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Abstract�

Positive-drive spatial cam mechanism, 

the roller gear cam mechanism, with 

mechanical errors is modeled and 

investigated for preload condition analysis 

in this paper.  In the traditional model, 

cutters generate the roller gear cam 

surfaces with the same geometrical shapes 

as the mating roller followers.  In this 

proposed model, cylindrical roller 

followers are replaced by crowned 

cylindrical roller followers with 

hyperboloidal shapes as the spatial cam 

surface mating part.  The meshing 

condition between two crowned roller 

followers and their mating cam surfaces is 

modeled and analyzed by means of dual 

surface contact analysis (DSCA).  The 

influences of two main mechanical errors, 

the manufacturing errors and assembly 

errors, on preload conditions are studied 

and discussed in three-dimensional space.  

This study can be a guide for adjusting the 

preload condition when a spatial cam 

mechanism is assembled with mechanical 

errors. 
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Since all industrial products have some 

mechanical errors, line contacts on cam 

surfaces often become point contacts 

(Rothbart H. A., 1956).  When the contact 

point moves to the edge of the cam or the 



follower, it becomes edge contact, and can 

cause undesirable conditions such as stress 

concentrations and excessive wear on the 

contacting edges of the cam and its mating 

follower.  Because adjustment of the 

relative position of the turret and the 

globoidal cam can introduce assembly 

errors, edge contact often occurs as a result 

of adjusting the driving or driven shafts of a 

cam mechanism for proper preload.  In 

order to reduce the occurrence of edge 

contact, the outer rolling surfaces of 

cylindrical roller followers are crowned 

slightly, on the order of R=500 mm 

(MISUMI, 1993) along the axial direction 

in actual industrial applications.  These 

crowned surfaces are helpful in minimizing 

the disadvantages caused by misalignments 

in cam mechanisms (Rothbart H. A., 1956).   

Many types of roller followers can be 

selected for cam mechanisms.  

Generalized mathematical expressions of 

surface geometry for globoidal cams with 

cylindrical, conical, and hyperbolic meshing 

roller followers (Yan and Chen, 1996) have 

been proposed.  In this paper, an other type 

of roller follower, a crowned cylindrical 

roller follower with a hyperboloidal shape is 

chosen as the mating part.  Two roller 

followers on the turret of the roller gear cam 

contact, respectively, the upper and the 

lower surfaces of the globoidal cam.  In 

the traditional model, the cam surfaces are 

generated by cutters with the same 

geometrical shapes as the mating roller 

followers.  In this proposed model, 

cylindrical roller followers are replaced by 

hyperboloidal roller followers of the cam 

mechanism. 

The mathematical model of the cam 

mechanism was first derived from the 

desired displacement function by using 

theory of gearing (Litvin, 1994) and 

differential geometry theory.  The dual 

surface contact analysis (DSCA) is used to 

investigate the preload condition of 

positive-drive spatial cam mechanisms.  

The theory of surface contact analysis was 

originally proposed for gearing, and is 

called tooth contact analysis (TCA) (Litvin, 

1994) in that field.  Different from TCA 

and SCA, DSCA considers dual contact 

conditions on upper and lower cam surfaces 

simultaneously.  The manufacturing errors 

on cam profiles will result when grinders 

with inaccurate radii are used.  As with 

manufacturing errors, assembly errors can 

also cause different preload conditions in 

cam mechanisms with positive-drive 

follower motions.  Such mechanical errors 

are defined and analyzed using DSCA in 

this study.  The influences of mechanical 

errors and follower crowned radii on 

preload condition are analyzed and 

demonstrated using three numerical 

examples. 
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The symbol ΣΣΣΣ cu(l) , used later, represents 

the geometrical surface of the upper/lower 

cam surface in the X
2
-Y

2
-Z

2 coordinate 

system, and was derived by applying the 

theory of conjugate analysis and differential 

geometry (Wang et al., 1992) as 

ΣΣΣΣ cu(l) =



L cosS cos +r sinS cos cos -

X cos +r sin sin

-L cosS sin - r sinS cos sin +

X sin +r sin cos

L sinS - r cos cosS

u(l) u(l) u(l)

u(l) u(l) u(l)

u(l) u(l) u(l)

φ θ φ
φ θ φ

φ θ φ
φ θ φ

θ

u l u l u l

u l u l u l

u l u l u l

u l u l u l

u l

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )































.� �

�

Since each two contact surfaces between 

two followers and their mating cam surfaces 

must be in continuous tangency, that is, 

their position and normal vectors must 

coincide at any instant in the same 

coordinate system, the two surfaces 

( ΣΣΣΣ cu(l) , ΣΣΣΣ hu(l) ) and their unit normal vectors 

( n cu(l) , nhu(l) ) were transformed into the 

same fixed coordinate system X
f
-Y

f
-Z

f 
with 

manufacturing and assembly errors as 

( ΣΣΣΣ f

cu(l) , ΣΣΣΣ f

hu(l) )
 

and
 
( n f

cu(l) , n f

hu(l) ).  The 

surface contact condition between the upper 

roller and its mating cam surface is decided 

by following equations: 

ΣΣΣΣ
f

cu  (L
u
, φ

u
, ζ) = ΣΣΣΣ

f

hu  (u
u
, ρ

u
, δ

u
),  

n f

cu
 

(L
u
, φ

u
, ζ) = n

f

hu
 

(u
u
, ρ

u
, δ

u
),  

n
f

cu
 

= n
f

hu
 

= 1.                  

(13) 

The equations to determine the surface 

contact condition between the lower roller 

and its mating cam surface are as follows: 

ΣΣΣΣ f

cl  (L
l
, φ

l
, ζ) = ΣΣΣΣ

f

hl  (u
l
, ρ

l
, δ

l
),  

n
f

cl
 

(L
l
, φ

l
, ζ) = n

f

hl
 

(u
l
, ρ

l
, δ

l
),  

n
f

cl
 

= n
f

hl
 

= 1.(14) 

The new calculated follower positions 

( )δ φ
u

 and ( )δ φl  must satisfy the 

constraint 

V ( ) ( )
u l

==== −−−−δ φ δ φ . (15) 

Eqs. (13)~(15) yield eleven independent 

scalar equations with twelve unknowns (Lu(l), 

φu(l), ζ, uu(l), ρu(l), δu(l), X
'
).  Variable 

X ( )' φ  denotes the new relative distance 

between the two rotation axes of the 

globoidal cam and the turret in DSCA.  

Eleven unknowns (Lu(l), φu(l), uu(l), ρu(l), δu(l), 

X
'
) can only be determined by the above 

eleven scalar equations when the cam 

rotation angle ζ is given.  Thus, the contact 

conditions between two followers and their 

mating cam surfaces can be sequentially 

calculated after the values of X ( )' φ  have 

been determined by DSCA at different cam 

rotation position.  The preload condition 

index ( )∆X φ  can be derived by 

( ) ( )∆X X Xφ φ= −' . (16) 

The mechanical errors will cause different 

contact conditions when the cam rotates to 

different position.  The cam and the turret 

will attempt to push away from each other 

when the preload exists in the assembly.  

Because all the components of the 

mechanism are assumed to be rigid, the new 

assembly should increase the relative 

distance between two rotation axes to avoid 

preload, and the preload index becomes 

positive.  On the contrary, the relative 

distance between two rotation axes should 

be reallocated closer in the mathematical 

model if backlash appears in real 

assemblage.  This will obtain a negative 



preload index. 
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Example 1 : Influences of Different 

Manufacturing Errors on Preload 

Condition  

Example 2 : Influences of Different 

Assembly Errors on Preload 

Condition  

In industrial applications, the radius of 

the crowned roller surface R
c
 is set at 500 

mm.  In this example, the effect of crowned 

radius R
c
 on preload condition is studied.  

It contains the three main combined 

mechanical errors in Example 1, the 

manufacturing error ∆r =-0.05 mm, the 

translational error ∆ z =0.1 mm and the 

rotational error ∆γ
y
=0.1

o
.  The results are 

shown in Fig. 4.  The data for this example 

are the same as those in example 2, except 

that radius R
c
 is set to three different values 

(100 mm, 500 mm, 1000 mm). 

In Fig. 4, the preload index increases 

when the crowned radius R
c
 is raised.  

Another result indicates that the variation in 

preload condition near the dwell period 

becoming larger as the crowned radius R
c
 is 

increased.  It is concluded that preload 

condition is less sensitive to the same 

mechanical errors when a smaller R
c
 is 

chosen. 
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In this paper, two crowned cylindrical roller 

followers with hyperboloidal shapes were 

selected for mating with upper and lower 

surfaces generated by a cylindrical cutter in 

the oscillating-type of roller gear cam 

mechanism.  The line contact between each 

pair of contact surfaces became point 

contact when crowned cylindrical roller 

followers were substituted for the cylindrical 

ones.  These hyperboloidal roller followers 

are superior to conventional cylindrical 

roller followers because they provide the 

capacity to eliminate the edge contact 

caused by assembly errors when adjusting 

the preload in the cam mechanism.  

Because the shape of the crowned surface on 

the hyperboloidal roller follower is one 

segment of a circle, the cutting mechanism 

and manufacturing processes for crowning 

the cylindrical roller followers do not need 

to be changed.  These kind of crowned 

roller followers have been widely used in 

industry.  Industrial demands have been 

considered in this geometrical model of 

spatial cam mechanism.�
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Fig.1. The coordinate systems of the cam mechanism. 
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