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BALLISTIC RESEARCH LABORATORTIES

REPORT NO. 1596

HPGay/EMWineholt/cs
Aberdeen Proving Ground, Md.
June 1972

ANALOG SIMULATION OF THE MECHANISM OF THE M16Al RIFLE

ABSTRACT

The mechanism of the M16 Rifle has been simulated in some detail
on the analog computer. This simulation yields the linear motion of the
gun, the linear and the angular motion of the bolt, the linear motion of
the carrier and the angular motion of the hammer. During the course of
the work techniques were adapted and extended for calculating linear
impulsive motion, a combination of linear and angular impulsive motions
and the dynamics of cam systems. As a result, the output of the
simulation agrees rather well with the measured motion. However, the
more important aspect of this study is that the engineer now has at
hand the basic techniques, or tools, for modeling self-powered auto-

matic weapon mechanisms.
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I. INTRODUCTION

Extensive use of the new M16 Rifle in Southeast Asia led to allega-
tions that it was not reliable. In November 1967 the Weapons Systems
Evéluation Group was given the responsibility for directing a test to
measure the operational reliability of the 5.56mm, M16A1 Rifle Systems.

The results of those testsl* showed that there were a number of
malfunctions, some of which could be associated with the kind of propellant

used in the ammunition.

The USAMC Project Manager for Rifles organized the M16 Advisory
Group to coordinate the effects of all USAMC Agencies participating in
the production and the improvement of the rifle and the ammunition. At
the first meeting of the Group in February 1968,.the Interior Ballistics
Laboratory of BRL was assigned the studies of interior ballistics and
weapon kinematics. A plan for two and one-half years of effort was
presented to the project manager and funds were received in July 1968.
It was soon evident that the original scope of work at the IBL was not
sufficiently broad. For example, a detailed analysis of the gas-
operating system was found to be necessary to establish the interaction
between the interior ballistics and the dynamics of the mechanism. In
addition, various ad hoc studies such as the effect of cyclic rate on
parts breakage and the performance of the mechanism at extreme temperatures
were carried out upon the request of the project manager. The results
of these ad hoc studies have been given in briefings, progress reports
and letter reports. The interior ballistic study is given in reference
2. The analysis of the gas-operating system is given in references
3 and 4. Reference 5 gives the results of experiments to measure the
pressures in the gas-operating system and their effect on the gun mecha-

nism.

From the onset it was felt that a physical-mathematical model of the

rifle mechanism was essential to the understanding of its operation, or

*Superscript numbers indicate references at the end of this report.
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performance. This report utilizes most of the techniques that have
been developed at the Ballistic Research Laboratories for simulating
(or modeling) automatic weapons.G’7 Some of those techniques were
developed under other projecfs. Most of them have been reported in-

formally at seminars, status meetings and briefings.

To establish a reasonably complete simulation this study consisted

of four phases:

1. Measurements of the masses, moments of inertia, spring rates
and distances were made to provide basic input data for the model.

(Those data are given in the List of Symbols.)

2. Firing tests were conducted to measure pressures in the cham-
ber, at the port, and in the carrier cavity. These pressure-time curves
provided the forcing functions for the model. Displacement-time curves

*
of the main components of the mechanism were also recorded.

3. Mathematical, or physical, models were developed so that the

mechanism could be simulated on an analog computer,

4, Comparisons of the simulated, or calculated, displacements
and velocities were made with those observed in the firing tests to

assess the adequacy of the models.

IT. MODEL OF THE RIFLE

-——SUPPORT WIRE RECOIL

SPRING

PRESSURE
GAGES

Figure 1. Rifle Mounted for Firing

*See Reference 5
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Experience has shown that a rifleman may not be consistent in the
way that he holds the rifle and responds to the firing impulse. Thus,

to provide consistent, measurable performance of the rifle it was held

in the mechanical support shown in Figure 1.

The supporting wires of the ballistic pendulum restrained all motion
except recoil. The recoil was restrained by four helical springs, two
pairs in parallel, and each pair acting in series. In this way, the

recoil force was a consistent, measurable function of the distance,

uncomplicated by friction.

No attempt was made to simulate the rifleman because that is a
complex problem in itself. However, when the rifleman's body can be
characterized (or simulated) by some dynamic system, that system can

be substituted for the simple spring-mass system of this study.

The rifle consists of a series of complex, interacting parts
that feed the ammunition, fire the projectile, and extract and eject

the empty cartridge case. Figure 2 shows the mechanism.

. PROJECTILE 0. LOCKING LUGS

I
2. CARTRIDGE CASE Il. HAMMER

3. PROPELLANT GAS 12, HAMMER SPRING
4. GAS TRANSMISSION 13. BUFFER

TUBE I4. INERTIA WEIGHTS

2. ggt? ATy Ig. RUBBER DISCS

v I6. RETURN SPRING
g, ggL}‘ CARRIER 17. CAM PIN

. L ARRI 18 CAM P
9. FIRING PIN kit

Figure 2. Mechanism of the M16Al Rifle

A complete description of the mechanism and its operation is given in

the Technical Manual.8

The rifle can be divided into four major components to describe

15



the dynamic behavior. Figure 3 shows those components.

. _-BOLT,®
i é};{"‘CARRlER, @)

HAMMER, (@

GUN, (D

Figure 3. Major Components of the Rifle

The circled numbers after each component are used as subscripts to
denote the mass or displacement of that particular component; e.g.,

m3 is the mass of the bolt.

The system is simulated by generating the forces that act on each
mass. The equation of motion of any component, i, is then written

simply as:

mi X; = Sum of Forces.

The force-time or force-distance curves are simulated (or generated)
by the electrical components of the analog computer. The motion of

the mechanism is then obtained by summing the forces and integrating.

A basic characteristic of gun mechanism dynamics is the wide
range of the major parameters. For example, the weights of some

important components are:

Projectile-------r-cm-———- 0.00786 1bs.
Bolt------------mommm e 0.1235 1bs.
Carrier----------cec-ceoe—- 1.042 1bs.
BUN--=r=mremm st m s 12,93 d1bs.



The range is thus about 1 to 1500. Now, there is a corresponding range

of forces and their duration as indicated below:

Event Duration, millisec.
Metal-on-metal impact 0.1 or less
Powder pressure 1
Bolt locking and unlocking 2-3
Carrier motion (cycle time) 100

The range of the various parameters turns out to be quite natural when
one considers that the basic problem is to transmit the momentum of the
projectile and powder gases to the ground. The initial, large, powder-
pressure force is transmitted to successively larger masses, with con-
sequently smaller velocities and longer times. Thus, when the momentum
is imrarted to the rifleman's shoulder, the associated force is accept-

ably small because it lasts for a relatively long time.

The wide range of the parameters implies that the computer
resolution in force (voltage in the computer) and time must be better
than 1:1000. Stated another way -- the analog computer circuits must
have good response up to high frequency and must have small, long-term
drift. By proper attention to detail and the scaling of the various

parameters a satisfactory solution can be obtained.
III. THE CONTACT FORCES

In this rifle the contact forces (i.e., impact and locking forces)
are very important because every component makes metal-on-metal contact
with another component at some time during the cycle. A technique
developed by J. P, Laird9 has been adapted to this problem; and, since
it will be used over and over again, some general procedures will be

developed here.

Consider the two impacting masses shown in Figure 4.

74



p el SR 4
22N\

X ——

Figure 4. Impact From the Left

When m. strikes m, a force Fl will be developed, and

1 2 2
mp X = -Fpp
m, Xz = +F12, where
Fiz,u +h512, where

k = a very large spring rate

e = the "deformation"

{xl B T e 0}.
0 ] (xl - x2) <0

There will be some instances where m

12

1 strikes m2 from either

direction as shown in Figure S.

N
/ _ EQSZ:F\\//I 2//
Gy

. Figure 5. Impact From Either Side
In the above Figure, F12 is as described previously. However,

\\w

Fa1 = *Reyy
£21

18

+ {sz - x) =d, (x, - X)) -d 30
0 5 (x2 - xl) -d <0

}.



The forces are illustrated in Figure 6.

N ~
61 . |
+ | |
I (X|=X2) =(X2—X|)
—y Et2r-*_ -—i*ci—a-GZILak—

Figure 6. Impact Force vs Displacement

In the analog computer, the contact force is generated by a high-
gain, half-wave rectifier. For extremely high impact forces, additional
gain can be attained by entering the integrator with a gain of ten or
more. This generally will not overload the integrator because the

impact forces last only a short time.

Actual impacts generally are not elastic. Laird's illustration

of a bouncing ball with damping is shown in Figure 7.

SYSTEM ‘ EQUATIONS COMPUTER _DIAGRAMS
M
M :—f;- = - gM+F
. g Fakx-D3IX ifxg0
dt
: =0 Ifx>0
T

Figure 7. Bouncing Ball

In engineering practice damped impact is usually represented by

a coefficient of restitution, R.

19



_ relative velocity of separation
R = - - :
relative velocity of approach

Consider the usual differential equation:

M EEE-+ D dx + Kx =0, or (1)
2 dt 2
dt
d2x dx 2
—E 2 w— + w x = 0, where (2)
dt dt
mz = 5- and
£ w1
2 or
9
The relation between z and R for the bouncing ball is shown in Figure 8.
1.0g—
x
z
2 os {- ——
5 N 2 ./ KM
= N
[
T e |
R N\
g N,
= N
w 04 \\\\\
(3}
i <
w NG
80.2- . ~ \
\‘r\ |J|
0 | | |
(o] 0.2 0.6 0.8 1.0

0.4
DAMPING COEFFICIENT, {

Figure 8. Coefficient of Restitution vs Damping Coefficient
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In the M16 Rifle the collisions are between two moving masses rath-

er than between one mass and a solid stop. The question arises immedi-

ately -- Can Figure 8 and equation (2) be used to calculate D for a
two-body problem, given the coefficient of restitution R? To answer

this, consider the two moving masses shown in Figure 9.

= Vo
e

__.......x

Figure 9. Damped Impact Between Two Masses

Note that external forces due, for example, to springs or to friction
are not shown because they do not change appreciably during the very
short time of the impact. The momentum of the system consisting of my
and m, is, therefore, conserved during the impact. The deformation force

can be modeled as the sum of an elastic and a viscous force.

The equations of motion are then:

my El = -ke - D ¢ (3)
where ke = the deformation force, D& = the damping force,
e ={x1 e By 2 %) 3 0} .4 s
0 {xl = x2) <0 2
m, §2 = ke + D €, (5)

Combining (3) and (°5):

x2 = i .—""—m Xl (6)
and from (4):

(X; = %

2 >
0 A {xl - x2) <0

21



s 5 { m \ -
€ =Xy (1 + ﬂg;} , from {6). (8)
2

Combining (3) and (8) gives:

moom)\

e e + D& + ke = 0. (9)
1 2

Now equation (9) is analogous to equation (1), so that the relation be-

tween R and D shown in Figure 8 can be used for two masses, provided the

Sl
)

is substituted for the actual mass.

reduced mass--

Typical computer diagrams for the two-body problem are shown in

Figure 10.

FORCING
FUNCTION

A SIMILAR SYSTEM FOR GENERATING xg l'—-—

Figure 10. Analog Diagrams for Two-Body Impact

Note that the above diagram is somewhat different from that of Laird
(Figure 7) in that the velocity is formed explicitly. This is done

because in these simulations the velocity (or its sign) is used for
controlling some of the comparators. In addition, the velocity is one

of the desired computer outputs.

22



In neither circuit is the impact force generated explicitly. This

is no great loss because the mathematical model is not sophisticated
enough to yield accurately the large, short duration forces associated

with impact.

An interesting simulation is the impact between a mass moving along

a straight line and another mass that rotates about a fixed point, as

T

X 1L

shown in Figure 11.

Figure 11. Combined Linear and Angular Impact

In the M16 rifle this problem is illustrated by the contact between the
carrier and the hammer. As the carrier moves rearward it forces, or

rotates, the hammer downward to its cocked position.

The equations of motion for Figure 11 are:

mx = -ke - Dé , and (10)
I8 = (+he + De) 2. (11)
. 16
Thus: R also, (12)
_Jx -8, (x-26) 20
W f% - 28, (x - 120) 20
and > _{ 0 " om0yl = d} (14)
so that, during impact,
X = ; + % 5, or
v I
XR= el m£2 , from (12). (15)



Equation (10) may then be written:

I . .
(;’:‘;;E) me + Deg + ks = 0. (16)

Again, (16) is like equation (1) with the reduced mass
I + m£2 '
substituted for the actual mass.

These techniques will be used throughout the report to simulate

contact, impact and locking forces, which generally will be written:

T I R :
Lq 0 - €ij < 0

Now it must be emphasized that this force is only the elastic component;
there generally is a viscous component. However, to simplify the
writing, these forces will be designated by the elastic component with
the understanding that there is a viscous component, such that the
coefficient of restitution is 0.5 unless specifically indicated to be

otherwise.

Iv., THE FORCES DUE TO PRESSURE

A. The Powder Pressure

Since the powder pressure is the primary force acting on the
rifle mechanism it must be properly simulated. The powder pressure
could be calculated by the usual methods of interior ballistics}0
but for this study a measured pressure-time curve was used to insure
that it (the input to the simulation) was consistent with the simul-
taneously measured displacement-time curves to which the output of

the simulation will be compared.

24



Usually the pressure-time curve is simulated in the analog
computer by a diode function generator. It has been found that the
output of the diode function generator is not consistent and

; . 181
another technique was devised.

The basic idea of the technique is that a very good representation
of a given curve can be obtained by integrating a rough approximation
of the derivative of that curve. The derivative of the first part
of the pressure-time curve was approximated by a triangle generated

by amplifiers 126 and 127 of Figure 12.

/\ L—ECI35
/ !f- SWITCHES

+ . IN2 RCI INI

(2378 | 10 | al 3
+l 10eCI35 ! “4’ ‘Q | R
" /‘—-n
M
g IR e
44| 1 ({57 140 <1332 @

o
R S

Figure 12. Circuits for Generating the Powder Pressure-Time Curve
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The derivative was integrated to a point after maximum pressure by
integrator 129. At that point electronic comparator 135 switches and
changes the path of the input to 129, thereby inserting resistance
(potentiometer 147) in the feedback so that the integral (the pressure-
time curve) decays exponentially to zero. At a later time (t=.9ms) the

rate of decay was changed by reducing the resistance (pot 153) in the
feedback.

Comparisons of the simulated and the measured pressure-time
curves are shown in Figure 13.

50—
FIRST EXPONENTIAL STARTS MEASURED
a0l P, CHAMBER PRESSURE G T SIMULATED 4
IS —‘
2 SHOT EJECTION, MV=096 LB. SEC.
. E
b - 30 = —3 8
g | 3
ot 10k -
5 é 20 2 l-:.
2|8 g
= E_ ; 0
2 w
g .1 o 5 SECOND EXP. p, CAVITY PRESSURE Jw
g / STARTS o
/
/’ 1 0
0 Oo J

TIME, MILLI=-SEC.

Figure 13. Pressure-Time Curves

The measured powder pressure-time curve is not used directly

as the forcing function because the rearward force acting at the
chamber is opposed by the forward-acting friction forces between the
bore surface and the projectile and gas. These friction forces are
not known in detail, but the momentum of the projectile and powder
gas at the instant of shot ejection is known; i.e.,

(w B 0 e wchar e) VErojectile ’
PTroj > g
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This known value, together with the area of the bore, was used to
normalize the integral of the pressure-time curve and thereby
establish the scale of force (and powder pressure) to be used in the

recoil problem.

B. The Carrier Cavity Pressure

Methods for calculating the pressure in the carrier cavity are

3,4 1,

described in other Ballistic Research Laboratories reports.
this report the cavity pressure is obtained empirically from the
powder pressure in the chamber. The circuits for the cavity pressure

are shown in Figure 14,

_[Pm] NOTHING INI
5x10% 7\ IN2
. A140
-[ot2]
Al28 10 _[xezxs]
+| @ 0| EClII 557
AO8
(.4850)

Figure 14. Circuits for Generating the Pressure in the Carrier Cavity

The circuits are like the physical situation in that EC111 '"holds

off" the pressure for a time corresponding to the travel of the projec-
tile to the gas port and the transit of the gas to the cavity. Losses
and amplitude scaling are represented by pots 107 and 108. It must

not be inferred that this circuit could be used a priori to calculate
(or simulate) the cavity pressure. The circuit is empirical; the

pots were set by trial to match the measured curve. The curve shown

in Figure 13 was used.

It should be noted in Figure 14 that the cavity pressure is
suddenly reduced to zero at the instant of unlocking by RC 2. This

simulates the bolt striking the limit stop in the carrier so that

27



the cavity pressure can no longer have any external effect. (The limit
stop is approximatly 0.04 inches beyond the unlocked position, but

it was not practical to use that limit force, F to switch off the
iz

b,
pressure because the bolt can rebound between the stop and the top of

the cam path.)

C. The Control Circuit for the Pressures

When the hammer strikes the firing pin, it moves forward,
strikes the primer and fires the cartridge. In this simulation, the
impact of the hammer on the firing pin produces Fy which is used to -
trigger SCR1,, as shown in Figure 15.

ib -1

(.5000)
G IN2

INI %

RC3 7
A\\h_’/fc AT I

| OUTPUT OF AlI29 :—-—0

. SJ OF Al28

OUTPUT OF Al28

[]

7

-]

Al6 20

_SJ OF Al29

\

(.5000)
=S 106
NS g—o2LOF AlOE

RC4 OUTPUT 4A—e
INI OF Al06

Figure 15. Control Circuits

The current passed by SCR1 actuates relay comparators RC3 and RC4, re-
moving the short circuit on amplifiers 128, 129, and 106 (see Figures

12 and 14). This starts the pressure-time curves.

The relay comparators RC3 and RC4 are reset (de-activated) by
"breaking' the input voltage to the SCR, This is produced by the neg-
ative voltage, 'F12’ generated when the carrier strikes the gun
upon return to battery. The circuit is thus ready for the second

shot when the hammer strikes the firing pin.
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V. THE BOLT MOTION

A. The Linear Motion

In writing the equations of motion for the various components,

their position at the instant of firing will be taken as the origin,

as indicated in Figure 16.

AN
s AN R S anar,

4

@ HAMMER—/ 2l

—— X
Figure 16. Schematic Diagram of Components

The acceleration of the bolt, ;3, is equal to the sum of the forces

acting

on the

.

upon it divided by the mass of the bolt, m The forces acting

3
bolt are:

powder pressure force, +FP3 =PA;;

cavity pressure force, -F_ = —pA23;

locking force with gun, +F13 and —F31;

cam force, —Fz;

limit stop forces, —Faz and +sz.

_ The pressure forces are straightforward and are obtained from

the circuits of Figure 12 and Figure 14.

The contact forces are given by:

Fop = kESl’ where
cep = (x3 - xl) - A, (xs = xl) - A>0
0 5 (x3 - xl] =Al= g
A = clearance, (0.003 in.)

29



Likewise,

Fi3 = kejg
e (xl - x3) - A, ()c1 - x3) - A0 J
0 » (xl - XS) - A< O

The circuits for generating F,, and F;; are given in Figure 17.

]
sl
-[—5—] AO7 10
AOT
A
A= ] (‘2‘)
p' Sx10% ] 1 LI o 05,
'+[TE’] "““.E |07 [~ UNLOCKING
Al (1710) CONTROLLED BY nca/'.—:

Figure 17, Circuits for Generating the Locking Force

Note that -when the bolt becomes unlocked, amplifier 29 (FIS) is

short-circuited by relay comparator RC2 so that there is no force be-

" tween the gun and the rear surface of the bolt lugs.

The cam force and the limit stop forces are described in the

next section of the report.

The main loop for calculating the motion of the bolt is given in

Figure 18.
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B. The Angular Motion

The angular motion of the bolt is fixed by the bolt cam and the
linear displacement of the carrier with respect to the bolt,

(x2 = x3) = z. Figure 19 shows the forces associated with the cam.

CENTROID /—rc, CENTROID OF Fo
OF LUGS - CAM SURFACE i
&
S

~

a . _
NI Tl et

o —/ \---/’ z=(xg-x3) =

FACE OF BOLT CAM TRACK

Figure 19. Diagram of Bolt Forces

Methods for calculating the cam forces have been developed in reference

12. By those methods:

= kR [a -y (z)], and
> do
Fz = - Fu T > also
ft da dz
V(z) = A dt + ¢y (0),

Input data for the above equations were obtained from the drawings of

the cam, and are shown in Figure 20.
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The analog circuits for generating Fu and FZ
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Figure 20, The Cam Track and Its Derivative

are shown in Figure 21.
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Figure 21, Circuits for Generating Fu and
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Note that RC2 short-circuits amplifier 25 when z = 0.283 inches, so
that da/dz = 0. This same relay cuts off the cavity pressure, and the
contact (locking) force F31 between the bolt and the gun.

The angular acceleration, &, is equal to the sum of the torques

acting upon it divided by the moment of inertia, I3. Referring to

Figure 19, the torques acting on the bolt are:

* torque produced by cam, —F05 r
c

friction torque on ends of locking lugs, + u ([F31 = F13[) B

The loop for calculating o is shown in Figure 22.

_[Fm'Fls]
104

[ Fa: Fla
m°
R8O 2% = Fa1=Fisl "Fsal]
I " 0e
S * RC4
(5ll0‘(‘p) CDNTROLLED BY

Figure 22. Circuits for Calculating the Angular Displacement of the Bolt
Note that the friction torque always opposes the angular motion.

The end of the cam track limits the motion of the bolt with respect

to the carrier. The associated force is: (see figure 20)

F . =k (2" b)s (Zo-4b) =0
Zb{ 0 (z-b)<o}'

After unlocking, the angular position of the bolt must be
maintained so that the bolt can lock-up again when it and the carrier
return to battery. In the rifle this is done by engaging the head of
the bolt cam pin in a slot in the receiver (gun). The slot begins at
0.405 inches rearward of the battery position of the carrier. To

simulate the linear force imposed by this restraint (i.e., the
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impact of the pin on the topmost slanted part of the cam track) a limit

stop force is introduced at z = a; see Figure 20. This force is:

R (a-12), (a-2)320,z<0
Fo, = 0 g fa - z)=d .
0 : (x2 - xl) < 0.405 in.

Figure 23 gives the circuits for generating these forces.

«10°
(2"10 ) NOTHING A\ INI N\MEINGQ — \_[E] ‘-Foz'Fxb]
120

10
A43  plecie3

(5°)

Figure 23. Circuits for Generating the Limit Stop Forces

VI. THE CARRIER MOTION

The acceleration of the carrier, iz, is equal to the sum of the
forces acting upon it divided by the mass of the carrier, m,. The

forces acting on the carrier are:

+ cavity pressure force, +FP;
+ bolt cam force, +Fz;

- bolt cam limit stop forces, +F_, and <F s
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« driving spring force, -F

D;
. contact force with gun, +F12;
. buffer force, -FB;
- hammer contact force, —F24,

The first four forces above have been given previously. The driving

spring force is illustrated in Figure 24.

5 | |

—
L__ EYO =iy e 4
| 80=3.48_'l X2 =X, INCHES

Figure 24. Driving Spring Force

An Instron Tester was used to measure the spring forces with the spring
installed in the gun. The spring rate, Kc’ during compression is greater
than the spring rate,Kr: during release because the spring coils rub

on the housing and the buffer assembly. The equation for the force is:
|

p. &)k Sp iy S )s (XS ke )
Kr {6D + X2 = xl); (xz i xl)

are shown in Figure 25.

The circuits for generating FD
8D+!2—I|] (_.Kj.)

il :
A43 & :% s @2 Im ~ “|200
ALl .[ ]
et T L RN
*[%%ﬂ INI IN2 '[E%ﬂ

A24 Res ACO

Figure 25. Circuits for Generating the Driving Spring Force
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The contact force, F between the gun and the carrier, stops

123
the carrier at battery position. It is:
F,,- k (x; - %) 5 (x; - %)) 30
0 5 (xl - x2) <0

The buffer is considered to act like a spring with damping. Com-
pression tests of the polyurethane buffer button indicated that its
spring rate, KB, was approximately 5000 pounds per inch. The elastic

part of the buffer force is then given by:

=) Kg (X3 - %) = 6p), (x5 - % - 8p) 2
]<

B
0 5 (x2 - Xt GB

The velocities observed before and after impact on the buffer
indicated that the coefficient of restitution, R, was 0.47.
The damping coefficient, DB, calculated as outlined under ''Contact
Forces'", was 1.63 1b. sec/in. The circuits for generating F12

and FB are given in Figure 26.

Figure 26. Circuits for Generating F12 and FB

The hammer contact force, F24, will be described later in the report.

The main computing loop for the carrier is shown in Figure 27.
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VII. THE GUN MOTION

The acceleration of the gun, il’ is equal to the sum of the forces
acting on it divided by the mass of the gun, m, . The forces acting on
the gun are:

* powder pressure force, —FPl = -P (Al & Ab);

* locking force with bolt, -F13 and +F31;
+ contact force with carrier, -Flz;

+ driving spring force, +FD;

+ buffer force, +FB;

+ recoil spring force, -FR;

*  hammer contact force, +F24.

All of the above forces have been defined except the last two.
The experimental mounting of the gun had practically no friction, as
mentioned previously (see Figure 1), so that the recoil spring force is:
FR = Kl Xl.

The computing loop is shown in Figure 28.

VIII. THE HAMMER MOTION

At the beginning of this study the dynamics of a hammer were not
modeled. Although hammers are almost universal in hand guns, they
generally are not used in automatic weapons. The forward swing of the
hammer was important because it introduces a ''delay'" in the firing
cycle, but this motion can be calculated in the straightforward manner.
To provide data, the forward swing and rebound of the hammer were
recorded (with an empty chamber) but data were not obtained during a
firing test maiﬁly because of the difficulty of attaching to the

hammer a reflector that could be seen, or some other device.

Early results on the computer indicated that the simulated carrier
motion was faster than the measured motion. The observed retardation

was much greater than could be reasonably attributed to friction
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between the carrier and/or the driving spring and the receiver. Also,
no magazine was used in the single-shot experiments, so that there
was no friction between the carrier and the incoming round. However,
the camming and rubbing actions between the carrier and the hammer
can produce the slower motion of the carrier, as indicated by the

wear marks on the bottom of the carrier,

The initial forward swing of the hammer is simple harmonic motion
and is easily simulated. The impact of the firing pin, was (in this
simulation) at first on the carrier. However, this did not produce
consistent results because the equilibration of the initial driving

spring force between the carrier and the gun by F., caused a "jitter"

12
in the carrier as the hammer moved forward. The rebound of the
hammer was affected by the jitter. To eliminate this effect the

impact was '"moved" to a solid stop, and the impact torque was:

. _)-Ke, 850
Te _{ P 0}, where

K = a high torsional spring rate, in. 1b/rad.

The damping coefficient was calculated to be: De = 2.765, corresponding
to the observed coefficient of restitution of 0.7. Note that T8

triggers the pressure-time curve (see Figure 15).

The subsequent interaction between the hammer and the carrier
is illustrated in Figure 29. In writing the equation of motion for
the hammer, the point, O, will be assumed to be fixed. Hoﬁever,
point 0 accelerates with the gun so that an additional torque, Tg’
should be applied to the hammer. The torque is:

Tg = -m, X
A

1 A cos 6, where

distance from 0 to CG, see Figure 29.

40



CARRIER

x\\_\x

/

zz//{zu%/ @ 3

GUN
X|

Figure 29. Carrier-Hammer Diagram
The omission of T is most serious during the time the powder pressure
acts {il is largeﬁ. Its main effect is thus on the rebound of the
hammer. Now the impact of the hammer is: on the firing pin, to the
primer, to the cartridge case, to the gun. The rebound from all of
these parts can be further complicated by a large rearward force on
the firing pin due to setback of the primer cup. In view of these
complications and the lack of measured motion of the hammer and the
instabilities in the analog circuits mentioned previously, the torque,

Tg’ will be omitted.

The angular acceleration of the hammer, 6, is equal to the sum of
the torques acting upon it divided by the moment of inertia, Iye The

torques acting on the hammer are:

+ spring torque, —TS;

+ impact torque, + Te;

* limit stop torque, —Tm;

* latching torque, +T ;
contact torque with carrier, +T24,

The initial conditions are:
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6(0)
8(0)

1

1.065 rad (61°)
00

The torques are:

Ts = To + K 6, where
To = torque when 6 = 0,
K = torsional spring rate,

Tm ¥ {K kg E}In)’ (0 = em} z 0} where
RO R

em': limit stop position.
A K (eg- Ao 82, g =0
2 B 5.8 >80 >

0 , when %rigger is pulled

Note that Tm and TR do not react on any other part. Since 6 is

roughly 65° when Tm and Tk take place, the horizontal component of

the associated torques are small and would have little effect on the
horizontal motion of the much heavier gun. The circuits for generating

these torques are shown in Figure 30.
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Figure 30. Circuits for Generating the Torques on the Hammer
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The contact torque with the carrier is:

T o= |F24] £, T4 2.0, where

24
f.h distance from hammer pivot
to carrier; see Figure 29.

s PG e ) ) {}

e ~hlyeyys (xy - X)) <0
e x, - x) = 8] £ [elx, -ox) - 6] 300
524_{ 2 01 eh %cp(xg—x}) - 98] QO}‘

The measured rotation of the hammer vs displacement of the carrier,

shown in Figure 31, is the basis of ¢(x2 - xlj.

80
SOLID STOP AT 70°

LATCH AT 67.5°

40

20

HAMMER ROTATION, 6, DEGREES"

| | |
0 | 2 3

DISPLACEMENT OF. CARRIER (x2-x;), INS.

Figure 31, Hammer Rotation vs Carrier Displacement

The circuits for generating the hammer-carrier force, F24, are

shown in Figure 32.
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Figure 32. Circuits for Generating the Hammer-Carrier Force

The loop for calculating the motion of the hammer is shown in

Figure 33.
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Figure 33. Circuits for Calculating the Angular Displacement of the
Hammer
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DISPLACE MENT,

IX. RESULTS

The final result, or calculated motion of the components, is illus-

trated in Figure 34.
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Figure 34. Displacements and Velocities vs Time

The agreement between the measured and the calcuiatel motion is quite

good, lending credence to the mathematical model of the gun mechanism.

Now it must be emphasized that one should not expect the very good

agreement shown in Figure 34 to be obtained by use of a priori methods

alone.

and several of the parameters were revised.

To obtain these results, some of our first concepts of the model

The revisions generally were

not drastic, mainly reflecting our lack of knowledge or experience

45



in evaluating losses such as inelastic impact and friction. However, it
is those revisions that are important in advancing our ability to devise

more realistic models, and they will be discussed in some detail.

A prime reason for the good agreement is that the pressures (see
Figure 13) were measured simultaneously with the displacements. Even
here one must be careful. In converting the pressures to the forces

shown in Figure 35, the area A, was initially taken to be the external

1
area of the base of the cartridge case.
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Figure 35. Forcing Functions

The calculated recoil velocity of the gun was significantly larger

than that measured; when A, was changed to the internal area of the

base of the case, (i.e., tie proper value) the agreement was adequate
as shown. Also, the calculated velocity of the carrier continued to
increase for a longer time than did the measured velocity. It was
then realized that when the bolt cam pin strikes the end of the cam
track in the carrier, the cavity pressure produces only an internal
force between the bolt and the carrier, and thus has no effect on
their motion. Therefore, the carrier force was reduced to zero at the

proper displacement by RC2 of Figure 14. The corresponding time was
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approximately 3.1 milliseconds, as shown in Figure 35.

The net force (PAl - pAZS) acting on the bolt is shown at the right
of Figure 35. Note that after about 1.5 milliseconds the force is
negative; i.e., the bolt tends to move into the chamber, because the
much larger area of the bolt cavity ''magnifies' the cavity pressure.

The net force acting on the bolt is transmitted to the barrel by the
contact force {Fls—Fsl), so that the two forces should be equal when the
bolt is locked to the barrel. The agreement is illustrated in Figure 35.
As pointed out in '"Contact Forces," (F13 - F31) is only the elastic part
of the contact force because the viscous part is not generated
explicitly in the analog circuits. The rapid oscillatory nature of the
contact force is to be expected because it is generated by impact. On

the average, the agreement is very good.

The initial velocities are shown in Figure 36.
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Figure 36. Initial Velocities
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The velocity of the bolt is very rough because it oscillates through
the clearance between the bolt lugs and the barrel (gun). The initial,
very large spike in the bolt velocity is due to the applied powder
pressure; it is immediately reduced by the bolt reacting on the gun
and carrier, moving them rearward. The second (negative) spike in the
bolt velocity curve takes place as the applied force changes sign

(see Figure 35). At about one millisecond the carrier cavity ﬁressure
moves the carrier rearward with respect to the bolt. At two milli-
seconds the bolt begins to rotate, completing the rotation at about
three milliseconds. When the unlocking is completed at about 3.1
milliseconds and the bolt cam pin strikes the end of the cam track,
the bolt is "snatched" rearward by the carrier. After rebound, the
bolt and carrier come together again at 4.5 milliseconds and travel

rearward.

The calculated motion of the carrier’ as it moves rearward toward
the buffer, was at first much faster than the measured motion., It
was thought that perhaps the action spring buckled and rubbed against
the housing and/or the guide assembly, thereby introducing large
friction forces. To check this, the barrel, the bolt, and the hammer
were removed from the rifle and it was mounted in the Instron Tester
to measure the force-deflection curve of the action spring. Repeated
trials showed that there was a real and consistent difference between
the compression and the release loads, or spring rates, KC=1.56 1bs/in.,
Kr = 1.42 1bs/in., but it was not great enough to account for the
difference between the calculated and the observed motion of the

carrier.

It should be noted, too, that the motion was measured when a
single shot was fired, so that there was no magazine with an incoming

round bearing against the bottom of the carrier.
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Since the difference between the calculated and the measured
velocity of the carrier could not be attributed to friction, it appeared
that the hammer was exerting a greater effect on the motion of the
carrier than had been expected. Prior experiments by Werner showed
that the hammer rebounded after impact on the firing pin as illustrated

in Figure 37.
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Figure 37. Hammer Rebound

The motion was measured without a round in the chamber. The
rebound indicated that the coefficient of restitution was 0.7. In
an actual firing the coefficient of restitution could be smaller
because the firing pin deforms the copper primer cup; or it could be
larger, because the primer cup (and firing pin and hammer) are some-
times driven rearward by the pressure inside the cup. In any case, a

dynamic model of the hammer is required, like that described previously.

49



The interaction of the hammer and the carrier is shown in Figure 38.
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Figure 38. Interaction of Hammer and Carrier

Note that after the hammer moves forward and strikes the firing pin

it rebounds (R = 0.7). As the carrier moves rearward after firing

the point of contact with the hammer is given by ¢ (x2 —xlj. The
carrier catches up with the rebounding hammer at about 4.8 milliseconds,
impacts it, (R = 0.5) and drives it rearward. Note the drop in the
velocity of the carrier. The hammer strikes the limit stop and

rebounds (R = 0.5) and then is caught on the sear and rebounds (R = 0.5).
The impact of the hammer on the limit stop and the sear is not reflected
in the other motion because 6 is approximately 70° (see also Figure 31)
and the impact forces are almost vertical. The carrier continues its
rearward motion, and at about 13.5 milliseconds impacts the hammer
again, camming it down off the sear. The following series of small
impacts (or rubbing) has a very noticable effect on both the recoil
(positive) velocity and counterrecoil velocity of the carrier. Note

the change in slope of the counterrecoil velocity of the carrier as it
moves forward and leaves the hammer on the sear. The polished contact
surface on the bottom of the carrier is very practical evidence of the

rubbing between the carrier and the hammer.

To further illustrate the importance of the hammer motion, a
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phase-plane diagram of the carrier motion is shown in Figure 39. The
spring force is also shown because the intersection of the spring force-

distance curve with the x-axis i1is the center of the circle that
13

represents the undamped motion.
10 5 0

Il 1
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Figure 39. Phase-Plane Diagram of Carrier Motion

Note that the counterrecoil motion (top left portion) is an arc with

the proper center after the carrier leaves the hammer on the sear. The
calculated motion could be made to agree better with the observed motion
of the carrier by adjusting the coefficients of restitution, but since
the motion of the hammer was not observed, the additional refinement is
not warranted. The lower part of Figure 39 shows the calculated motion
of the carrier when the hammer is omitted. The observed recoil velocity
is very much less, and the calculated counterrecoil velocity does not

show the discontinuity.
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X. RESUME

Since the output of this model of the M16 Rifle mechanism agrees
reasonably well with the corresponding observations, it can be said
with some certainty that the model generally should be adequate for
studies to evaluate the effects of changing the masses and forces of the
system. In particular though, the inferred details of the hammer-carrier
interaction might be questioned because the hammer motion was not
observed. It must also be pointed out that the carrier has béen con-
sidered to be a single mass. It is instead: the carrier proper, the
guide tube, six inertia weights and five rubber discs. A great deal of
effort apparently was spent on developing this multi-mass system to
insure that the carrier would not rebound from battery and prematurely
unlock the bolt--a fault common to many locking-unlocking mechanisms.

In this model the behavior is simulated by a simple impact with an
appropriate coefficient of restitution. In both cases there would be

no difficulty in refining the model, if observations indicate the need.

Some recent experimentsl4 on the rifle show that the friction
force between the incoming round and the carrier is large and variable
for the first several rounds of a twenty-round magazine. The experiments
also show that the coefficient of restitution of the polyurethane buffer
button varies for the first three rounds of a burst. Neither of these
effects are included in this model, but they could be added with no
difficulty.

Now it may seem that a great deal of effort has been used to
obtain this model, especially since the 20mm, M-139 Gun was simulated
with only about half of the analog components used in this simulation.
However, that simulation ignored the details of both the gas-operating
system and the locking-unlocking system. As a result only two
coordinate systems were used; five are used in this model of the M16
Rifle.

The need for greater, or less, detail in a model or simulation

depends, of course, on the final goal, but whether or not it should be
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done can be decided from the intimate relation between the engineer
and the analog computer. The importance of the various parameters is
established early in the process when the problem is scaled. The
ability to obtain an immediate solution and the ease with which the
parameters can be changed provides an immediate '"sensitivity analysis"
that facilitates an on-going appraisal of the adequacy of the model.
In this way, the analog computer forces the engineer to understand and
to refine not just the model, but also his knowledge of the actual

mechanism.

This situation has provided the stimulus for some important
advances in our ability to calculate the kinematics and dynamics of
automatic weapons. In the very early part of this work it became obvious
that a comprehensive model of the gas-operating system was required for
a reasonable understanding of the dynamics of the mechanism. These
models provided detailed forcing functions, and thereby brought about
a need for greater detail of simultaneous resistive forces such as the
cam and the unlocking forces. The aforementioned techniques for
calculating the kinematics and dynamics of cam systems were therefore
developed. Metal-on-metal impact is the rule rather than the exception
in practically all gun mechanisms. Laird's technique for modeling such
impacts had been used previously but further adaption and more concise
definition of the damping parameters in the two-body problem had to be
devised for this study. More importantly, the technique was extended
to describe the combination of linear and angular impact, which was

required to model the carrier-hammer interaction.

As a consequence, the most important aspect of this report is that
the techniques developed for simulating the forces acting on the M16
Rifle mechanism provide the engineer with the basic tools for modeling

other self-powered automatic weapon mechanisms.
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