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;‘ ABSTRACT
(o) The multiobjective optimization of Slide-o-Cam is repdrte

LO) in this paper. Slide-o-Cam is a cam mechanism with multiple
00O rollers mounted on a common translating follower. This #an
O mission provides pure-rolling motion, thereby reducing ftic-

. tion of rack-and-pinions and linear drives. A Pareto framtis
obtained by means of multiobjective optimization. Thisnoizg-
tion is based on three objective functions: (i) the pressumgle,

(O Wwhich is a suitable performance index for the transmissien b

* cause it determines the amount of force transmitted to thd lo

.= Vvs. that transmitted to the machine frame; (ii) the Hertzsprae
used to evaluate the stresses produced on the contact slbéac
> tween cam and roller; and (iii) the size of the mechanismycha
acterized by the number of cams and their width.

NOMENCLATURE
p: pitch of the transmission;
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f: force transmitted from the cam to the roller;

Kc andKp: curvature of the cam profile and the pitch curve,
respectively;

pc andpp: radii of curvature of the cam profile and the pitch
curve, respectively;

m: number of cams mounted on the camshatft;

n: number of lobes per cam;
P: Hertz pressure;
Suv: size of the mechanism.

1 INTRODUCTION

In robotic and mechatronic applications, whereby motion is
controlled using a piece of software, the conversion from ro
tational to translational motion is usually realized by meaf
ball-screwsor linear actuators While both are gaining popular-
ity, they present some drawbacks. On the one hand, ballvscre
comprise a high number of moving parts, their performancee de

e distance between the axis of the cam and the line of centers pending on the number of balls ro”ing in the shaft grooverMo

of the rollers;

r: radius of the roller;

dess  diameter of the camshaftds = 2(e—r));

L: the width of the contact between the cams and the rollers;

Y: input of the mechanism, i.e., the angle of rotation of the
cam,;

s outputof the mechanism, i.e., the displacement of the fol-
lower;

[ pressure angle;

over, they have a low load-carrying capacity due to the puaict
contact between balls and groove. On the other hand, liresar b
ings are composed of roller-bearings to figure out the presie-
sue, but these devices rely on a form of direct-drive motbicty
makes them expensive to produce and maintain.

A novel transmission, calle@lide-o-Camis depicted in
Fig.[d as introduced iri [1] to transform a rotational motiatoi
a translational one. Slide-o-Cam is composed of four magn el
ments: {) the frame; {{) the cam; iii) the follower; and i/) the
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rollers. The input axis on which the cams are mounted, named
camshaftis driven at a constant angular velocity by means of
an actuator under computer-control. Power is transmitted t
the output, the translating follower, which is the roll@rging
slider, by means of pure-rolling contact between the canads an
the rollers. The roller comprises two components, the pith an
the bearing. The bearing is mounted to one end of the pingwhil
the other end is press-fit into the roller-carrying slideon€e-
quently, the contact between the cams and rollers occurseat t
outer surface of the bearing. The mechanism uses two con-
jugate cam-follower pairs, which alternately take over mhe-

tion transmission to ensure a positive action; the rolleestlaus
driven by the cams throughout a complete cycle. Therefbee, t
main advantages of cam-follower mechanisms with respect to
the other transmissions, which transform rotation intogfation

are: () lower friction; (i) higher stiffness; i{i) low backlash;
and {v) reduction of wear. The multiobjective optimization of

Figure 1.

Layout of Slide-o-Cam

Slide-o-Cam is reported in this paper. This optimizatiobdsed

on three criteria: i the pressure angle, a suitable performance
index for the transmission because it determines the anafunt
force transmitted to the load vs. that transmitted to thehimac
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Figure 2. Parameterization of Slide-o-Cam
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Figure 3. Home configuration of the mechanism

the roller-bearing, e., the radius of the rollerj¥) the angle of ro-
tation of the cam, the input of the mechanismy) the position
sof the center of the roller,e, the displacement of the follower,
which is the output of the mechanismj)(the pressure ang|&
and (ii) the forcef transmitted from the cam to the roller.

The above parameters as well as the surface of contact on
the cam are determined by the geometric relations derived fr

frame; (i) the Hertz pressure, a measure of the stresses producedye Aronhold-Kennedy Theoreml[2]. As a matter of fact, when

in the contact surface between the cams and the rollers;iand (
the size of the mechanism, characterized by the number o cam
and their width.

2 SYNTHESIS OF PLANAR CAM MECHANISMS

Let thex-y frame be fixed to the machine frame and the
frame be attached to the cam, as depicted in[Fig:ds the ori-
gin of both frames; is the center of the roller, ar@is the con-
tact point between cam and roller. The geometric paramaters
illustrated in the same figure. The notation used in this &gsr
based on the general notation introduced hl[2-4], namlihé¢
pitch p, i.e,, the distance between the center of two rollers on the
same side of the followerii] the distance between the axis of
the cam and the line of centers of the rolleis) the radiug of

the cam makes a complete turn, i&y) = 2, the displacement
of the roller is equal to the pitch, i.eAs = p. Furthermore,
if we consider that Fid.13 illustrates the home configuratibn
the roller, the latter is below theaxis wheny = 0. Therefore,
s(0) = —p/2 and the input-output functiasis defined as:

W) = g+ ®

The cam profile is determined by the displacement of the conta
pointC around the cam. The Cartesian coordinate€ @i the
u-v frame take the forni[5]

Uc(Y) = brcosp+ (by —r)cogd— ) (2a)
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V() = —bysing+ (b~ 1)sinG—y)  (2b)

The expressions of coefficienits, bz andd, as obtained in[6-
10Q], are:

P
by = >m (3a)
_P _ _
by = 2/ (2m — 12+ (-T2 (3b)
_ Y—1
5= arctan< 5 1> (3¢)

wheren = e/p, a nondimensional design parameter.

From Eq[3k), we can notice tha@t cannot be equal to
1/(2m). Moreover, arextended anglé was introduced in [6]

@

(b) (c)
Figure 4. Orientations of the cam found when Ve = 0: (a) ) = A; (b)
Y=Ttand (c) P =2mM—A

to obtain a closed cam profild is defined as a root of E.(2b).
As far as Slide-o-Cam is concernglljs negative, as shown in
Fig.[4. Consequently, to close the cam proflienust vary within
A<y <2n-—A.

2.1 Pitch-Curve Determination

The pitch curve is the trajectory d@d,, the center of the
roller, distinct from the trajectory of the contact po@ytwhich
produces the cam profile. The Cartesian coordinées of
pointO; in thex-y frame are depicted in Figl 2. Hence, the Carte-
sian coordinates of the pitch-curve in the frame are

(4a)
(4b)

Up(W) = ecosy+ () siny
Vp(W) = —esing+ s(ip) cosy

2.2 Curvature of the Cam Profile
The curvature, of the pitch curve is given in [10] as

provided that the denominator does not vanish at any valye of
within A <y <2m—A,i.e.,n # 1/(2m).

Let pc andpyp be the radii of curvature of the cam profile
and the pitch curve, respectively, akgthe curvature of the cam
profile. Since the curvature is the reciprocal of the radiusuo-
vature, we have@. = 1/kc andpp = 1/Kp. Furthermore, due to
the definition of the pitch curve, it is apparent that

Pp=Pc+Tr (6)

From Eq.[(6), the curvature of the cam profile can be written as

Kp
K= 7
S )

In [9], the authors claimed that the cam profile has to be fully
convex for machining accuracy. Such a profile can be obtained
if and only if n > 1/1t In order to increase the range of design
parameters, we include non-convex cams within the scogef t
paper. Nevertheless, the sign of the local ragigbas to remain
positive as long as the cam pushes the roller. In this veengdm

is convex whem €]1/(2m), 1/1 andy €]A, 1 [11]. Moreover,

y 1/ Kc
15
1o /} \ :
[ £ AN \\ It U

50 Jis X 1 0 1 2 —3
/

_/

40

Figure 5. Cam profile and local curvature of the cam

according to[[9]pc is @ minimum when

Tl— V4n21th — N2 — 4n2Th?
n

(8)

UJ = l-pmin:

wheren is the number of lobes per cam. Therefore, the cam pro-
file is not feasible whepc(Ymin) < 0. If this inequality becomes
an equality, the roller will block the cam, as depicted in.Hg

3 MULTIOBJECTIVE OPTIMIZATION PROBLEM
We introduce in this section the multiobjective optimipati
of Slide-o-Cam. Indeed, such an optimization is neededdp-pr
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erly dimension the mechanism. First, the objective fumsiare
defined. Then, a sensitivity analysis of the mechanism isrted

in order to choose shrewdly the design variables of the dpéim
tion problem. Finally, the results of the latter are illad&d by

means of a Pareto frontier as the objective functions amgant
nistic.

3.1 The Objective Functions

The optimization of the mechanism is based on three ob-
jective functions:(i) the maximum pressure anglgay; (ii) the
maximum Hertz pressuiy . related to the contact between the
cams and the rollers; an(di ) the size of the mechanis8y. As
a matter of fact, we want to simultaneously minimize thesegh
functions.

3.1.1 The Pressure Angle  The pressure angjeof a
cam-roller-follower mechanism is defined as the angle betwe
the normal to the contact poi@itbetween the cam and the roller
and the velocity o€ as a point of the follower |3]. As illustrated
in Fig.[2, pis a significant parameter in cam design. In fact, the
smallerl, the better the transmission. The expressionfa
given in [3]; in terms of, we have

(9)

taoto

®  mumax

phmax

E: b

Figure 6. Active parts of: (a) a two- and (b) three-conjugate cam mech-
anisms

Figure[® illustrates the active parts of a two- and a three-
conjugate-cam mechanisms. It turns out that the pressigie an
is a maximum at the ends of the active parts for the two mecha-
nisms. In this papepmax denotes the maximum pressure angle

1uis a real number and can be either positive or negative. Hemvexithin
the scope of this papen remains positive. Thereforg,= |p|, | - | denoting the
absolute value.

along the active part of the cam profile; it is an objectivection
in this optimization problem.

3.1.2 The Hertz Pressure When two bodies with
curved surfaces, for example, a cam and a roller, are préssed
gether, contact takes place not along a line but along acayrfa
due to the inherent material compliance. Moreover, thessé®
developed in the two bodies are three-dimensional. Those co
tact stresses may generate failures as cracks, pits, ondlaki
in the surface material. To quantify these stresses, Hinri

Figure 7. The width B of the contact between a cam and a roller

Rudolf Hertz (1857-1894) proposed some formulas to evaluat
the width of the band of contact between two cylinders and the
maximum pressure of contact, callel@rtz pressureln Slide-o-
Cam, the rollers and the cams are the bodies in contact. &nlik
the roller, the cam is not a cylinder, but can be approximbted

a cylinder with radius identical to the radius of curvatufehe
cam at the contact point. The widBhof the band of contact is
illustrated in Fid.Y, and given by Hertz as

B_ \/16F(K1—|1:K2)Requ (10a)
R rPc
T 4o 58

F being the magnitude of the axial lo&@/hile Requis the equiv-
alent radius of contact, the width of the contact between the
cams and the rollers, ari¢y andK, the coefficients that char-
acterize the materials of the cams and the rollers, reségti
ie.,

1-v3
L=}
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wherev; andv, are the Poisson ratios of the materials of the
cam and the roller, respectively, whig, E; their corresponding
Young moduli. Accordingly, the Hertz pressufeof the contact
between the cams and the rollers takes the form:

4

P _—_
LB

(12)

Let us notice thaP depends ony, asF is a function of this
variable and is a function off.

Let us assume th&tis constant. A& andr are constantand
Requ is monotonic with respect to (w.r.pc as long ape > —r,
from Eq.[104), the lowepc, the lowerB. From Eq[(IR), the
lower B, the higheP. According to[11],0¢ is @ minimum when
W = 11/n— Afor a two-conjugate cam mechanism. Thereféte,
is @ maximum whe = 11/n— A for such a mechanism.

Figure[® illustrates the active parts of a two- and a three-
conjugate-cam mechanisms. It turns out that the Hertz press
a maximum at the ends of the active parts for the two mechanism
aspc is a minimum at those ends. In this paf@#ax denotes the
maximum Hertz pressure along the active part of the cam profil
it is an objective function in this optimization problem.

The maximum Hertz pressures allowed for some materials
are obtained froni[12] and recorded in Table 1. The second col
umn gives the allowable pressuPeg: for a static load. As a
matter of fact, it is recommended not to apply more than 40% of
Pstat in order to secure an infinite fatigue life. The correspogdin
valuesPnax are given in the third column of Tadlé 1. Obviously,

Table 1. Allowable pressures
Material Pstat [MPa]  Pmax[MPa]
Stainless steel 650 260
Improved steel 1600to 2000 640 to 800
Grey castiron 400 to 700 160 to 280
Aluminum 62.5 2510 150
Polyamide 25 10

the maximum allowable pressure depends also on the shape of

the different parts in contact. A thick part will be stiffdran a
thin one. Nevertheless, we only take into account the nadteri
of the cams and rollers for the determination of the allowabl
pressures within the scope of this research work. Finatyu$
notice that only improved steel is appropriate for a Slid€am
transmission in case of high Hertz-pressure values.

3.1.3 Size The size of the mechanisr® is defined as

Sv=mL (13)

wherem is the number of cams. Frorml[9], a Slide-o-Cam with
only one cam, i.e.n= 1, is not feasible. Besides, the smaller
Su, the less bulky the mechanism.

3.2 The Design Variables

The design variables of the optimization problem arethe
diameterds of the camshaftdcs = e —r); (i) the radiug of the
rollers; (ii) the widthL of the contact between cam and roller;
and {v) the number of cams.

3.3 Sensitivity Analysis

We conduct here the analysis of the sensitivity of the perfor
mance of Slide-o-Cam to the variations in its design pararset
Such an analysis is needed to both determine the tolerarbe of
design variables and obtain a robust design.

mu

J

P—

Figure 8. Pressure-angle distribution for (a) two conjugate-cam and (b)

three conjugate-cam mechanisms with one lobe, p = 50, r = 10 and

e=9

3.3.1 Sensitivity of the Pressure Angle Figure[8
illustrates the pressure-angle distribution for two cgaijte- and
three conjugate-cams with one lobe. We can notice that e pr
sure angle decreases with the number of cams. Consequently,
we can use conjugate cams, namely, several cams mounted on
the camshaft, to reduce the pressure angle. Below is a ltkeof
effects of some design parameters on the pressure angle:

1. The lowem, the lower the pressure angle, wift> 1/t
2. the lowerr, the lower the pressure angle;

3. the lowem, the lower the pressure angle, [9];

4. the highem, the lower the pressure angle.

wherem s the number of cam(s) mounted on the camshaft.
As the pressure angle increases with the number of lobes,
we consider only mono-lobe cams, ire= 1.
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3.3.2 Sensitivity of the Hertz Pressure Pmax de-

be compared. In this vein, we divide each of them by its nomina

pends on the geometry of the cam, the number of conjugate value. Now, we can plot each partial derivative with respect

cams, the material of the parts in contact and the load applie
Therefore, we have different ways to minimize the Hertz pres
sure, namely,

The highem, the lowerPmax

the lower the axial load, the lowBkax

the more compliant the material, the lovifgfay;
the highet, the lowerPyay.

PonpPE

In order to analyze the sensitivity &to r, n, p andL, we use
a first derivative model oP w.r.t. the corresponding parameters,
ie.,

OP ~ cdq (14)
with
oP/or or
_ | 9P/on _ |on
¢= |apjap| % = |&p (15)
oP/oL oL

If the values of the parameters are known, we will be able to
evaluatec. Let us assume that=4 mm,n = 0.18, p=50 mm
andL = 10 mm. The partial derivatives have to be normalized to

dol
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Figure 9.

the angle of rotation of the camp, as illustrated in Fid.]9.

The most influential variables are those with the highest ab-
solute value of their corresponding partial derivativedagiven
value of . As the maximum value of the Hertz pressure is ob-
tained fory = t/n— A andA = —1.2943 rad, the partial deriva-
tives can be evaluated fgr= 11/n— A. The sensitivity 0Pmaxto
0q is recordedin Tablel2. The plotsin Hig. 9 show the sensjtivit

Table 2. Influence of the variations in ', 1], P and L on Pyax
i r n p L
Clinit 4mm 018 50mm 10mm
’ aggiax(Qinit) 103.32 83.25 362.03 232.67
Order of importance 3 4 1 2

of the Hertz pressure w.r.t the different parameters fdeddht
values ofy and for the active part of the cam profile. However, it
is more relevant to calculate the rms value of each partidlae
tive, as recorded in Tabld 3. As a matter of fact, Table 2 and

Table 3. Global influence of the variations in I, 1, pand L on P

O r n p L
Qinit 4 0.18 50 10
n oP ,
—/(—) dy 156.59 20.21 261.85 207.79
Ty 0gi
Order of importance 3 4 1 2

Table[3 provide the same results in terms of order of impagan
of the variations irr, n, p andL. Finally, in order to minimize
the variations in the Hertz pressure, we had better miniithige
variations inp, L r andn in descending order.

3.3.3 Sensitivity of the Size of the Mechanism
The sensitivity analysis diy is trivial. Indeed, from eq[{13),
the highem, the higherSy. Likewise, the highetL, the higher

Sv.

3.4 Problem Formulation
A motivation of this research work is to implement a Slide-
0-Cam transmission in the Orthoglide, a low-power machooé t
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introduced in[[8]. To that end, the transmission has to traha
torqueC; of 1.2 Nm with a pitch of 20 mm. In case of high-speed
operations, i.e., when the velocity of the cams is highentha

50 rpm, the pressure-angle is recommended to be smaller than

30°. Table[1 shows that the maximum value of the Hertz pres-

sure has to be smaller than 800 MPa as the cams and the rollers

are made up of steel. MoreoV&y; is supposed to be smaller than
90 mm with a view to limiting the size of the mechanism. Be-
sides, the Slide-0-Cam transmissions under study are cegapo

of two- or three- conjugate cams as a Slide-o-Cam with ong/ on
cam is not feasible and such a mechanism with more than three
conjugate cams would be too bulky, i.en= {2,3}. Conse-
quently, the optimization problem can be formulated

mxin(Umax; Prmax SM)
st.

Mmax < 30°

Pmax < 800 MPa

Sv <90 mm

X < X< Xy

wherex = [dgs, T, L, m]T, while x; andx, denote the lower and
upper bounds of the design variables, respectively. Here,
[Omm4mmOmm2 and x; = [0 mm 10.5 mm, Lnax 3],
Lmax being equal t&yax/m knowing thatSyax = 90 mm .

3.5 Results

boto

07

titi

Figure 10. Pareto frontier of a two- and a three- conjugate cam mecha-
nisms

The optimization problem defined in Sectionl3.4 is multi-
objective with objective functions of a different natureorkhis
reason, the optimum solutions of the problem can be illtstra
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Figure 11. Pareto frontier of Slide-o-Cam mechanisms

by means of a Pareto frontiér[13]. As the problem involveséh
objective functions, i.€.ymax Pmax and Sv, the corresponding
Pareto frontier is depicted in 3D space as shown in [Eigs. 80 an
[I1. Figurd 1D illustrates the Pareto frontiers of a two- atidee-
conjugate cam mechanisms. As we want to minimize the three
objective functions concurrently, the closer the Paretatier to

the origin, the better the design. In Hig] 10, we notice thafdp-
timum solutions obtained with a three-conjugate cam meshan
are slightly better whepimax is smaller than 224 Otherwise, a
two-conjugate cam mechanism turns out to be more integestin
Nevertheless, the difference between the optimum solsitidmn
tained with a two- and a three-conjugate cam mechanisms re-
mains low. Figurd_11 depicts the region closest to the origin
of the two frontiers shown in Fig._10. It also shows the Pareto
frontier of Slide-o-Cam mechanisms, regardless of the raimb
of conjugate-cams.
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« x4 w0G
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Figure 12. Pareto frontier w.r.t. Phmaxand Sv
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Figure 13. Pareto frontier w.r.t. Pmaxand Hmax
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Figure 14. Pareto frontier w.r.t. Pmaxand Su

For better clarity of the results, Figs]12] 13 14 illatstr
the projections of the Pareto frontier shown in Figl 11 wihix
and Syi; Pmax and pmax and Pnax and Sy, respectively. These
figures allow us to see clearly the location the optimum aed th
feasible solutions of the problem at hand.

Figured Ib an@16 illustrate the contourspafax and Pmax
w.r.t des andr for a two- and a three-conjugate cam mechanisms
with Sy = 0.06 m. On the one hand, the continuous lines depict
the iso-contours ofimax. On the other hand, the broken lines de-
pict the iso-contours dPnax Besides, Fig$. 15 andl16 highlight
the location of the optimum solutions for a two- and a three-
conjugate cam mechanisms wify = 0.06 m. We can notice

8

wto
~

4 1 " . ALY N N d ien 8% % Ry
a 1 2 3 4 5 6 K

phics

Figure 15. Contours of [ and P w.rt des and r and the location of the
optimal solutions for a two conjugate-cam mechanism with Syy = 0.06m

Figure 16. Contours of L and P w.r.t. dcs and 1 and the location of
the optimal solutions for a three conjugate-cam mechanism with Sy =

0.06m

that the line of optimum solutions in the space of design-vari

ablesdgs andr is longer in Fig[Ib than in Fig.15. This means

that a three-conjugate cam mechanism allows more optimal so

lutions than its two-conjugate cam counterpart. In thisyiiis

more interesting to design a three-conjugate cam mechanism
Figure[1T depicts the mechanisms corresponding to points

M; and M, that are plotted in Fig.15. Fdvly, des = 2.6 mm,

r =4.24 mm,Pmax= 3° andPmax= 65383 MPa. FoMy, d¢s =

4.16 mm,r = 6.4 mm, max= 30° andPmax= 56212 MPa.
Figure[I8 depicts the mechanisms corresponding to points

M3 and M, that are plotted in Fig.16. Fdvlz, des = 2.2 mm,
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Figure 17. Optimal two conjugate-cam mechanisms
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Figure 18. Optimal three conjugate-cam mechanisms

r =4.68 mm,pmax = 2° andPmax= 65457 MPa. FoiMy, des =
4.56 mm,r = 9.28 mm,max= 30° andPpax= 57945 MPa.
According to Figs[_15 and 16, we can notice that the higher
r, the smallelPnhax Indeed, the maximum Hertz pressure values
corresponding taVl, and M4 are smaller than the ones corre-
sponding toM; and M3. However, the size of the mechanism
along thex-axis is higher foM, andM,4. Moreover, this induces
a better transmission of the torquedg is higher. Finally, we
can notice that the profiles &, andM, are easier to machine
as they are fully convex.

4 CONCLUSIONS

The multiobjective optimization of Slide-o-Cam was re-
ported in this paper. Slide-o-Cam is a cam mechanism with mul
tiple rollers mounted on a common translating follower. sThi
transmission provides pure-rolling motion, thereby redgc¢he
friction of rack-and-pinions and linear drives. A Paretorftier
was obtained by means of a multiobjective optimization. sThi
optimization is based on three objective functions: (i) pines-
sure angle, which is a suitable performance index for thestra
mission because it determines the amount of force trarenitt
to the load vs. that transmitted to the machine frame; (i th
Hertz pressure used to evaluate the stresses produceddarthe
tact surface between the cams and the rollers; and (iii) ittee s

of the mechanism characterized by the number of cams and thei

9

width. It turns out that three-conjugate cam mechanismg hav
globally better performance that their two-conjugate camne
terparts. However, the difference is small.
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