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Abstract This paper presents an analytical approach for designing disk cam mechanisms
with an improved translating follower having symmetrical double-concave faces. The double-
concave faces of such a follower can increase the actual contact area between the cam and
the follower. Additionally, during the dwell periods of the follower motion, both the concave
faces of the follower can simultaneously contact the cam profile so as to share the carried load-
ing. Such beneficial characteristics can result in a lower level of contact stress between the cam
and the follower. Numerical examples are provided to illustrate the nature and the advantage of
this improved follower.

1. Introduction

Cam mechanisms have been widely implemented in modern industrial applications, such as
automatic tool changers (ATC), internal combustion engines, and pick-and-place devices [1],
because they can transform an ordinary motion (either rotation or translation) into a wide vari-
ety of intricate output motions simply and efficiently. However, due to the presence of higher
pairs in the cam mechanism, the lifetime and the reliability of the cam mechanism [2] is strictly
limited, because a higher degree of wear is induced at the interface between the cam and fol-
lower surfaces. In real applications, cam wear may deteriorate the performance of the machine.
For example, in an internal combustion engine, the wear of the cam can lead to an undesired
change in the cam shape and the follower motion program. When the follower displacement
declines, hydraulic resistance may consequently increase. Additionally, because of the change
in motion program of the follower, the loadings on the links are likely to increase, which may
result in damage to the mechanism [3]. Therefore, to reduce the wear rate of the cam surface
has been one of the important topics in the product design of cam mechanisms.

Surface fatigue is highly associated with excessive and repeated loadings exposed to the
cam profile. For the commonly used type of force-closed cam mechanism [4], one source of
external loading results from the spring force which is needed to keep the follower in contact
with the cam. To avoid the loss of contact due to the larger inertia force exerted on the follower,
it is necessary to increase the retaining force by using a spring with a higher spring rate. How-
ever, a higher spring rate contributes more external loading exerted to the follower as well.
Especially, the spring reaches its maximum compression and causes the maximum retaining
force when the follower is at its highest position (i.e., at its high dwell position). A considerable
amount of contact stresses will be induced at the interfaces between the cam and the follower
during this period, and such high contact stresses will more likely result in early failure of the
cam surface and poor positioning accuracy of the follower in its critical extreme position [4].

In view of the negative effect caused by the higher rate spring, Wu et al. [5] propose a trans-
lating follower that has symmetrical double rollers to reduce the pressure angle of the cam
mechanism on both the rising and the falling motions of the follower. Besides, both rollers can
simultaneously contact the cam profile during the follower's dwell periods so that the carried
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load can be evenly shared through both rollers. The effect of
the load-sharing is more favorable as the follower dwells at its
highest position, where the spring provides the maximum re-
taining force because of the maximum compression.

The modified follower [5], which provides a two-point contact,
can be beneficial to reduce the contact stress between the cam
and the follower. However, since profiles of both rollers and the
cam are all convex, the actual area of contact is typically very
small due to the convex-convex contact. That may still cause
an extreme contact stress. Consequently, this article proposes
an analytical approach for designing a disk cam mechanism
with an improved translating follower that has symmetrical
double-concave faces. Because the double-concave faces of
such a follower can increase the actual contact area from a
practical viewpoint, the contact stress between the cam and
the follower can be correspondingly lowered. In addition, dur-
ing the follower’'s dwell periods there are two contact points
between the cam and the follower surfaces. The carried load
can be shared by the symmetrical double-concave faces of the
follower, thus the contact force and the contact stress at the
interface between the cam and the follower can be reduced as
well. These phenomena will be demonstrated through numeri-
cal examples to fully disclose the merit of the modified follower.

2. Description of the mechanism

Fig. 1 shows a disk cam mechanism with a translating fol-
lower that has symmetrical double-concave faces S; and S,.
The dual concave faces, which have the identical radius of the
follower curvature, are symmetrically mounted on opposite
sides of the centerline of the follower. That is, these dual con-
cave faces have the same value for offset amount e to the left
and right. Centers of the follower curvature, C, and C,, are on
the right and left sides of the stem centerline of the follower,
respectively. The cam is assumed to rotate clockwise, and its
profile can be divided into four segments. Segment PP, is

Fig. 1. Disk cam mechanism with a translating follower having symmetrical
double-concave faces.

used to drive the follower rises h when the cam rotates an an-
gular displacement named .. Segments P,P; and P,P,, which
are circular arcs, are used to produce a high dwell motion
when the cam rotates an angular displacement named f, and
a low dwell motion when the cam rotates an angular displace-
ment named £, respectively. Segment P;P, is used to drive the
follower falls h when the cam rotates an angular displacement
named S, (Angular subscripts r, 4, f, and / denote rise, high
dwell, fall, and low dwell, respectively.) A return spring, which is
not shown in the figure, is used to provide a retaining force,
therefore the cam maintains contact with at least one of the
concave faces during the motion of the follower. Besides, since
the cam profile contains the segments of circular arcs that are
used to hold the follower stationary, the dual concave faces of
the follower will contact the cam simultaneously if each circular
arc is large enough to accommodate the span of symmetrical
double-concave faces. These contact conditions are explained
in detail in the Sec. 4.

In reference to Fig. 1 at station 0, when the follower is at its
lowest position and the velocity of the follower is zero, the con-
cave faces of the follower both contact the cam profile tangen-
tially. At station 1, when the follower has risen above its initial
position, only follower face S, contacts the cam profile because
the radial coordinate of the cam profile is monotonically in-
creasing. During the high dwell period of the follower motion,
as shown at station 2, the dual concave faces simultaneously
contact the cam profile again. Then, throughout the falling pe-
riod of the follower motion, since the radial coordinate of the
cam profile is monotonically decreasing, only follower face S,
contacts the cam profile as shown at station 3. Finally, during
the low dwell period of the follower motion, the dual concave
faces simultaneously contact the cam again, as shown at sta-
tion 0. It is worth noting that during the dwell periods of the
follower motion, the cam simultaneously contacts the dual con-
cave faces of the follower, the carried load on the translating
follower can be shared by both concave faces because of the
symmetrical arrangement of them. Therefore, the normal con-
tact forces exerted between the cam and the follower corre-
spondingly will be evenly distributed. In addition, the double-
concave faces can increase the actual contact area between
the cam and the follower from a practical viewpoint. For these
reasons, the maximum values of contact stresses can be ap-
preciably reduced at certain phase of the follower motion
through the application of this improved follower.

3. Cam profile determination

The analytical approach for determining the entire cam pro-
file, composed of the four segments as shown in Fig. 1, is pre-
sented in this section.

3.1 Cam profile for the rising motion of the fol-
lower

Fig. 2 shows the disk cam mechanism at a certain phase
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Fig. 2. Disk cam mechanism at a certain phase during the rise of the fol-
lower.

during the rising period of the follower motion. When the fol-
lower rises, only left concave face S, is in contact with the cam
profile. The cam profile can be analytically determined by em-
ploying the concept of velocity instant centers [6]. For simplicity,
the links are numbered as follows: the ground link is desig-
nated as link 1, the cam as 2, and the follower as 3. All velocity
instant centers, 1,5, 1,5, and I3, are located and labeled in the
figure. By setting up a Cartesian coordinate system x-y em-
bedded in the cam and with its origin at fixed pivot O,, the cam
profile coordinates may be expressed in terms of cam rotation
angle 6, which is measured against the direction of the cam
rotation from body-fixed x-axis to X-axis of world coordinate X-
Y shown in Fig. 2.

As shown in Fig. 2, by labeling instant center 1,; as Q and
0,0 = ¢, the speed of point Q on the cam can be expressed
as:

v, =g, (1)

where o, is the angular velocity of the cam. On the other hand,
for a translating follower, all points on the follower have the
same velocity. Thus, the speed of point Q on the follower can
be expressed as

, _4L(0) _dL(0)ao _aL(o) 2
N dt de dr do

where L(0) is the position function of the follower:

L(0)= (”/

+r,])2—ez—S(0) (3)
where 7, is the radius of the base circle, 7, is the radius of the
follower face, which is a negative value for its concave shape,
and S@) is the follower displacement program. For a dual-
concave-faced follower, the absolute value of r,is much larger

than those of , and S(@). Instant center I,; (point Q) is a point
common to the links 2 (cam) and 3 (follower) that have the
same velocity. Thus, from Egs. (1) and (2),

_dL(6) _ds©) _
TR T )

where V(6) is the follower velocity program. During the rising
period of the follower motion, the value of ¥(6) remains positive.
Once r;, ryand S(@) have been selected, for each specified
value of 6, center C, of the left concave face can be located by
applying Eq. (3), and point Q can be located by applying Eq.
(4).

The pressure angle [4] is defined as the angle between the
common normal, as known as the direction of the reaction
force at the contact point, and the direction of motion of the
follower. For the pressure angle at contact point A, it is the
angle between common normal C;4 and velocity direction C,E.
From triangle QC,E, pressure angle ¢ can be expressed as:

¢=tan" a*e|_ tan" Vo) +e %)
L(0) e |’

in which e is always positive.
Therefore, the vector equation for the profile coordinates of
contact point A can be expressed as

0,A=0,E+EC,+C/A . (6)

In world coordinate X-Y, the three vectors at the right side of
Eq. (6) are

O,E=el,
EC=-L(O)J,
CA=r,singl —r,cosgJ .

—_
o ~
= —

—
O
-~

Therefore, the parametric equations for the coordinates of
contact point A on the cam profile for the upward motion are

0,4=(e+r,sing) I +(~L(6) ~r, cos p)J . (10)

The angle between x-axis of the body-fixed coordinate and
Y-axis of the world coordinate is 6 and against the rotation
direction of the cam. Thus, a rotation matrix, denoted by Eq.
(11), is adopted to obtain the coordinate of the point on the
body-fixed coordinate:

{x}{c?se —sinGMX] (1)
y sin@ cosO || Y

Therefore, the coordinates of 0,4 in x-y system in terms of
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the body-fixed coordinate can be expressed as

0,A=(L(6)sin6+ecos+r,sin(p+6))i

(12)
+ (—L(@)cosl9+ esing —r, cos(p+ 6’))j.

3.2 Cam profile for the falling motion of the
follower

Fig. 3 shows the disk cam mechanism at a certain phase
during the falling period of the follower motion. When the fol-
lower falls, only the right concave face S, is in contact with the
cam profile. Similarly, the cam profile can be determined by
employing the concept of velocity instant centers [6].

At this stage, the follower has a downward motion and thus
follower velocity program V(@) becomes negative while the
value of e remains positive. Therefore, from triangle QC,E,
pressure angle ¢ at the contact point B can be expressed as:

¢ =tan" {e_q} , (13)

in which ¢ remains positive.
Therefore, the vector equation for the profile coordinates of
contact point B can be expressed as

0,B=0,E + EC, +C,B (14)
where

02E=_el’ (15)

EC,=—L(6)J , (16)

C,B=-r singl—r,cospJ . (17)

Fig. 3. Disk cam mechanism at a certain phase during the fall of the fol-
lower.

Therefore, the parametric equations for the coordinates of
contact point B on the cam profile for the downward motion are

0,B=(—e—r,sing)I +(~L(6)—r, cosg)J . (18)

Similarly, the rotation matrix given in Eq. (11) is adopted to
project the coordinates of the cam profile described in world
coordinate, onto x-y plane. Thus, the coordinates of 0,B can
be expressed as

osz(L(e)SinG—ecosé’—rf- Sin(¢—‘9))i

(19)
+(—=L(O)cosf —esint —r, cos(p—0)) j.

3.3 Cam profile for the dwell motions of the
follower

For the low dwell period of the follower motion, the radius of
the circular cam segment is r,, which is the radius of base circle.
For the high dwell motion, the circular cam segment must have
aradius of R, which is determined by

Rz‘r/‘—\/(rf+rb)2—2h (rf+rb)2—ez+h2 (20)

where / is the total lift of the follower motion. Note that two
identical concave faces of the follower must have equal offset
amount e, so that both circular cam segments are able to si-
multaneously contact both concave faces of the follower.

3.4 Radius of curvature of the cam profile

Since the cam profile can be expressed in the form of the pa-
rametric equations of x = x(6) and y = y(@), its radius of curva-
ture [7] can be expressed as

__AXOr +'Or;” (21)
x'(0)y"(6)-x"(0)y'(6)

where the prime denotes differentiation with respect to 6. From
Eq. (21), the radius of curvature of the cam profile can then be
determined by substituting x- and y-component of Egs. (12)
and (19) into Eq. (21). To prevent unintended multiple-point or
non-contact point conditions, the radius of curvature of the cam
profile must not exceed that of the follower. Therefore, the fol-
lowing restrictive condition must be satisfied:

0<p(@)<|r, |- (22)

This relation also indicates that the cam profile must always
be convex.

4. Geometric design limitations

In addition to the equal offset amount e for the two identical
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Fig. 4. Cam profile with circular segments that can accommodate the span
of symmetrical double-concave faces.

concave faces of the follower, the cam mechanism has other
geometric design limitations as well. To result in a smooth con-
tact transition of the follower faces, each segment of the circu-
lar cam profile must be large enough. Fig. 4 shows a typical
double-dwell cam profile as well as the follower at its various
stations. While the cam rotates clockwise, the cam profile is
used to drive the follower rises a total lift of / for a cam rotation
angle of 3., produces high dwell for the next cam rotation angle
of p, falls & for a cam rotation angle of g; and produces low
dwell for the remaining cam rotation angle of . At station 0
shown in Fig. 4, when the cam rotation angle ¢ = 0°, the fol-
lower is at its lowest position and the velocity of the follower is
zero. The two concave faces of the follower both contact the
cam profile tangentially at points A, and B,, respectively, and
0,A, = 0,B, = r,,. Here, the subscript 0 of points A, and B, de-
notes the station number 0. After the cam rotates clockwise
from 6= 0°to 8 = §3., the follower occupies station 1 and is at its
highest position. Notice that for 0 < & <, only concave face S,
is in contact with the cam. At this station, concave face S, con-
tacts the cam profile at point A, which is the beginning point of
the circular profile segment for the high dwell and 0,A, = R, the
maximum radial dimension of the cam profile.

When the cam rotates clockwise to 8 = .+ 2y, the follower
occupies station 2. The concave faces S, and S, simultane-
ously contact the cam profile at points A, and B,, respectively.
At this instant, since point A, is at the first instant that the fol-
lower reaches the highest position, point B, must coincide with
A,. From geometry, half the subtending angle of ~A,0,B,,
which can be expressed as

v, =sin"( ¢ j . (23)

—-R-r,

This is the beginning of the phase in which both concave
faces simultaneously contact the cam profile during the high

dwell period. From now on, the carried load is wholly balanced
by the symmetrical double-concave faces of the follower.

When the cam rotates clockwise to 0 = .+ 5, + 2y, (i.e., at
station 3) both concave faces still contact the cam profile simul-
taneously, and concave face S, contacts the cam profile at
point A;. This is the end of the phase in which both concave
faces simultaneously contact the cam profile during the high
dwell period, and point A; is the end point of this circular profile
segment. From geometry, segment A,A; is the circular cam
profile for the follower high dwell, and its subtending angle is

ZA0A4, =, -2y,. (24)

In the next consecutive cam rotation angle, the concave face
S, will lose its contact with the cam profile, but the follower still
remains stationary and is at its highest position.

When the cam rotates clockwise to 6 = .+ §, (i.e., at station
4), the concave face S, reaches the previous location of the
concave face S;, and the concave face S, contacts the cam
profile at point B,, which is coincident with the point A;. This is
the beginning of the phase in which the follower falls, and the
concave face S, is adopted for the determination of the cam
profile.

At station 5, When the cam rotates clockwise to 0 = f,+ §, +
p (i.e., at station 5), the end of the phase in which the follower
falls, the follower returns to the lowest position and remains
stationary until = 360° to complete the motion cycle. This
station is also the end of the phase in which concave face S, is
the effective role to determine the cam profile. Here, concave
faces S, and S, simultaneously contact the cam profile at points
As and Bs, respectively. From geometry, half the subtending
angle of As0,Bs, which can be expressed as

—r, =1,

v, =sin"[ ¢ J (25)
In addition, segment BsA, is the circular cam profile for the
follower low dwell and its subtending angle is

LBOA, =+ 2y, (26)

Correspondingly, to accommodate both concave faces dur-
ing the dwell period of the follower motion, each segment of the
circular cam profile must be large enough. For the low dwell
portion, ~Bs0,A, must be greater than 2y, which means

B20. 27)

Also, for the high dwell portion, ~A,0,A; must be greater
than 2y, which means

B,24y, . (28)
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5. Force analysis and contact stress eval-
uation

To illustrate how the improved follower affects the induced
contact stress, it is necessary to calculate the net forces ex-
erted on the follower. For drawing the free-body diagrams, the
notations are predefined as follows: 4 is the guide width or
diameter of the follower, /; is the overhang length that will vary
while the follower is moving, /, is the follower guide length, « is
the friction coefficient between the follower stem and its guide.
Also, F, is a reaction force normal to the lower follower stem,
F, is another reaction force normal to the upper follower stem,
and Fy is the contact force normal to the cam profile. The com-
ponents of total force F; acting on the follower including the
static effective weight, the spring force, and the inertia force
can be expressed as

F=M[g+a(0)]+ks (29)

where M is the effective mass of the follower, g is the gravita-
tional acceleration, a(6) = A(6)w,” (For A(6) being the follower
acceleration program) is the acceleration of the follower, & is
the spring constant of the return spring, and s is the total com-
pressed amount of the return spring. Note that Eq. (29) is valid
if the follower motion direction is parallel to that of gravity. In
reality, the follower could be required to perform a task along a
certain direction, which is not aligned with the gravity field. In
addition, with limited device layout, not aligning the gravity field
with the direction of the follower motion could also be a prefer-
able option. However, to demonstrate the strength of the pre-
sented follower without distraction, we intend to simplify the
force and contact stress analyses by assuming the follower
motion aligning with the gravity field. The total compressed
amount of the return spring s consists of its initial compressed
amount s, and the displacement of the follower and can be
expressed as

s=8(0)+s, . (30)

Fig. 5 shows the free-body diagram of the double-concave-
face follower in the rising period. Notice that during the fol-
lower’s rising period, the direction of friction forces f; and f,
must always be downward. Because friction forces f; and f, are
always against the direction of the follower motion, the direc-
tions of reaction forces F, and F, might change according to
the nature of the friction force.

By using the Coulomb friction law, it can be known that

fo=uF, (31)
fi = UF,. (32)

While either F, or F’, becomes negative, it means that 7, or F,
might be in the reverse direction defined in the free body dia-
gram. Because the signs of frictions f; and £, follow those of F;

HF, __F'

7. ool

D
S 1e

a¥

Fig. 5. Free-body diagram of the double-concave-face follower in the rising
motion.
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Fig. 6. Four possible contacting situations for the follower configurations
relative to the sliding guideway.

and F,, negative values in either F, or F, result in the upward
frictions f; and f;, which violates the nature of the friction force
during the follower’s rising period. To comprehensively simu-
late all possible contacting modes for the follower within the
sliding guideway under a reasonably close running or sliding fit,
four possible situations [8] are taken into account as shown in
Fig. 6. Here, the free body diagram in Fig. 6(a) is selected as a
demonstrative case for the following force analysis.
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Fig. 7. Free-body diagram of the double-concave-faced follower in the
dwelling motio.

The follower is assumed in a state of two-dimensional equi-
librium; three equations of equilibrium in such a planar case,
which include unknowns F, F,, and Fy acting on the follower,
can be expressed as:

SF. =-F+F,-F,sing=0, (33)
Y F,=—F,—u(F,+F,)+F,cos¢=0, (34)
M. =Rl -1)- £ (L)

,uFl(e—gj+,qu(e+%]+Ee=0.

The aforementioned equations of equilibrium can be solved
simultaneously to find the values of unknowns F, F, and Fy. If
reaction force F, or F, is negative, other free body diagrams in
Fig. 6 will be accessed in succession until both ', and F, are
positive, and thus in the right direction as defined in the corre-
sponding free body diagram.

As shown in Fig. 7, in the dwell period of the follower motion,
there will be two contact points between the cam and the fol-
lower simultaneously. Similarly, three equations of equilibrium
can be derived and solved simultaneously to find the values of
unknowns F;, F, and Fy:

D FE=-F+F=0, (36)
Y F,=—F + u(F +F,)+2F,cos¢=0, (37)
SM. = Fl - F (1, +) + 4, S - pF, 5 =0 (38)

Due to the symmetry of the follower, the two horizontal com-
ponents of Fy have the same magnitude but in the opposite
direction. On the other hand, the vertical components of Fy are
of the same magnitude and in the same direction so that the
total force F can be evenly distributed.

Fig. 8 shows the free-body diagram for the falling period of

UF 2} d

‘%-r\f“
&/
<

Cz‘

Fig. 8. Free-body diagram of the double-concave-face follower in the falling
motion.

the follower motion. In this case, the friction forces point up-
ward against the falling motion. The equilibrium equations for
solving the forces are

ZF;,:—E+F'2+F:,\,Sin¢=O, (39)
Y F,=-F+u(F+F)+F,cos¢=0, (40)
SM, =F(L,-r)-F(l +12—,»f)+

UF, (e+%j+,qu (e—%]—ﬁ; e=0.

Similarly, if F; or F, is negative, models which have different
contact modes for the follower within the sliding guideway will
be accessed until both £, and F, are positive so that the forces
follow the nature of friction.

Once contact force Fy is determined by the aforementioned
force analysis, the maximum contact stress between the cam
and the follower surfaces, denoted by o, can be evaluated
according to the Hertz contact theory [9]:

FN[1+1]
I’f P
(5005
w +
El E2

where p is the radius of curvature of the cam profile corre-
sponding to the contact point between the cam and the follower
(referring to Eq. (21)), E, and E, are, respectively, Young’s
modulus of elasticity for the cam and the follower, v, and v, are,
respectively, Poisson’s ratios for the cam and the follower, and
wis the width of contact.

o= (42)

6. Examples

To illustrate the advantages of the proposed follower, force
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Fig. 9. Four different types of translating followers.
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Fig. 10. The profile of the double concave follower cam.

analysis and the contact stress evaluation for four different
types of followers (see Fig. 9) were performed, and their results
were compared. Fig. 9 shows the four translating followers with
a single roller (as Fig. 9(a)), symmetrical double rollers [5] (as
Fig. 9(b)), a single concave face [10] (as Fig. 9(c)), and the
proposed symmetrical double-concave faces (as Fig. 9(d)),
respectively.

In this analysis, a disk cam rotating at 1200 rpm constantly
(a» = 125.66 rad/s CW) is used to drive its follower to rise 15
mm with a cycloidal motion while the cam rotates clockwise
from 0° to 100°, dwell from 100° to 170°, return with a cycloidal
motion from 170° to 300°, and dwell for the remaining 60°. The
dimensional parameters are: the radius of the base circle r, is
80 mm, the radii of the rollers r. are all 8 mm, the radii of the
concave-faces r,are all -250 mm, the offsets e of both the dou-
ble-roller follower and the double-concave-face follower are 10
mm, and the single-roller follower and the single-concave-face
follower are without offsets. The widths w of the cam and the
follower are both 15 mm, and the guide width or diameter d of
each follower is 8 mm. The guide distance /, is 80 mm, the
initial value of /; is 30 mm, the initial compression of the spring
s, is 5 mm, and the spring constant k is 6772.5 N/m (which is
designed based on the method from Refs. [11, 12]). The mate-
rials of the cam and the follower are both steel, the friction coef-
ficients are ux = u = 0.1, Young's moduli are E, = E, =

Table 1. Maximum values of the contact force Fy in four types of cam
mechanisms during high dwell periods.

Number of rollers or Value of Fymax (N)
concave faces Roller follower Concave-face follower
Single 133.496 129.161
Double 67.297 67.297
150 T T T T T
125 E
z
= 100 J
W
)
[&]
§ 75 E
B
(]
€ 50 E
5]
O -
.......... S'"gle roller e m -
251 Double rollers b
Single concaved-face
----- Double concaved-faces
1 1 1 1 1
00 60 120 180 240 300 360

Cam rotation angle 8 (deg)

Fig. 11. Contact forces normal to the cam profile of four different followers.

210 GPa, Poisson’s ratios are v, = v, = 0.29, and the mass of
the follower M is 108 g.

The synthesized cam profile for the double-concave-face fol-
lower is illustrated in Fig. 10. (Note that the cam profiles for the
other three types of followers are also synthesized but not
graphically presented.) The contact forces Fy normal to the
cam profiles, with respect to the cam rotating angle 6, are
shown in Fig. 11, and the corresponding maximum values of
F\ during high dwell periods are listed in Table 1. It can be
noticed in Fig. 11 that for the follower with a single roller or with
a single concave face, its contact force during the high dwell
period is at a relatively high level, since the spring reaches its
maximum compression and causes the maximum spring force.
For the follower with symmetrical double concave faces, its
contact force during the high dwell period is 67.297 N and
52.10 % of that of a follower with a single concave face, which
is 129.161 N. Similarly, the maximum of Fy of the follower with
symmetrical double rollers (67.297 N) is approximately half
(50.41 %) of that of the follower with a single roller (133.496 N).
Such high rates of reduction (more than 50 %) contributed by
the followers with the symmetrical double rollers and the sym-
metrical double concave faces are based on that they can
generate two contact points during high dwell and distribute the
contact forces normal to the cam profile.

Fig. 12 illustrates reaction forces F, and F, with respect to
the cam rotation angle 6, respectively, and their maximum
absolute magnitudes are correspondingly listed in Table 2.
Notice that the maximum absolute magnitudes of F, and F), are
all smaller than that of Fy. Furthermore, since both F, and F,
are exerted on sliding pairs, which are lower pairs, the caused
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Table 2. Maximum absolute magnitudes of Fy, F; and F, in four types of
cam mechanisms.

Single Double Single Double
roller roller concave face |concave faces
0 (degree) 99.98 99.98 99.98 99.98
Fmax (N) 135.615 136.838 140.405 136.865
0 (degree) 4248 170.00 41.82 42.72
|F|max (N) 15.905 25.097 66.527 52.576
0 (degree) 213.3 170.00 41.94 234.20
[Falmax (N) 2.061 18.055 50.861 41.324
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Fig. 12. Forces normal to the follower stem of four different followers.

wear should be smaller than that caused by Fy. Thus, the
forces occurring at the sliding pairs may not be the major con-
cern when designing the proposed type of cam mechanisms.
Fig. 13 illustrates the contact stresses o with respect to the
cam rotation angle 6. Due to the larger contact area, the con-
tact stresses of the concave-faced followers (with their maxi-
mum values less than 71 MPa) are all smaller than those of the
roller followers (with their maximum values greater than
210 MPa). In addition, the symmetrical double-concave-face
follower can cause two-point contact during the dwell periods
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= 200 i
o
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o 1501 .
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2 Double rollers
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g ----- Double concaved-faces
g P .o
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Cam rotation angle @ (deg)

Fig. 13. Contact stresses induced at the surfaces of the cam profile of four
different followers.

and distribute the contact forces normal to the cam profile, so it
has the smallest contact stress among the four types of fol-
lower. The reduced contact stress may result in a lower wear
rate of the cam profile during the dwell period, preventing an
early failure of the cam surface and maintaining the position
accuracy of the follower in its critical extreme position [4].

7. Conclusions

An analytical approach for designing the disk cam mecha-
nism with a translating follower having symmetrical double-
concave faces has been proposed. The dual concave faces of
such a follower are symmetrically mounted on opposite sides
of the centerline of the follower, and they can take turns to
contact the cam profile when the cam rotates. From a practical
viewpoint, concave faces can effectively increase the actual
area of contact. Through the application of the improved fol-
lower, there are two contact points between the cam and the
follower at a certain phase during the high or low dwell period
of the follower. The symmetrical arrangement of concave faces
can spread the carried loading by offering two cam-follower
pairs. Therefore, the contact forces and the contact stresses
can be at lower levels when the both concave faces contact the
cam profile simultaneously.
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