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THE DYNAMICS OF CAM SYSTEMS FOR GUN MECHANISMS 

ABSTRACT 

A general method is described for calculating the dynamics of 

systems that include cams and followers. The method is especially 

suited to the analog computer. Since the analog computer has proven 

to be an effective tool for simulating automatic gun mechanisms and, 

since cams and followers generally are a part of those mechanisms, 

this method can be used to establish a more detailed and complete 

simulation. 

Two spring-mass systems coupled through a cam are simulated to 

illustrate the method. Clearance between the follower and the cam 

track can be included without complexity. 
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INTRODUCTION 

Cams are used in many automatic gun mechanisms to lock and to 

unlock the bolt and to operate the ammunition feed system. In the 

Gatling-type guns the entire gun mechanism is driven and controlled 

by a rotating cylindrical cam. Thus, the kinematics and dynamics 

of cams are essential parts of the calculations of the motion of auto­

matic gun mechanisms. 

The analog computer has proven to be an effective tool for simu­

lating automatic gun mechanisms*. However, the usual mathematical 

methods used in cam dynamics are not well suited to the analog computer 

and other methods were studied to solve the problem. 

ANALYSIS 

A cam may be defined as a mechanical element of a machine which 

is used to drive another element, called the follower, through a spec­

ified movement by direct contact. In most gun mechanisms the forces 

transmitted by the cam are significant as compared to the driving forces, 

so that the problem is to determine the effect of those forces on the 

motion. 

The cam path (specified movement) may consist of segments of 

straight lines, circles, sinusoids, etc., so that the path in the XY 

plane may be represented by: 

y = f(x) 

After the equations of motion along X and Y are written, the y-coordin­

ate can be transformed to x by the standard procedure that uses the 

chain rule and the product rule for differentiation: 

'"Analog S.i.mUllitlon o6 .the. 20mm Gun, M139," H. P. Ga.y a.nd E. M. 
Wine.hoU, Ba.UJ.l,.:Uc. Rue.aJr.c.h La.boJtato.tUu Re.poJt.t No. 1436, June. 1969. 
{AV 855145) 
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dy = ~ dx 
dt dx dt 

~=~dx+dxd ~ d2 2 ( ) 
dt 2 dx dt2 dt dt dx 

dx [d (~ dx)~ 
dt dx dx dt J 

2 2 2 2 
d y _ ~ d x (dx) ~ 
dt 2 - dx dt 2 + dt dx2 

Thus, given y = f(x), (and the first two derivatives with respect 

to x) one can calculate the motion. As indicated previously, a 

solution by the analog computer would require three multipliers and 

three diode function generators. 

A technique developed by J. P. Laird* has been adapted to this 

cam problem. In his method the elastic force developed by an impact 

is given by: 

F = -ke:, where 

k = a very large spring rate, and 

e: = the deformation. 

(1) 

Consider the simple spring-mass systems linked by a cam as shown in 

Figure 1. 

CAM PATH 

Figure 1. Coupled System 

'"Ana:tog Si.mUliitlon o6 Mecna:n:rc:al Impact," J. P. LcU.!td, Si.rnu.ta..V..on, 
Vol. 4, No. 5, 1965, pp. 295-300. 
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The mass M (cam) moves horizontally; the mass m (follower) moves 

vertically. The equations of motion are: 

Mx = -Kx + F (2) 
X .. 

-ky + where my = F (3) y' 

F and F = components of the contact 
X y force between the cam and 

the follower. 

The deformation £ (or the interference between the cam and the 

follower) is given by: 

£ = X 
X 

cp(y) 

E = y lj!(x), 
y 

where ~(y) and lj!(x) are the prescribed cam path. 

(4) 

(5) 

As a first example, consider the motion when it is restricted 

to the 45° slope of the cam. 

Then y = x. 

When a follower roller is used the contact force is normal to the 

cam surface, so that: 

F = -F 
y X 

Equations (2) and (3) then become: 

(M + m)X = -(K +k)x (6) 

To illustrate this motion, a hypothetical problem with the following 

parameters will be used: 

M = 0.026 lb sec2/in (10 lb) 

K = 15 lb/in 

m = 0.013 lb sec2/in (5 lb) 

k = 45 lb/in 

The system is initially at rest. An initial velocity x(O) = 29.5 ips is 

imparted toM, so that the initial velocity of the system is: 

~ v(O) = (M+m) = 19.7 ips 
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The time per cycle T is: 

21T 
T =­

w 

1/2 
= 2n(M+m) = 0.160 sec. K+k 

and the maximum amplitude is: 

X m 
v(O) = --= 
w 

0.50 in. 

Circuit diagrams for the analog computer solution are shown in 

Figure 2. A function generator to produce ~(x) is shown for generality. 

In this particular problem, 

lji(x) = x, and 

cjl(y) = y. 

Note that ~ was taken to be 104 lb/in, about 200 times greater than K. 

A04 

(
TO PRODUCE) -[1.] 
CAM TRACK 1 

A08 
NOTE: For the motion within the 

45° slope, Fx = - Fy . 

.---------------------------~Olr-----~ 

( 50KM/3) 

+ [x- Fx5~/.lM J 
2~,..._---~ 

Figure 2. Circuit Diagrams 
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Only the diagram for x is shown in Figure 2. The diagram for y is 

essentially the same. 

Figure 3 shows the calculated displacement and velocity. 

30 
0.5 

20 ~ 
(f) 
Cl. >< 

10 ....... •>< z 0.05 0.10 
-; w 
f- 0 ~ 0 
0 w 
0 u 
_J <! 
w 10 _J 

> Cl. 
(f) x..../ 20 
0 

0.5 
30 

A, ELASTIC B, DAMPED 

Figure 3. Motion Within 45° Slope 

Figure 3A shows the results when the contact, or coupling, 

force is elastic. Note that the initial velocity is suddenly changed 

by the impact of M on m. Successive impacts cause the velocity to 

oscillate about a mean value that may be obtained from the solution 

of equation (6). The displacement-time curve is naturally more 

smooth than the velocity curve. 

To obtain a smoother solution the impact was assumed to be 

inelastic, with a coefficient of restitution of one-half. The viscous 

damping coefficient D that produces the equivalent loss of energy 

can be shown (from the previous reference and a little analysis) 

to be: 

(7) 

The resultant solution is shown in Figure 3B. 
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A more practical cam path is shown in Figure 4, consisting of 

a dwell-rise-dwell. 

cp (y) 

Figure 4. Cam Path 

For the cam path of Figure 4, y - ~(x) is well-behaved because 

~(x) is single-valued. However, x - ~(y) is not well-behaved 

because ~(y) is multivalued where the cam path is horizontal. Further­

more, the use of separate function generators to produce ~(x) and ~(y) 

is not good practice because ~(x) and ~(y) are not independent. 

Other means of producing the two components of the contact force will 

therefore be developed. 

For F the previous technique will be used: 
y 

F - - k.£ , and y y 

e: = Y - ~(x) y 

(8) 

(9) 

When there is no sliding friction the contact force is normal to the 

cam surface, and its two components will be in the ratio: 

F 
-_!=tan 8 = ~'(x), or 

F 
y 

F = - F ~' (x) 
X y 

14 
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Also: 

1/J(x) =! 
= 

l}J' (x)dx 
t 

lji(x
0

) + J lji' (x)xdt, 

0 

for x = x 
0 

when t = u 

Equations (8) to (11) are sufficient for calculating the cam forces. 

Note that only one function generator and two multipliers are used. 

(11) 

In addition the use of l}J'(x) rather than lji(x) makes it easier to 

simulate complex cam tracks on a function generator because discontin­

uties (or roughness) in lji'(x) are smoothed by integration. (Conversely, 

roughness in lji(x) is accentuated in lji 1 (x).) 

To illustrate this technique the springs and masses of the 

previous problem were linked with a dwell-rise-dwell cam (Figure 4), 

with the following data: 

a = 0.6 in X (0) = -1.0 in 

b = 0.75 in y(O) = -0.6 in 

X: co) 
. 

c = 1.0 in = 0 = y (0) 
d = 0.6 in coeff. at restitution = 0.5 

Instead of using a function generator to produce l}J'(x), the 

circuits shown in Figure 5 were used because l}J'(x) has a square shape, 

as shown. 

_,.----~15~~ 

c:916s) 

Figure 5. Diagram for Generating l}J'(x) 
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Equation (11) was used to calculate w(x), as illustrated in the 

circuit~ of Figure 6. 

in Figure 6. 

The circuits for generating F are also shown 
y 

-[to] +[!o] (~o) 
'II(X):y0 + Jx'II'(X)dt 

0 

Fy =- -ley 

cy=y-t(xl 

Figure 6. Diagram for Generating $(x) and F 
y 

The horizontal component F of the contact force is obtained 
X 

from F as. illustrated in Figure 7. 
y 

+[ILJ 103 

Figure 7. 

Fx = - Fy ojt'(x) 

Diagram for Generating F 
X 

Note that limit stops (or very large forces) at the end of the cam 

track are generated by amplifiers 14 and 15. 

The circuits of Figures 5, 6, and 7 provided the forcing functions 

for the basic three-element loops such as shown in Figure 2. The 

resultant displacements and velocities of the two masses are shown 

in Figure 8. 
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0.75 

30 

(f) z a. y 

• :>. >-
~ ~ 

•>< >< 
>- 0 0 

f-
f- z 
u w 
0 :2 
_J w 
w u 
> <l: 

_J 

a. 
~ 
0 

30 -------

COEFFICIENT OF RESTITUTION = 0.5 

1.0 

Figure 8. Damped Motion with Dwell-Rise-Dwell 

There is some overshoot of the velocity at the instant of impact, 

but it is damped out in a few cycles. 

In actual practice there is some clearance between the follower 

roller and the cam track. In this case the elastic part of the con­

tact force is redefined as: 

1
-k(£+t.), £< - t. } 

F = 0 -t.<E<+t. 

-k.(E ~), E>+f. 

where t. is the clearance. A constant clearance (t. = 0.05 in.) can 

be simulated on the analog computer by use of the dead space circuit 

illustrated in Figure 9. 
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U.J 
u 
0 
l.L 

{10"11) 

fl(!x-6)/Ml>O 
+ t 5xl04 J 

A02 and A06 

+ IJ.(!x.+6)/M l<O 
L 5 X 104 J 

A02 and A06 

Figure 9. Diagram of Dead-Space Circuit 

The XY plot of the motion with clearance added to that of Figure 8 

is shown in Figure lOA. 

1.0 0.5 

A, DAMPED 

y 

0.5 

0.5 

IN 

CLEARANCE 
26 

y 

0.5 

0.5 

B, ELASTIC 

Figure 10. The Effect of Clearance 

0.5 

IN 

Figure lOB shows the same problem with the damping removed, thus 

producing more impacts. 
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DISCUSSION 

In setting up the problem on the analog computer the problem time 

must be sufficiently long, so that the amplifiers can generate and 

respond to the short duration contact force. If a servo-plotter is 

used to plot the output, its response generally will dictate the time 

scale. Another troublesome detail is to select an appropriate value 

for the contact force. The literature indicates that 20 to 500 times 

larger than the other forces is reasonable. Our experience confirms this 

fact. If the amplifier which generates the contact force (A28 of Figure 

2) tends to overload, the high gain can be attained by using a gain 

of ten or more into the integrator. 

It should be remembered that this physical (or mathematical) 

model is not sophisticated enough to yield the forces or stresses 

associated with the contact force. The displacements, and to a lesser 

extent, the velocities of the masses are adequate for most practical 

purposes, but this rigid body model will not yield the local forces 

and deformations during impact. Furthermore, it should be noted that 

when damping is used, the contact force (consisting of an elastic and 

a viscous component) is not formed explicitly in the main loop. 

Neither is the velocity, as indicated in Figure 2. 

In simulating an existing system the damping can be adjusted 

so that the simulation agrees with observation. For a system that 

does not exist, one must rely on experience. Some damping should be 

used so that the analog circuits are stable--and so that the model 

is realistic. The choice of a value is not critical; for example in 

Figure 3, the coefficient of restitution was 0.5 and the oscillation 

in the velocity was damped out in about three cycles. When the 

coefficient of restitution was changed to 0.8, the oscillation was 

damped out in seven cycles. 
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This technique generally is useful for calculating the dynamic 

response of high speed mechanical components driven by cams. It has 

been used successfully at the Ballistic Research Laboratories to 

simulate the locking and unlocking of the bolt and cocking the hammer 

of the Ml6 Rifle. It is not limited to small caliber automatic weapons. 

It could be used, for example, to calculate the breech block motion 

and the cartridge case ejection produced by the breech block cam of 

a tank gun. 
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