the study of the
roller rranslating follower. They both have the same pressure angle distribution. where
the profile of the cam with the knife-edge follower being described by the trajectory
of the centre of the follower-roller.

The follower-displacement program of a cam mechanism is usually given as the
sum of a constant and a positive-semidefinite function o(¢). For a cam with trans-
laring follower. the constant is ¢. which represents the smallest displacement of the

follower. Fig. 3.2. The displacement of the follower can be written as
s(v) =c+ao(u) (3.4a)

14



3.3 TRANSLATING FOLLOWER
and hence.

(¢) (3.-kb)

Figure 3.2: Knife-edge translating follower

The tangent of the pressure angle was derived in Angeles. and Lopez-Cajin (1991)

as
s = 3 =
tana = (3.5)
'N"
Substituting cqs.(3.4a & b) gives.
g — e )
tana = (3.6)
o+

Applying the extremality condition to eq.(3.6) vields
/&

" o' tanay =0 (3.7)

which is applicable to the knife-edge translating follower.



3.3 TRANSLATING FOLLOWER
A plot of F(¢) is displayved in Fig. 3.3. which shows that this function vanishes
both during dwell and at an isolated value within the rise and the return phases. We
are obviously interested in finding these isolated values. Therefore. there are only two
sets of solutions. Either the pressure angle reaches a maximum during the rise phase
and a minimum during the return phase. or reaches a minimum during,

the rise phase
and a maximum during the return phase.
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Figure 3.3: Plot of the function defining the extrematity condition of a translating,

quick-return cam mechanism. The dashed plot corresponds when a =
0} \y

From eq. (3.6). we have the following relationship at the extrema:

fetanay +e =0 Fo tanay; (3.8)
Let o7 and o5 be the value of o® when the pressure angle reaches a maximum
and a minimum. respectively. Therefore.

ctanay +e =0, — o] tanay, (3.9a)
—ctanay + ¢ =0, +05tanay,

(3.9b)

16



3.4 OSCILLATING FOLLOWER

Solving for the parameters ¢ and ¢ from eqs.(3.9a & b) gives
(3.10a})

ol" —ojtanay - 0)" —ojtanay,

¢ =
2tanayy

1 * - A -
g, — o tanayy + g, — o, tdllyy .
L L 2 2 (3.10b)

C =
2
Finallv. from the geometry of the translating cam mechanism. the radins of rhe base

circle of the optimum cam is
(3.1

4. Oscillating Follower

The pressure angle of the oscillating follower is derived in (Angeles and Lopez-

Cajin. 1991) as
(3.12)

l[[l. + Ol(L')] — COS G

tana = A
SO

where o is the angular displacement of the follower. o is the derivative of o with
respect to o, and o is the length of the follower arm ¢ divided by the distance /
bhetween the axes of rotation of the cam and of the follower. as shown in Fig. 3.4.
The extremality condition of eq.(3.3b) now takes the form
wo" (1) + o (¢ sino = Ztana o' (v cos o (3.13)
at which |oj attalns 1ts maximun cyy.

which is verified at values ¢ = ¢
The follower-displacement program can be given as the sum of a constant .3 and

a positive-semidefinite function o). where .3 is the value of o at the lowest position

of the follower. The angular displacement of the follower is then.
(3.14a)

o(e) =3+ a(e)
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and hence.
o'(v) =a' (). o) =a"(v) (3.14h)
Substitution of egs.(3.14a & b) into eq.(3.13) vields
wa” () + o' () sin( 3+ o7) Franays' (T cos(F+a7) =0 (3.15)

From the geometry of the oscillating cam mechanism. the radius of the base cirele

of the pitch curve. b. is obtained as

C
95 e
\—— \/\
\\\ ) "\
J : PR 2R
- —
/: Q —
- . ._
O ; D
b\
~—— —
Figure 3.4: Oscillating follower at lower dwell
b = e + (7 — 2el cos .3 (3.16)

Let the pressure angle reach a maximum at of. and a minimum at ¢5. The

extremality conditions and the relation (3.12) lead to a syvstem of four nonlinear

18
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. equations in four unknowns. u. 3. v}, and ¢;. namely
uoy® + oy sin(J3 + o)) —tanay o) cos(.f +a]) =0 {3.17a)
uoy” + o, sin(3 + ;) + tanaao), cos(F +a3) =0 (3.17b)
ull =al™ —cos(3 +a7) —sin($ =] tanay =0 (3.17¢)
ull + al’] —cos(J +03) +sin(F +o3) tanay, =0 (3.17d)

The four unknowns of the foregoing problemn can be determined using the Newrton-

Raphson method.

5. Graphical User Interface

The method proposed in the previous sections is implemented in the NATLAB
environment. In addition. a graphical user interface(GUI) is built using the N[ATLAB

interactive GUI Builder to aid the designer during the design process.
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] . —
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§ 168 - =
i 188} Camss Maama
r-
164} ’ ! o
i r33 M
L1~ < . 5
[ 0 0w 1% 200 250 a0 D . o
P (gress)
Modon
Dptmce J Ueart

Figure 3.5: Graphical user interface

The interface consists of the main display arca. the input arcas. pull-down menus.

. and the push buttons. as shown in Fig. 3.5. Their functions are explained in Table 3.1
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3.3 GRAPHICAL USER INTERFACE

Follower tvpe : Select the tyvpe of follower
Max. Pressure Angle : set the maximum allowed pressure angle
Min. Pressure Angie : set the minimum allowed pressure angle
Guess Maximum  :  initial guess of the location of the maximum
pressure angle
Guess Minimum :  initial guess of the location of the minimum
pressure angle
Motion : select the displacement program
Optimize : obtain the optimumn cam parameters
Pressure Angle : display the pressure angle distribution
Cam Profile : display the cam profile
Displacement Program @ displav the displaceinent program
Exit : exit the program

Table 3.1: GUI functions

There are two pull-down menus. The user can select the tyvpe of the follower.
cither transiating follower or oscillating follower. with the Follower Type pull-down
menu. The user can also select the type of motion with the Motion pull-down menu.

After providing the tvpe of follower. the displacement program. the maximum
and minimum pressure angles. and the initial guesses. the user must press Optirnaze.
the program will then calculate the optimum values of the cam parameters. The user
can display the cam profile and the pressure angle distribution in the main display
area.

Since the method is iterative. the user may have to try with several initial condi-
tions to arrive to a cam mechanism with minimum size. If no initial guess is provided.

the default value is the midpoint of the rise and the return phases.



1.1 NOMENCLATCURE

CHAPTER 4

Optimization of the Elastic Torque

Compensator

The objective of this chapter is to develop a methodology to design and synthesize
a cam-spring mechanism to compensate the load variations due to a periodic torque.
Motors are most efficient when they operate under constant velocity and torque. For
the case of a cam-follower system. the required velocity is usually constant. bur the
required torque is periodic. because the velocity of the follower Huctuates periodically.
The solution is to use a cam-spring mechanism ro compensate the Huctuating torque
(Nishioka et al. 1993. 1994a. 1994b. and 1995). The main purpuse of the spring is to
absorb energy from the system when the required torque is low. and release energy
to the svstem when the required torque is high. Using this mechanism. depicted in
Fig. 4.1. the motor can be operated at constant velocity. The cam-spring svstemn wis

termed an elastic torque compensator (ETC) in (Lam et al.. 1997).

1. Nomenclature

The notation used to describe the cam-spring svstem is listed below:



4.1 NOMENCLATURE

I
S Secondary lollower
- .
- =pring
== P ’ - Primary

Follower

~
\\//
N — Primary

- Secondary Cam

Cam

Figure 4.1: The overall ETC system

displacement of the translating follower of the cam-spring system.

Figure 4.2: Lavout of (a) the primary

Y
m value of y when the spring is uncompressed.
[, mortnent of inertia of the cam.
Iy moment of inertia of the follower.
i : spring constant.
2 ¢ first derivative of the arbitrary variable = with respect to thine.
27+ first derivative of the arbitrary variable = with respect to o
Uy, foilower
S0
/_\ =  =pring
/ =
, X —E
\\
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4.2 MECHANISM DYNAMICS AND MATHEMATICAL MODEL

2. Mechanism Dynamics and Mathematical Model

The mathematical model of the mechanism is derived using the Lagrangian for-
mulation:
a (oL arL 1
5 (50) -5~ o
where L is the Lagrangian. aud f is the generalized force.
The kinetic and potential energies are represented by T and V. respectively. Tt
is assumed that the potential energy consists of only the elastic energy stored in the

spring. and hence.

L=7T-1
1 -, 1. -, 1. -, 1 .
T = 5[,&" + E[fO" = E[l.l." -+ §[f(0 () e
o1
= Skyle) — yol” (4.2)

Therefore. the first and second terms of the Lagrange equation (4.1) become

Jg (oL - , 0 , . -, .
o (I) = Lo+ [0 () e + 200" (C)o" () e” (4.3)
9L
% = [;o' (Yo" () ~ Klyle) = yoly'(e) (4.4)

Substituting eqgs.(4.3a & b) into eq.(4.1) gives the mathematical model
Lo = [0 (L)) e + [0/ (C)o" (0)? + kly(v) = goly'(v) = 7(c) (4.3)

where 7(¢) is the motor supplied torque. Under steadyv-state conditions. ¢« = 0. and
. = w, = constaut. the latter being the operating speed. In addition. the torque

required vanishes sinces power losses are neglected in this model. The mathematical

model that describes the steadyv-state regime is.

[0 ()" (v)wl + kly(v) — yoly' () =0 (1.6



4.2 MECHANISM DYNAMICS AND MATHEMATICAL MODEL

Equation (-1.6) admits the integral

)

[0 (L)) + Ky(e) — yo]® = A (4.7)

where A4 is an integration constant. Note that the value of A4 represents two times
the sum of the value of the kinetic energy stored in the mechanism and the potential
energy stored in the spring.

For continuity. the value of y(i+) — iy must have a constant sign. but zero values

are also admissible. If we assume that (o) - yy Is nonnegative. then
gl =y 20 (4.8)

For an optimum design. the spring should be uncompressed at the lowest follower
position. However. in practice it is advantageous to preload the spring in order to
maintain contact between the cam and the follower at all times. For the ideal case

when there is no separation between the cam and the follower. let

iin {y(e) =y} =0
max {io' ()]} =0y, (4.9)
Hence. eq.(4.7) vields
[jo'3e)= A (4.10)
Moreover. when o'{e) = 0. we want
Fy(v) — gof* = A

ur

max  {k[y(c) — g’} = A (4.11)
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h=max {y(v)— Yo} (4.12)

Substituting eq.{4.10) into eq.(4.11) vields

kh? = I0, 00 (1.13a)
or
J [fofiﬁ’--.-;;’ (4.13b)
2

Since the size of the secondary cam increases with respect to the maximum dis-
tance travelled by the follower. h. we should aim at minimizing the value of i or at
maximizing the value of 4.

After the appropriate spring constant is selected. the cam profile of the sec-
ondary svstem can be calculated with the follower-displacement program derived

from eq.(4.7). namely.

« /1 (0’3, — o (i)
y(e) = <o\ Al y

{+.14)

3. Selection of the Spring Constant

The spring is designed such that the natural frequency of the spring-follower
svstem avoids resonance with the reciprocating input motion o(c). In addition. the

spring is designed for minimum spring material.

3.1. Lower Bound. In high-speed cam applications. such as in aircraft or in
automobile engines. a rapid reciprocating motion of the follower is usnally produced.
[n these cases. it is important to avoid resonance between the reciprocating motion
of the end of the spring and the natural frequencies of vibration of the spring-follower

svsten.

[RV]
o



1.3 SELECTION OF THE SPRING CONSTANT

For a cam mechanism with an input angular velocity of o, (rad/s). the position

of the spring is given as a function of time in the form
.l/(t) = U(W'ot) (‘115)

where o, is in terms of the input angle. and it describes the input-output relationship
of the mechanism.

The displacement function y(t) produced by the cam can be quite complicated.
it is usually nonanalvtic. but in any event. it is periodic. Hence. this funcrion can be

approximated bv a Fourier series {(Krevszig 1988). namely.

xX
y(t) = ag + Z (a, cos nwe,t + by, sin yt) (1.16)
n=1
where
gy = ;—~ f(#)dt
-—th Q
a, = E/ S(t) cos(nw,t)dt n=12 ...
i U
by = ;/  f(O)sin(naot)dt n=1.2....
s 4]

[n general. amplitudes of the higher harmonies decrease as the order of the har-
monic increases. For the case of engine valves. the highest significant Fourier compo-
nent is roughly the thirteenth harmonic (Wahi 19-44).

To calculate the error of the approximation. we use Parseval’s theorem. (Nrevszig
[988). The theorem states that the root-mean square value of the periodic function
at hand equals the square root of the sum of the squares of the Fourier coefficients.
with the first one being taken twice. i.c..

i x

T oy()3dt =20} + a: + b (4.17a)
/0 0 Z( + by,) !

n=1

1L

-

Il the periodic function is approximated to the Vth harmonics. the least square error

of the approximation. e. can be found using ¢q.(4.17b). Note that the sum of square
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1.3 SELECTION OF THE SPRING CONSTANT

of real numbers on the right side of eq.(4.17b) cannot be negative. Hence. with

increasing V. the least square error decreases.

EE4 N
¢ = /- y(t)2dt — -— 2a; + z (aZ +b2) >0 (4.17h)
0

—

n=1}
An cerror of about 0.1% usually accepted.

To avoid resonance. the spring should be stiff enough so that the lowest natural
froquency of the system is considerably higher than the highest significant harmonic
of the ourput motion of the follower. If the damping and the mass of the spring are
neglected. the mathematical model of the spring-follower system can be written as.

1‘.’
mi—g +ky =0 (4.18)
dt?

where the natural frequency of the system is.

—
\/ :
“n = -
m
ar

*)
k= muw, (4.19a)
Rearranging cq.(4.13a). we obtain

h= L’L["—“— (1.19h)

3.2. Optimum Design of Helical Springs. As shown in the previous sec-
tions. it is advantageous to select a high spring constant. However. if the spring
constant is large. the force acting on the cam is also large. thus resulting in undesir-
able forces on the bearings and increasing wear. Therefore. at the most compressed
condition of the spring. the torsional shear stress must not exceed a specified value 7.

If onlv the torsional shear stress and active coils are considered. Spotrs (1985) showed

o
~1
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that if the spring is designed so that the minimum load (P,,,,,). stress (7,n). and de-
flection are exactly one-half the maximum load (P, ). stress (7,,4.) and deflection.
the spring will contain the least possible amount of material.

The value of 7., is selected according to the material of the spring. A set of
curves describing material properties with recommended design stresses can be found

in (Carlson. 1978). For the optimum spring.
T, P,
"thar rmar R
= . Pmln = (-1.20)

Timin = 5 . )

Assuming that the major stress in the spring is torsional shearing stress and selecting

a4 mean coil radius R. the other spring parameters are obtained from eqs(4.21a b) as

13
d = ( l(‘s__!z_""”__[?) (4.21a)
“irnar
v = d*Gh (L21b)
T 6 Paar — Pun) ”
where
d - diameter of the wire:
R : mean coil radius. the average of the inside and outside radii:
N number of coils:
G @ modulus of elasticity. shear stress:
P load:



5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM

CHAPTER 5

Applications

1. Design of a Long-Stroke Quick-Return Mechanism

The case under study arises in the production of veneer. A quick-return mecha-
nism is needed to transport and glue veneer strips with the dimensions of 3 m length.
0.30 m width. and 8 mm of thickness. The stroke of the mechanism is 3 m and the
period required for each operation is about 2 s. The quick-return motion is deseribed
in Table 5.1. and illustrated in Figures 5.1 and 5.2. The forward and return motions
are approximated using a 4-5-G-7 polvnomial such that the displacement. velocity.
acceleration. and jerk are smooth at the end points.

The long-stroke motion can be implemented by means of a slider driven either

by the belt of a belt-pullev mechanism or by the nut of a ball screw. We discuss the
\ p 3 A

two cases below.

Motion Period(%)
Dwell 20
Forward Phase 10
Dwell 20
Return Phase 20

Table 5.1: Quick-return motiou
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Figure 5.1: Quick-return motion

¢/t | .3 (deg) | bJ¢
0.585 | 47.75 10.7453

Table 5.2: Parameters of the cam for the belt-pulley mechanism

1.1. Belt-Pulley mechanism. We use a pulley made of aluminium with

a diameter of D, = 0.1 m and thickness of f, = 0.012 m. The speed amplifier. is
selected with a ratio of 1 :16.

Therefore the oscillating follower must make a maximum sweep of

l 3
O

_ - = 0.5968 rad = 34.2°
TDpNamp  R(O-1)(16) 0

Using a DC motor operating at its nominal speed of 3000 rpm. with a speed

reducer with ratio of 100 : 1. each operation takes exactly 2 seconds to perform.
Applying the method developed in the previous chapters. the optimum parame-

ters of the cam are obtained and shown in Table 3.2, The pressure angle distribution

and the profile of the cam for the belt-pulley mechanisin are shown in Fig. 5.3 and 5.4.
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Figure 5.2: \elocity and acceleration of the quick-return motion
L.1.1. Design of the roller. In order to avoid undercutting and large contact

stresses between the cam and the roller. the radius of the roller must be as high as
possible. We choose this radius here as a fraction of the minimum radius of curvature
of the pitch curve. Note that a bigger roller radius would produce undercutting. The
procedure to design the roller for cam mechanisms is shown in Appendix A. Using a
design factor of 2. the maximum radius of the roller is set to be 50% of the minimum
radius of curvature. From Fig. 3.5. the maximum curvature is 38.8790 m~". With
the design factor taken into consideration. the normalized radius of the roller is found
to be a/f = 0.1608.

To compare with the results obtained by Asselin and Doléac (1997). the valne
of 1 is set to be 0.08 m and the values of the other cam parameters are shown in

Table 5.3.
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Pressure Angle Distribution
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Figure 5.3: Pressure angle distribution for a belt-pulley mechanism
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Figure 5.4: Profile of the minimum-size cam for the belt-pulley mechanism

1.1.2. Equivalent moment of inertia.  The equivalent moment of inertia is that
induced by all the moving parts linked to the follower. These include the inertia

of the follower link. of the amplifier. and of all the moving parts of the belt-pulleyv
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DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM
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Figure 5.5: Plot of the curvature

¢ | 0.0468 m
{1 0.0800 m
b 10.0596 m
a {0.0129
= T.75°

Table 5.3: Parameters of the cam

300

mechanism. Because of the amplification. the equivalent inertia due to the follower

and the inertia of the amplifier are several orders of magnitude smaller than the

inertia due to the belt-pulley mechanism. Therefore. the inertia of the follower and

amplifier are ignored. For a mechanism with two pullevs. the equivalent inertia is

where

I}' = (.215 + 1{))-\-;:.11111

(5.1)
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5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM

Iy equivalent moment of inertia of the follower:
[, : wmoment of inertia of one pulley:
[, : moment of inertia due to the mass of the transported object. and fixtures.

[t was estimated that the mass of the transported object is 0.72 kg. and the mass

of the fixtures is 0.4 kg, For the elements in translation.

T

[, = m, =1.12 x 10 'kg m”

.z.lD

For a pullev made of aluminium with density of p = 2.71 x 10* kg/m®.

“ D', = 6.385 x 10 kg m?

R T

Then.
[; =(0.001277 + 1.12 x 107") x 16* = 0.3556 kg mn*

The fluctuating portion of the torque on the axis of the follower is shown in
Fig. 5.6. Since there is a large torque fluctuation. the addition of an ETC is needed

to reduce the load on the motor.
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Figure 5.6: Fluctuating torque on the axis of the follower
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1.1.3. Design of the ETC. The displacement program is approximated using
the Fourier series to find the highest significant harmonic. The spectrum of the Fourier
cocfficients is shown in Fig. 5.7. From this figure it is apparent that the magnitude
of the coefficients decreases as their order increases. If the function is approximated

+ 51 harmonic. the error of the : dmation is about 0.0922%. To avoid
to the 5% harmonic. the error of the approximation is about 0.0922%. lo avol

resonance. the natural frequency of the spring-follower system is set to be

— 3
< = Dy

where -, is the nominal speed of the DC motor.
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Figure 5.7: Spectrum of the Fourter coefficients

Assuming that the translating follower of the ETC has a mass of 0.1 kg. the op-
timum spring constant is found to be k., = 2467 N/m. while. from the displacement

program. o) = 1.3459. Therefore. from eq.(-1.19b).

mar

[0} u2
[ marto

- = 0.0499m



5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM

Optimum spring | Suboptimum spring |
h 0.0586 m 0.0761 m
c 0.1744 m 0.1146 m
b 0.174d m 0.1146 m
(& 0 0
a 0.0131 m 0.0114 m

Table 5.4: Parameters of the ETC cam

The optimum displacement program of the ETC is shown in Fig. 5.8a. [t should

be noted that the displacement program is not smooth during the full cyvcle. If the

- T -

nc,xsj; \_//

[+ b -

0.925¢

Displacumont (m)

0015+
aot-

3005~

¢ T 6o 50 266 250 300 150

Figure 5.8: Displacement of the spring for the optimum displacement program

ETC system is designed such that the spring is optimum. the maximum displacement
of the spring must be increased to the point where the minimum displacement is one
half of the maximum value. as shown in Fig. 5.9a. But as Table 5.4 shows. the cam
size for the mechanism with the optimum spring is quite large. The value of the
maximum displacement is selected to be i = 0.0761 m. as shown in Fig. 5.9b. such
the cam size of the ETC svstem is similar to the size of the primary cam.

The parameters for the cam of the ETC are given in Table 5.4. The cam profile.

the pitch-curve. and the base circle are shown in Fig. 5.10.
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5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM
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Figure 5.10: Cam profile of the ETC

Using stainless steel wire with design torsional shear stress of 7y = 750 MPa.
and modulus of elasticity of G = 69 GPa. the paramcters of the optimum spring are

shown in Table 5.5.
The 3-D model of the modulating mechanism for the quick-return mechanism

was produced using ProEngineer. The mechanism is shown in Fig. 5.11 and 5.12.
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5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM

d 10.0021 m |
R 0.0069 m |

N 27.34

Table 5.5: Parameters of the spring

Figure 5.11: 3-D model of the modulating mechanism

1.2. Ball Screws. The amplifier should be carefully selected because the
torque on the transmission mechanism due to the inertia of the load increases quadrat-
ically with the amplification factor. For the same example. if a ball screw with a
diameter of 0.0381 m. a lead of 0.0476 m and a length of 3 m is selected. the screw
must turn. for a complete stroke of its bolt. through an angle # given by

11
g = _S_ = 62.93 revolutions
1.875

Using a speed amplifier with an amplification of 1 @ 5120 the sweep of the follower

is caleulated to be 44.3°. Note that 512 is the cube of 3. the maximum speed ratio

produced with a planar Speed-o-Cam. This ratio is limited by the pressure angle.
1.2.1. Equivalent moment of inertia. The equivalent moment of inertia is in-

duced by all the moving parts coupled to the follower. Again. the inertia on the
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5.1 DESIGN OF A LONG-STROKE QUICK-RETURN MECHANISM

Figure 5.12: Front view of the modulating mechanism

follower axis due to the screw. the transported object. and the fixtures. are amplified
by a factor of N2 by the speed amplificr. Therefore. the moment of inertia of the

follewer and the inertia of the amplifier are neglected. and hence.

-1 -
[f = ([w - [u)'\nmp (5.2)
where
Iy equivalent moment of inertia of the follower:
[, : moment of inertia of the screw:
[, moment of inertia due to the mass of the transported object. and fixtures.

For the ball screw made of stainless steel with density p = 7.92 x 10* kg/m?.

[, = i-—‘G[)D;l = 0.0098kg m”

Then.
I; = (0.0098 + 1.12 x 107") x 512% = 2598 kg m?

The required torque increases with the square of the amplification: therefore. if

a large amplification factor is used. the torque needed to be compensated might not
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3.2 REPLACEMENT OF ELLIPTIC GEARS USING A SINGLE CAM MECHANISM

be feasible. For this example. the fluctuating portion of the torque on the axis of the
follower is shown in Fig. 5.13. The maximum torque. of the order of 10° N is not
achievable with a compact mechanism. Hence. the ball screw is not a feasible U-TSG
for this application.
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Figure 5.13: Fluctuating torque on the axis of the follower

2. Replacement of Elliptic Gears Using a Single Cam Mecha-

nism

The problem at hand consists of replacing the transmission mechanisim of a textile
machine. Fig. 5.14. composed of an elliptic-gear train and a four-bar linkage. with a
simpler mechanisni. The end result is a cam mechanism with minimuin size obtained
using the method proposed in the previous sections.

The function of the four-bar mechanism is to produce the desired rocker motion
of the driven link. whereas the function of the elliptic-gear train is to smooth the

motion produced by the four-bar linkage. Indeed. since the motion of the links of

10



5.2 REPLACEMENT OF ELLIPTIC GEARS USING A SINGLE CAM MECHANISM

]

e
/\__| Elliptical N Four-Bar |
v Gear Train \s Linkage ( 3

Figure 5.14: Transmission mechanism of a textile machine.

a lower-pair mechanism driven by a uniform speed of its input link is an analvtic

function (Krevszig 1988). not all derivatives of the displacement variables can vanish

simultaneously. Hence. when the output velocity vanishes. the output acceleration

does not. and vice versa. Sketches of the gear train and the four-bar linkage are shown

in Figs. 5.15 and 5.16. their parameters being given in Table 5.6.

Figure 5.15: Sketch of the elliptic-gear mechanism

B,

a,
S S

Figure 5.16: Sketch of the four-bar mechanism
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REPLACEMENT OF ELLIPTIC GEARS USING A SINGLE CAM MECHANISN

<t
o

Elliptic-gear train | Four-bar linkage

), T
. 1116(.);;1::1“ | 4, 0.84833 m |
¢ 28.811 mm “2 0'1_1"
Iy 0.17 m

Lo 14.811 mm
iora 91.189 mm

|
; a; 0.84853 m

Table 5.6: Paramecters of the transmission mechanism

The input-output functions of the elliptic-gear train {Chironis and Sclater 1996)

are
2 ') — () tal E,‘
#(e) = —tan ! (1 = ) l(') (5.3a)
€3 L
l
()= ————— (5.3h)
€y + s cos(L)
¢osin(er) _
9” R — ‘ . ; ‘:3 .
(<) (e = cpcos(e))? (2.3¢)
where
9,2
cp = % -1 (5.4a)
9
'y = ﬂ- (5.4h)
- H?
3=y o= (5.4¢)

The input-ourput functions of the four-bar linkage are obtained {rom the Frenden-

stein equation (Angeles 1982). namely.

Ky + kscoso — kycosf = cos(f — o) (5.5)
where
2 2 9, )
ay +a; — ay + aj oy a,
lu.'l = = . l\.‘-_) = —. lﬁ;; = —
2a.ay (1 ay



5.2 REPLACEMENT OF ELLIPTIC GEARS USING .\ SINGLE CAM MECHANISM

. The velocity and acceleration ratios produced by the tour-bar linkage are. in turu.

kysinf + sin(f + o) -
s’ 0 = - 0(
o'(0) ko sin o + sin(f# + o) - bu)

() — ky cos 6 — o’zkgycoso (1= o) cos(d — o) (5.6h)
ks sin o + sin(f — o)

The input output functions of the gear-train. the four-bar linkage. and the com-
posed mechanism are shown in Figures 5.17. 5.18. and 5.19. respectively. The overall
input-outpur function o vs. ¢ is shown in Fig. 5.19. The optimmun cam mechanism

sought must then produce the input output motion of this figure.
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Figure 5.17: Input-output plots of the elliptic-gear train

Several solutions were obtained using the Newton-Raphson method. Some of the
solutions are ruled out because they are not feasible: for example. they lead to a
negative value of u. The optimum cam mechanism was found to have the paramerters
shown in Table 5.7.

. The pressure-angle distribution of the optimum camn mechanism appears in Fig. 5.20.
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3.2 REPLACEMENT OF ELLIPTIC GEARS USING A SINGLE CAM MECHANISM

180 ‘ . .
=170} J
160 e
0 50 100 150 200 250 300 350
L4
10

Velotcy Ratio
[=)
N
AN
AN
\

i
oo

Acceleration Ratio
(=]
/ ‘
\\
( | S—

-10
0 50 1C0 150 200 250 300 350

Figure 5.18: [nput-output plots of the four-bar linkage
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Figure 5.19: Iuput-output plots of the composed mechanism



5.2 REPLACEMENT OF ELLIPTIC GEARS USING A SINGLE CAM MECHANISM

u F(rad) b |oajl !

0.960553 ] 0.257039 | 0.254304 1 0.1308 |

Table 5.7: Parameters of the optimum cam mechanism
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Figure 5.20: Pressurc-angle distribution of the optimum cam

To avoid undercutting and with a design factor of 2. the radius of the roller is
found to be a/f = 0.1308. The cam profile. the pitch-curve. and the base circle are

shown in Fig. 3.21.
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Figure 5.21: Profile of the optimum cam
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6.1 CONCLUSIONS

CHAPTER 6

Conclusions and Recommendations for

Future Work

1. Conclusions

A modular approach to the svnthesis of quick-return mechanisis is introduced
here. Cam mechanisms are used as building blocks in the design of this class of
mechanisms. A unified approach to the optimization of cam mechanism is also pro-
posed. The proposed method incorporates additional conditions that guarantee a
pressure-angle distribution whereby both the maximum and the minimum attain the
allowable extreme values. For translating cam mechanisis the optimization leads to
a nonlinear equation of one variable. which can be solved using graphical or numer-
ical methods. For other types of cam mechanisms. the problem leads to a svstem of
nonlinear equations. which can be solved using. e.g.. the Newton-Raphson method.
A Graphical User Interface to help the designer was developed.

A methodology to synthesize a cam-spring mechanism to compensate the fluce-
tuations of a periodic torque is also introduced. The spring is selected such that
resonance due to the reciprocating motion is avoided. The spring of minimum mass
is calculated.

A long-stroke. quick-return mechanism needed for a process in the fabrication of

veneer strips was optimized using the modular approach. A belt-pulley mechanism
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6.2 RECOMMENDATIONS FOR FUTURE WORK

to convert rotary motion to translatory motion and an elastic torque compensator
are designed.

The replacement of the transmission mechanism of a textile machine composed
of an elliptic-gear train and a four-bar linkage with a simpler mechanism based on

cams 1s also included.

2. Recommendations for Future Work

The proposed optimization method has to be extended to cyvlindrical. spherical.
and spatial cam mechanisms.

Further rescarch is needed to prove that the minimumn size of the cam is ob-
tained when the maximum and minimum values of the pressure angle are equal but
of opposite signs.

[mplementing an optimization method that considers stress concentration when

minimizing the cam size should also be given due attention
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APPENDIX A. PITCH CURVE AND CAM PROFILE

APPENDIX A

Pitch Curve and Cam Profile

In order to avoid undercutting or large contact-stresses between the cam and the
roller. the radius of the roller must be a fraction of the minimum radius of curvature
of the pitch curve. The expression for the curvature of the pitch curve is given as
(Angeles and Lopez-Cajun. 1991).

(A1)

AN =

Al
D
where

N =7 (1 + 0’)3 -l (I +)(2+ o' )coso + o sin o] + (?

3
2

D= {(‘2(1 +0') = 2el(1 +0')coso + 1’2]

Therefore. the minimum radius of curvature is

1

Pmin = —
Frmax

The pitch curve of the oscillating cam-follower is generated using the relations
(Angeles and Lopez-Cajiin 1991)
ry(e) = fcos e — ccos(u + o) (A.2a)

yplt) = =(sinv + ¢ sin(v + o) {(A.2b)



APPENDIX A. PITCH CURVE AND CAM PROFILE

The cam profile is obtained using the geometry of Fig. A.1. namely.

Figure A.1: Geometry of the cam profile.

r, =r, + ae, (A3)
where
re(e) = ()i + ()] (A.da)
r(c) =1, (C)i+ g (0)] (A.4b)
T (A

Therefore. r () = r(c)i+ y(e)j. where

r{e) = ap(e) !,l,,(,l.'l) (A.Da)
1A
y(e) = y,(e) uJ.;) (A.5b)
J=yle) —u A5b
ne T ]



