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1.0 INTRODUCTION

For many years the Arnty has encountered problems in hard stand test

firings of shoulder supported weapons. There are two basic causes for

these problems:

a. Test fixtures do not adequately represent actual firing

situations, which results in an iacongruity between data obtained in test:

firings and actual field use firings,

b. Test fixtures are not universal, so that a particular weapon

might reveal one set of characteristics in one type of fixture and a

different set in a second type of fixture. For the above reasons many

weapon producers have, in the past, been forced to shut down production

because their weapons failed to pass acceptance tests. It is estimated

that over $100,000 could have been saved on the M416 rifle program if only

one of the many production shut downs due to weapon malfunctioning was

eliminated.

The objectives of this report are to determine the feasibility of

designing a small arms mount, that adequately simulates the mount reaction

force for an actual shoulder supported firing configuration, and to pro- I
pose a design concept of a mount fixture and arrive at the critical design

parameters for the fixture.

To show the feasibility of designing a mounting fixture, a prototype

mathematical model was developed that simulates the man and weapon as aI

coupled dynamical system. The derivation of the model equations is

presented in Section 2.0.

Successfully modeling man as an integral part of a weapon. system rests

upon two important facts. First, the dynamical motions that occur in a

typical, shooting situation are characterized by small angle oscilliatory

motions of the human operator about an initial aiming position. Second,

the app~ied breech pressure force consists of a periodic sequence of

impulses. Man's neuro-muscular reaction time is slow compared with the

weapon firing rate and his ability to think and actively respond to these
foice inputs does not influence the dynamics of the system until after a

significant amount of time has elapsed. An initial passive response phase

of motion is, th~refore, a characteristic of the man-weapon interaction

problem.



Before listing the specific modeling assumptions, a discussion of the

exact nature of human dynamical response is presented. The human body is

a nonhomogeneou.s composition of body segments with multiple degrees of

freedom. In addition to being nonhomogeneous, each body segment is deformable

because of blood flow and muscle action; furthermore, the human neuro-

muscular system behaves as a servo control. mechanism to force inputs.

Some pecularities such as blood flow have little affect on the dynamical

behavior of the human body. The dynamical representations of the body

segments and the representation of the shooter's behavior as a servo control

mechanism is treated by making certain mechanical assumptions.

Because of the overall complexity of the human body, mathematical

models of mechanical systems involving human body interactions must per-

tain to rather specific configuratious. Instead of modeling the man-

weapon interaction problem for all types of firing positions, a more suitable

analytical approach i~s to model one specific firing position. In this

way the kinematical constraints become easier to prescribe and the resulting

positions are standard for small arm weapons. The vertical standing position,

with the rifle held up against the right shoulder, was chosen for this

analysis primarily because the motions of the man and weapon in this position

can be adequately represented with only three independent degrees of free-

dom.

For convenience the time history of motion of the man-weapon syst--m

is separated into a set of distinct phases. In particular, the human

operator's neuromuscular response is separated into a passive phase followed

by an active phase. Breech pressure forces for the M16 rifle consist of a

series of impulses of approximately one millisecond duration, which repeat

periodically approximately every 80 milliseconds. Because the human body

is not capable of reacting actively to force inputs dilring the first

150-200 ins, this initial time interval is characterized by a passive response

of the human operator. Afterwards, the neuromuscular system, which acts

somewhat as a servo control mechanism, can significantly influence the wea-

pon motion; however the physical effects of the man' s active neuromuscular

response generally are not noticeable until after 300 milliseconds have

elapsed.
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Ma~ch insight, in the problem of modeling man-weapon interactions,

was pro-vided by observations of high speed photographic films that

were Pb rained from tests conducted at the Harry Diamond Laboratory.

In t.,hese films, both the top view and the side view of a man firing the

M16,U. rifle in automatic fire were recorded. A stationary grid was placed

behind the test subjects to provide an inertial reference system. The rifle

was held by the test subjects in each of three separate firing positions:

a. off the hip

rb. on the right shoulder with the body in a vertical standing position

C. on the right shoulder with the body in a slanted position

The vertical standing position was selected for the theoretical analysis.

Observations of the films helped to establish the predominant degrees

of freedom of the system and the time history of motion in each coordinate.

Additional high speed photographic data were obtained by Mr. Thomas Hutchings

for the M79 and M203 grenade launchers. This data provided the time history

motions for the higher impulse weapons (the M79 and M4203 grenade launchers

generate an impulse of about 2.5 lb-sec compared with 1.2 lb-sec for the

M416 rifle). Additional data was obtained for the M416 rifle at the Keith

L. Ware Simulation Laboratory, Rock Island Arsenal. A load cell device

was used to measure the transmitted shoulder mount force and two displacement

transducers were used to obtain the weapon rotation. These experiments

are discussed more fully in Section 3.0. The data from these experiments

provided considerable insight on how to construct the analytical model

and also provided a means for estimating some of the unknown system parameters.

Section 4.0 contains the results of a sensitivity analysis that was

performed with the man-weapon interaction model. As a result of this

antalysis, two prototype small arms mount designs are recommended. The

conclusions and recommendations of this study are presented in Section 5.0.

1-3 The following page is blank.



2.0 DERIVATION OF THE BIOMECHANICAL EQUATIONS OF MOTION FOR SHOULDER
FIRED SMALL ARMS

2.1 Test Fixture Design Procedure

The design specifications for the universal small arms mount fixture

were obtained from analytical simulations of the biomechanical inter-

-action problem. That is, the design configuration and design parameters

of the mount are based on results of a dynamic analysis of the man-weapon

interaction problem. The specific steps followed in this procedure are

listed below:

a. Determine, through observations of high speed film data, the

minimum required number of independent degrees of freedom needed to

represent the biomechanical interaction forces for shoulder supported

small arm weapons.

b. Develop a biodynamical model of the man-weapon system and

determine the sensitivities, of mount force and of the pitching motion of

"the weapon, to variations in the various biomechanical system parameters.

c. Obtain a preliminary design for a universal small arms test

fixture based on the biomechanical analog and obtain bounds on the

critical design parameters from results of the sensitivity analysis.

2.2 High Speed Photographic Test Results

In order to determine the number of independent degrees of freedom

that are associated with the man-weapon interaction problem, several high

speed photographic film tests were performed for shoulder supported firings

of the Ml6AI rifle and the M79 and M203 grenade launchers. These tests

involved several shooters of various weights and heights so that the effects

of variations in human mount characteristics would be observed. The data

extracted from these tests include the transmitted recoil force and motions

of the weapon and the shooter. The shoulder support firing configuration

was selected for the tests, because the weapon mount forces are easier to

measure and the biodynamical motiona are less complex than for other standard

firing configurations, such as the off-hip configuration.

2-1
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Observations of the high speed photographic film data led to the

development of a man-weapon biodynamics model. The films recorded the

test subjects in both the top and side views. The top view was obtained

by a 450 inclined mirror located directly above the test subject. During

the tests, the shooters fired five rounds from the Ml6Al rifle in single

shot, semi-automatic, and burst modes, and fired single shots from the

grenade launchers at various range settings. Observations of the film

sequences for these tests indicated which rotational and translational

motions of the weapon and shooter are predominant.

In addition to the translatory motion of the weapon toward the

shoulder, two predominant motions of the man-weapon system were observed.

These motions include:

a. A rotation in the vertical plane of the upper torso of the man,

who initially (for approximately 0.3 second duration) pivoted about his hips.

Afterwards the man appears to consciously react to the weapon recoil and

his motion becomes more complex.

b. A rotation in the vertical plane of the weapon and the shooter's

arms, pivoting about the shoulder. The top view revealed a negligible

amount of yawing of either the shooter or the weapon compared with the

vertical pitching rotations. Selected angles aud position coordinates

were measured for each film sequence using the Vanguard Motion Analyzer

at the University of Iowa Hospital Biomechanics Laboratory in Iowa City, Iowa.

Results of the high speed photographic film tests reveal a period

of relative inactivity in the pitching rotations for approximately the

first 20-50 milliseconds after the commencement of each shot. This delay

effect is probably caused by the compression of weapon padding and soft

body tissue as the weapon translates toward the shoulder. After the weapon

is fully compressed against the shoulder the remaining kinetic energy of

the weapon induces the rotational pitching motions of both the man and the

weapon. Yawing motion apparently was minimized by the stance of the man,

as the weapon is held almost parallel with the breadth of his chest during

firing. The net torque produced about the man's vertical yaw axis is

therefore small.

2-2
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2.3 Man-Weapon Model Assumptions

A mathematical model simulating the man-weapon biodynamical interactions

from weapon recoil was then developed based on information supplied by the

film data and on biomechanical data supplied by various sources. Figure 1

contains a schematic representation of the model. The X1 , X2 , X 3

coordinate system is a fixed system with the origin at the man's hip.

Coordinate system Y 2. Y2' Y3 is attached to the right shoulder pivot and

rotates with the weapon. The Y2 axis is parallel to the gun barrel center-

line. Variable x locates the center of mass of the weapon combined with the

man's arms. Variable 0 measures the absolute pitch of the man in the X -

X3 plane and variable ý measures the pitch of the weapon relative to the

man's trunk. The total pitch of the weapon is therefore the sum of angles

0 and .X3

-•" 3 Y 2

!•Figure 1 Man-Weapon Interaction Model
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Because the development of the biodynamics moel1 involves, in part, a

mechanical description of the human body, several simplifying assumptions

were required in order to arrive at a fairly simplified but realistic

representation of the system. There is no simple or easy approach to

modeling human body dynamics and very little useful data is available on

biomechanical properties of the human body. The feasibility of successfully

modeling man as an integral part of a weapon system rests upon several

important considerations, which are discussed below:

(1) The breech pressure force for small arm weapons - rifles and

grenade launchers - is impulsive. A typical breech pressure force curve

for the M16Al rifle is illustrated in Figure 2. Normally the Ml6AI

generates approximately 1.2 lb-sec impulses of about one millisecond

duration that repeat periodically every 80 milliseconds.

(2) During the initial portion of a burst, the shooter responds

passively to transmitted mount forces. Thus, even though he may anticipate

the impulsive recoil force and prepares, his muscles accordingly, there is

an initial tiae interval during which the shooter is unable to respond

actively to the pulse.
The duration of this passive phase depends primarily on the shooter's

[I neuromuscular reaction characteristics. Moreover, the actiye response

of the shooter intuitively should not have much influence on the time

history of the transmitted recoil force. One might expect, however,

that the active human control response, after approximately 0.3 seconds

or so, nmight have a significant effect on the angular positioning of both

the weapon and the man's upper torso.

c. Observations of the high sp ad photographic film data reveal

that, during the passive response phase, the shooter's hips remain

stationary; consequently only the upper torso and arm segments are

represented in the biodynamics model.

d. High speed photographic films reveal that the maximum angular

pitching motions of the man's upper torso and the weapon are generally less

than 100. A small angle approximation is, therefore, applicable in the

formulation of the biodynamical equations of motion. Small angle approximations

are particularly useful. for generating problem solutions on the analog

computer.

2-4
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Figure 2 M16 Breech Force vs Time

e. The human body can be represented dynamically as a systet )f linked

rigid bodies that are internally stable and homogeneous; furthermore, each

rigid body can be represented by simple geometric forms (i.e. elliptical

cylinder, frustrum of a cone, etc). These approximations of the human body

have been used in the works published by the investigators listed in

References 1
)

2
J3.

2.4 Historical Background on Human Biodynamical Research

The lumped mass approach to modeling the dynamics of the human body

requires the specification of segment masses, moments of inertia and centers

of mass. Active interest in determining the segment characteristics of the

' ! ~ ~~~~1Whxit.(•etL (C. V., ",')l'S' i)yii~h,,I,' )"+loiiq+'e Chi~iuiuir i't' I'.•lcu of[ W('Ilii.t~hl s'

M[a| i "' ti l of ,cIi 1 IC' 0' 'il, :..- , is .i h lFo '(r'c 'Il1l. I . l(- iif 'Jo'f Chll(i] y0VY

I I ' Miit U I IL A t(":lii •t )' Forecc Jifi, Ohio, A I'i,- 'TR-63-18, AD 412',
4 1, 1.962

LNcC( ihi, J ,I. on ld Seguer, ). I:. ", 'Tuii uo ]" i:r: D1,o i tl'ifl I )I llnaie'i. of

it VA L I it LtA ( 9'-Co 1t I Lof ],kI (AI.1 c 1 i: 1ii O tio -0 l i11:l I'; Ilo ) H1 11;1 tC I'
of S iC ,•iv .I 'C'uiv ' T ; I A Li "oi'i r .vuI IVI Ii .l 'L r 0f TrVk:I11no.1 'VI , N lrJg-ht PA t tt "or~011

Air I'uc. oi.'-, (Ohio, AD 610L:I9, 1964

3mctiler•ry, It.R. and Naab, K.N., "Compuiter Sflitilati on of Lhi AutLoIjobile

Cril!'o Victim Il n Frontal C(G1iu ioio--A ViaiIdaLoJilI ,tudy, Cornel.] Acroniti-
cal loboru tory, JiiiC., Buffo']o, Now York, CAG OljiL No. 11]-2126-V-lk 1966
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human body has been undertaken by numerous investigators. Braune and Fisher •

in 1889 performed experimental research on three cadavers and published

a comprehensive study o! weights, volumes, and centers of mass of the body

and its segments, Later, in 1906, Fisher 5 experimentally determined the

moments of inertia of segments from a single cadaver. Since that time

interest in this subject diminished until rather recently. Dempster 6, in

1955, published a study on human biomechanics that contains experimental data

taken from eight cadavers.

The specific data presented in this study includes segment weights,

moments of inertia, densities, center of mass locations and volumes. Using

data compiled by Dempsuer, Braune and Fisher, Barter 7 in 1957 prepared a

series of regression equations for predicting body segment weights from total

body weight. These equations have been used extensively by biomechanical

engineers and designers. In 1963 Santschi 8 and his co-workers reported on

moments of inertia and centers of mass of sixty-six live test subjects.

Santschi attempted to answer the pertinent question of whether or not body

segment parameters can be predicted, to a reasonable degree of accuracy,

from anthropometric dimensions. He discovered a high correlation factor

of segment centers of anss and moments of inertia with an individual's

anthropometric dimensions.

2.5 System Kinetic Energy

The formulas that were used to predict the physical characteristics

of the man's upper torso and arm segments are listed in Appendix A. Since

the man-weapon interaction problem has been reduced to three independent

degrees of freedom, the segment masses corresponding to the man's upper

torso (i.e. the head and torso) are combined to form a single rigid body

4 fBrnaue, W. nmd F],jcher, 0., "The Center of Cravity of the Hlulnani Body
as Ielat(ed to the German linfantrymani," Leipzig, ATI 138452, 1.889

5 F1jnchrc, 0. , ''Thieoretic,.i .t,,daioenitalfi for a Mechanics of Living Bodies
with Sple. al Applica1. lonti Lo Man v W(ell. at; to Snol' PI'rocLes" of Motion
of Machinoes," B.G. Tubner, ]errlits, ATI 153668, 1906

6DLeiupft(!v, W.T., "'Space RoquIrerentJi' of the Seat'ed Operator," Wr•ighit:
Air hPoveJopilcnt Center, TR-55-159, Wright-PatLerson Air Force Base,
Ohio, AD 87892, 1955

7Barter, J.T., .'Fst Iczt3on of the aHass of Lody Segit..ntn," Wright Air
Developlimnt Cenlter, Wright-h'atteroon Air Force Bane, Ohio, TR-57-260,
AD 118222, 19571

OSamtrtchi, W.R., DuBois, J., a,'c Od oLo, C., "Moments of Inertia and
Centers of Gravity of the livit;g Hhuman Body, Aerospace Medical
Resoarch Inbowrn)oripm, Wrighst-.'atLeiorzo Air Force Base, Ohio,
AMRL-TDR-63-66, AD 410451, J963
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and the segment masses corresponding to the man's arm segments and hands

and the weapon are combined to form a second rigid body. The rigid body

comprising the trunk and the head is allowed to rotate in the vertical

plane about the man's hip, while the rigid body comprising the man's arms

and the weapon is allowed to translate in the direction of the recoil force

and rotate vertically about the shoulder hinge. Any bending of the man's

arms during a firing event is considered small and is neglected.

Referring to Figure 1, the kinetic energy' of the system is given by

Sz [ 2 •+ (0 +$) 2 +i - "- rm (2-
T [ 2 cm r cm rcm + m r. r(

where

'I - Moment of inertia about the center of maes of the head-trunk

rigid body.

I r = Moment of inertia about the center of mass of the arm-weapon
rigid body.

M - Mass of the head-trunk rigid body,

m - Mass of the arm-weapon rigid body,

rcm - Time derivative of the center of maas location of the head-trunk

rigid body, and,

r - Time derivative of the center of mass location of the arm-weapon

rigid body.

In the XV x2, x3 frame, the components of vectors rcm and r are

r cm 3 rcm (-sin 2 + cos x3) (2-2)

r = [x cos (0 + •) - L sinO] 0 2

S+ [x sin (0 + •) + L cos 0] x 3  (2-3)

Taking the time derivatives of expressions (2-2) and (2-3) and substitut.ng

into equation, (2-1) leads finally to result

(,Ic +h r2m) 52 + Ir (6 +

,C+ [ - cos ý)2 + (x + (x L sin ) (2-4)

U. 2-7
m m



9.6 System Potential Energy, Dissipative Mechanisms, And Generalized Forces

In order to obtain an expression for the system potential energy,

the passive response of the man's muscles must be taken into account.

Prior to firing, the shooter's muscles are in a state of preloading to

support the weapon and to balance the forces of gravity on both the man and

weapon. After the commencement of firing, the approximation is made that

passive restoring forces, produced by the various muscles in the upper torso

and arms, can be represented by a system of linear springs and dashpots.

This approximation is justified based on the small orders of magnitude of

the angular deformations resulting from weapon recoil torques. Torsional

springs and dashpots are, therefore, included in the model to resist motions

in each of the two rotational degrees of freedom. The rearward translatory

motion of the weapon initially causes the fleshy padding on the shoulder toJIcompress. Any further rearward displacement of the rifle results in the

stretching of the muscles and ligaments that attach to the bone structure

of the shoulder. Resistance offered by these muscles and ligaments is

I modeled by a relatively strong spring and dashpot, while the initial soft

compression of the shoulder is modeled by a relatively weak spring. Having

represented the elastic and viscous damping characteristics of the model,

the system potential energy, V, then becomes

2 0 (a - 4+- (1 ) - )

2k e(X - )2 for x >x:+ w

kx (x - xs) 2 + kx (xs - I Ix - 1 (Xs + Xe)] for x < x

Ss w

+ M g rcm (cos 0 - cos 0 0) + mr g [L(cos 0 - cos 00)

+ x sin (0 + x) - o sin (00 + 4o)] (2-5)

wherc

kl kV k1,(,. kx " system spring constants
w 8

0 Go X0  • initial conditions for variables 0, 4, and x respectively

e0 e' x static equilibruim spring positions

-:g = gravity constant

S:,2--8
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and

x s distance from the shoulder at which the shoulder jpring stiffness

changes value.

Because the only dissipative mechanisms in the model are viscous dampers,

a dissipative force potential, P, can be defined and is given by

1 2+ c .~2~l $2 (2-.6)_P 2 x e x ' + C o 6 2 T- C

where c, XC, and c• are the damping constants for the variables x, 0, •,

respectively.

Referring to Figure 3, the generalized forces produced by the breech

pressure force, F(t), are

- F(t) (2-7a.)

A

Q6 (•D/A xF) x,

and

Q¢- (D/B F YI

where

rD/A - [-L sin 0 + x cos (0+) - 6 sin (0+ )] + X2

+ (L cos 0 + x sin (0+) + + cos (04.)] X3

rD/B x Y2 + 6 Y3

-F(t) Y2

- -F(t) [cos (0 + X) x2 + sin (0 ý "X3]1
Expanding the above expressions for Q0 and 0, yields finalIy the results

Q6 - (6 + L cos 0) F(t) (2-7b)

and

Q - 6-F(t) (2- c)

2.7 _1.ynamical Equations of Motion

The dynamical equations of motion of the man-weapo•i interact-.-,I pr''.b-

lem were derived using the Lagranglan formulation,

2-9
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Figure 3 Generalized Force Diagram
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d 8L aL + ardt+• ) •-•x"q (2-8a)
dt iax ax ak X

d ;L DL+ P
dt aO ao 6 • =Qe (2-8b)

d a a + a Q = (2-8c)
dt Ta 3 a j

where L A T - V is the Lagrangian .potential function. Substituting

equations (2-1) to (2-7) into equations (2-8) and rearranging terms leads

finally to the following matrix equation:

a11 -a 2 1  0 x f

-a2l a2 2 + a 3 3  a2 3  I f (2-9)

0 a23 a3 3

where
all - mr

a 2 1  - mr L cos

22 I+ +M +m L 2 +2m L x sincm cm r r

a23 - a33 + mr L x sin

833 - r + ir X2

f - F(t) + Ir x (6 + ;)2 + m 62 L sin O
xr

C X - Mg sin (0 +)

k~ (X - x e) ,for x > s

kX (X - X8) A- kx (xs -x e) for x < Y.ss W

2-11
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I
f - (6 + L cos ), F(t) - c0

- 2 x( + $) (x + L sin4)r

- mr L x ) (2G + 4) cos - k 0 (0 e)

+ M g r sil U +m g [L sin 0 -x cos (e +4)]cm r ,

f 6=F(t) - 2 mr x x (+ + + L x 62 cos 4.

- c, - k4 (-e -1 r g x cos (0+) 11

The static equilibrium spring rositions xe, 0e, and 4e are determined

from the reqiuirement that initially

f -f .f =0x =f0 f
if F(0) 0 -n' the initial velocity components are zero. These conditions

imply
fx - F(t) +m x (+ )2 + m0 6 2 L sin4

r r

- c x-In g[sin (0+4)) - sin (0 +

kx (x - Xs) k for x > x.

k X(x -x)s4 k (x (X3x 0  for x <xSw
f= (6 + L cos 4) F(t) - 2m x ( + ) (x + L sin 4)

- r L x (2654) cos - c0 6 - k0 (0 - 0)

+ (MrI + mrL) g (sin 0 - sin 0o) - mIg x [cos(0 + 4) - cos (0o + 4))]

and

f = 6 F(t) -2 mr, x 0(* + ) + mrL x 02 cos 4
r) r

- c 4)- k(4- 0 ))- m r g [cos (0+4)) - cos (00 + M.

2.8 Solution Techniques

Two methods were used to solve the matrix equation (2-9). In the

first method, the system of equations were solved numerically on a digital
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computer by the Runge-Kutta method. In order to apply the Runge-Kutta

method, equation (2-9) is premultiplied by the inverse of the

coefficient matrix and the resulting system of three second order differential

equations is transformed into a system of six first order differential

equations. This results in the set of matrix equations given below:

b1  b 1 2  b1 3  f (2-10a)

_ xd b 1 2  b2 2  b 2 3  f
b1 E3 b23 b38 f,

and ( b

dt

where

A - det [a]

- (a 2 - a 2 + a a )a -a 2  a
33 23 22 33 11 21 33

2) mr (i 2) + I m 2 L2 sl2 •
=(I + Mr 2)m(I + m x) L1 mL sin2 ~

cm cm r r r r r

b - (I + M r 2 + m L2 ) I + M x 2 (I + Mr2 + m L2 cos 2 ý)
S cm cm r r r cm cm r

b (I + m x 2 ) m L cosr2 r r

b = - [I + m (x + L sin •) x] m L cos *,
13 r r r

b "m (I + m X2),
22 r r r

"b 2 - m [Ir + m x (x + L sinc•)]," 23 r rr

and

b 3 m [Icm + M r cm2 + Ir + mr (x + L sin 0)2

The solutions to equations (2-10) were obtained by separating the weapon
"cycle into two time intervals. For the one millisecond time interval, on

2-13
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which the impulsive breech pressure force is applied, equations (2-10) are

integrated with the assumption that the positional coordinates are con-

stant. Thus let

tk +1

IFAJ F(t)dt

tk

where tk= starting time for the shot and tk + 1 k + 0.001. The

integration of equations (2-10) yields a set of initial conditions for the

start of the second time interval,[ +1) (tk b b b -1
(tK + 1 k 1F 12 13

6(tKb b b 6+L cos (2-11a)
4utk + 1 (tk) A(tk) 12 22 23 1I (t + +i)Fb(tbk1I Jb b bI

13 23 33

and

x (tk x(tk) (-
0 (t~ k0 (t k

CP(tk + 1l j
For the remainder of the weapon cycle (i.e. until the commencement of the

next shot), the equations (2-10) are solved by the Runge-Kutta method (with

F(t) = 0) and equations (2-11) provide the initial conditions. This sol-

ution procedure is then repeated for each of the remaining shots in the

burst. A listing of the computer program used to obtain the numerical

solutions to the problem is provided in Appendix B.

The digital computer solutions co the biodynamics problem were obtained

for a range of biomechanical parameters co-responding to a small, average

and large shooter, and for a range of weapon parameters corresponding to

the M16A! rifle and the M79 and M203 grenade launchers. A sensitivity

analysis was performed to obtain estimates of the unknown spring and dash-

2-14
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pot parameters, for several of the weapon and shooter configurations. The

results of this analysis are discussed in Section 4.0.

K firstIn the second solution method, the system of equations (2-9) were

frtsimplified by small angle approximations, scaled and then programmed

on an analog computer. Analog techniques are suitable for performing a

parametric sensitivity analysis, because each system parameter can be

conveniently changed by adjusting a pot setting and the solutions are

displayed immediately on a recording device. Further details regarding the

analog simulation are provided in Appendix C.

2-15 The following page is blank.



3.0 MAN-WEAPON INTERACTION EXPER11fFNTS

3.1 Description of Experimental Tests

In order to gather the critical information needed to analytically

describe the man-weapon interaction problem, three separate series of

experiments were performed that involved test firings with several shooters

of various sizes and various weapon types. Data gathered torn these tests

include:

a. M16 data obtained from the Harry Diamond Laboratory using high

speed photographic equipment to record time histories of rotations and

displacements of body segments and of the weapon.

b. M79 and M203 grenade launcher data obtained at the Harry Diamond

Laboratory test facility usintg high speed photographic equipment to record

rotations and displacements of the weapon and the man.

c. M16 data from the Keith L. Ware Simulation Laboratory, obtained

using a fixture between the shoulder and the weapon to measure force

reactions at the shoulder and two displacement transducers located at the

front and rear of the weapon to measure rotations of the weapon.

In both photographic data experiments at the Harry Diamond Laboratory,

the shooters stood in front of a background of vertical and horizontal

grid lines. These grid lines formed a fixed reference frame from which

relative motions of the man and weapon were measured. Both top and side

views were photographed. The top view wav recorded by use of aui inclined

mirror placed directly above the test subject (see Figure 4). The film

speed of 1100 frames/second was sufficiently fast to record the ejection

of muzzle smoke after each shot from the M16 rifle. Thus the time of

occurrence of each shot was measured for the five shot burst. Fixed reference

points were selected at the intersections Of stationary grid 1lines on the

side and top views. For each frame, the positions of several selected

points on the maxi and weapon were measured with respect to the selected

reference points using a Vanguard Motion Analyzer. A computer pro-

gram was then used to process and convert the raw data into values of

angular displacements of the weapon and man.
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OVERIEAD MIRROR VIEW

Figure 4 M1-6 High Speed Photographic Experiment

3-2

4 - .. . . . . .



3.2 M16AI Test Results

Some of the important observations and interpretations of the M16

data are discussed below. Two major angular motions of the weapon system

were observed in addition to the translatory motion of the rifle towards

the shoulder. They are:

a. An angular deflection of the man's trunk that pivoted about

his hip. This moLion is referred to as pitch of the man.

b. An angular pivoting of the arms and rifle about the man's shouldcr.

This motion is referred to as pitch of the rifle.

A plot of the two pitch coordinates versus time is shown in Figure 5.

A period of relative inactivity is noticable in the pitch of the man just.

after the first and second shots. During this period of inactivity, the

weapon most likely is compressing against the soft muscular portion of the

shoulder. A period of activity in the pitch coordinates follows the

completion of the soft compressive phase. Yawing of the man and rifle was

small compared with the pitching rotations. Yaw was minimized by the

rigid stance of the man and his initial positioning of the rifle.

3.3 M79 and M203 Grenade Launcher Tests

K The grenade launcher tests were performed on an experimental setup

similar to the M16 experiment (see Figure 6). One difference was that

fixed points on the man and the weapon were identified by circular pieces

of reflective tape. The tape markings helped to simplify the data reduction

on the Vanguard Motion Analyzer. Another modification in the grenade

launcher tests was that the rotorary prism type camera was replaced with a

shutter type camera, operating at a slower 500 frames/second, to improve

the film resolution. The reduced film speed is sufficient to ident'fy when

the grenade exits the barrel and to obtain continuous tine history data of

all significant motions, Several film sequences were recorded with different

size men who fired from both the shoulder and hip colifigurations. The data

were reduced, on the Vanguard Motion Analyzer, by the Intertech Corporation

in Iowa City, Iowa. In reduced fonmi, the data provided pitch and yaw

rotations of the weapon along with the pitch of the nan and the weapon

displacement.
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The M203 grenade launcher data were the most thoroughly studied data.

The M203 grenade launcher is mounted below the barrel on the M16 rifle,

thus causing this weapon to pitch downward rather than upward, as most

other weapons do. Also the data for the shoulder support configuration

reveal that the pitch rotation of the weapon varies somewhAt with the

size of the shooter. There is less pitch of the weapon for a heavier man

than for a lighter man. This is expected because the heavier man has greater

inertia. Firings from the hip produced less weapon pitch than firings from

the shoulder. Again, this is expected since the constraints on the weapon

in the hip firing position tend to limit the amount of weapon pitch rotation.

Plots of the total weapon rotation versus time have been generated for

the test firings of the M79 and M203 grenade launchers. Several of the plots

for the M203 grenade launcher tests appear in Figures 7 to 13. The test

conditions for these film sequences are listed in Table 1. Each plot con-

frains both the measured weapon pitch angle data points, connected by straight

line segments, and a fourth order least square polynomial approximation to

the data. The time interval begin.s at the commencement of firing and ends

approximately when the man's Active neuromuscular response starts to influence

the motions of the system (i.e. at roughly 0.3 second). In each film sequence,

:he weapon pitches downward from the initial aim elevation angle to a maximum

value of about seven degrees. The shapes of the plots vary somewhat both for

different shooters and different aim elevations. The plots in Figures 11 and

12 reveal that differenL test results were obtained even for tests repeated
under identical conditions, This may be due partly because of errors in

data reduction and because the shooter does not prepare himself .it exactly

the same way for each shoL.

TABLE 1 M203 GIENAD8 LAUNCHLER TEST CONDLITIOMS

,'HOUTER ULEVATI',ON
FITI! SEQUENCE WF IGHT (LB) AmiuaE (two.)

8 2 140
& ;i4 140 10"

8 6 140 200

3 3 165 .5*
9 5 165 100

)9 6 1.65 100

9 7 165 200 - 25°
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3.4 Measurement of the Shoulder Reaction Force

Additional M16 data were obtained at the Keith L. Ware Simulation

Laboratory. The experimental setup is shown in Figure 14. A shoulder

fixture (see Figure .15) containing load cells and an accelerometer was

used to measure the weapon recoil force transmitted to the man's shoulder.

The force reaction at the shoulder is obtained by subtracting the inertial

force of the fixture from the measured load cell force (see Figure 16).

The linear potentiometers measured the vertical displacement of the weapon

at two points on the rifle. Referring to Figure 17, the weapon pitch

rotation, 0, is then calculated from the difference between the two vertical

displacements.

The most significant conclusion that was drawn from the Ware Laboratory

data is that the shoulder reaction force is of very short duration (i.e.

impulsive) compared with the rifle firing cycle time. The maximum forces

ranged from 20) to 180 pounds. Peak recoil forces tended to be greater for

the larger riflemen than for the smaller riflemen. Also, the peak values

tended to decrease significantly from round to round. The ratios of peak

values for successive shots varied considerably among the tests. Ratios

for successive peak recoil forces in the neighborhood of 0.85, however, were

common.

The data gathered from these experiments provided insight for constructing

the simulation model and provided a means for estimating some of the unknown

parameters in the model (i.e. stiffness and damping constants). The time

history data obtained by high speed photography is more reliable than the

data measured by linear potentiometers, because the photographic technique

does not have any direct influence on the experiment. On the other hand,

the use of high speed photography to measure motions has the disadvantage of

requiring a large amount of time and effort in data reduction.
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LOAD CELLS AND ACCELEROMETER

ME 1TERS
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Figure 14 Measurement of Recoil Force and Weapon Pitch
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Figure 15 Shoulder Force Measuring Device
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SHOULDER FORCE MEASURING DEVICE
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- MEASURED FORCE (LOAD WITH CELLS)
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r - COH1'UTEi) FORCE EXERTED ON TIE SHOULDER
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Figure 16 Computation of Transmitted Recoil Force
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4.0 BIODYNAMICAL SENSITIVITY ANALYSIS

4.1 Introduction

A sensitivity analysis was performed to determine which biomechanical

parameters of the man-weapon system are critical to the design of a universal

small arms mount. In this analysis, both the peak force at the shoulder

and the absolute weapon pitch rotation after 0.3 seconds were taken as the

primary output variables. The sensitivities of these output variables to

systematic variations in each of the system parameters were obtained by

numerical and analog computer solutions of the bicdvnamical equations of

motion.

Both single and burst fire modes were analyzed. The driving force

F(t) in equations 2-7 represents what is commonly called the breech force.

The important feature of this function is the short duration (about one

millisecond) compared with the total cycle time (approximately 80 milli-

seconds). For the digital computer simulation, the function F(t) is

approximated by Dirac's delta function -- a symbolic function commonly used

in mathematical physics that has finite area but is zero valued at all but

one point on the time axis. Typical values for the impulse are 1.2 lb-sec

for the M16 Rifle and 2.5 lb-sec for the M79 and M203 grenade launchers.

4.2 Factors That Affect Weapon Translation

The weapon shoulder support is represented in the model by a linear

dashpot and a piecewise linear combination of spring elements, which results

in variable shoulder stiffness. Thus the shoulder spring model (illustrated

in Figure 18) represents the effects of both the soft compression of skin

tissue and the stretching of the muscles and tendons that support the shoulder.

The shoulder reaction force, F8 , is an explicit function of coordinate x,

but since the man-weapon system is dynamically coupled, the shoulder reaction

force also is influenced, to a lesser extent, by both the pitching coordinates

0 and q.
Because the shooter usually holds the weapon compressed firmly against

his shoulder before firing and, in addition, because the impulsive breech

force compresi the weapon against the shoulder, the shoulder support

intuitively is expected to be in a state of strong compression (i.e. x < x )

for most of the firing cycle. This hypothesis was substantiated by numierous

computer simulations of the man-weapon interaction problem and also by

observations of experimental load cell data of the shoulder reaction force.

p 4-1
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X. x

SLOPE kx5

kxT xs x,) + kxs (x -xs) FOR X X

YX (X.) x FOR X X

rS - ,x + C x

xe - DISTANCE AT Wh[IChI TILE WEAPON AND SHOULDER ARE IN STATIC EQUILIBRIUM

x a DISTANCE AT WIVICII THE SPRING STIFFNESS CHANGES

kXW - WEAK SUOULDER SPRING CONSTANT

kXS " STRONG SHOULDER SPRING CONSTANT

CX . SHOULDER DAMPING CONSTANT

UX a SHOULDER SPRING FORCE

US " TRANSMITTED SHOULDER MOUNT FORCE

Figure 18 Shoulder Spring-Dashpot Model

4-2



A flexible shoulder model, consisting of a single linear shoulder

spring ani a dashpot, therefore provides an adequate representation

of the shoulder impedance to weapon recoil loading.

Experimental results also indicate that the shoulder reaction force,

like the breech force, is both impulsive and nearly periodic; and, in

addition, the magnitude of the peak value of the shoulder force tends to

decrease for successive shots in a burst. If the model damping coefficients

are near critical, then the shoulder reaction force is spread over a longer

portion of tihe firing cycle, and, furthermore, the peak values of the shoulder

reaction force become sensitive predominantly to the damping term rather than

the spring stiffness term. In order to duplicate the impulsive and the

periodic character of the shoulder force, a damping factor between 10 and 30

percent of critical damping is required (i.e. cx - 2,1 kxm where
0.1 • < 02). A spring stiffness of 250 lb/in yields peak values for

the reaction force of about 100 pounds. Using these values for the shoulder

spring and dashpot parmaeters, the model generated shoulder f'rce closely

approxlmates the characteristics of the experimentally mepasured recoil force.

Results of the computer analysis reveal that only four parameters have

any significant effect on the duration or the peak values of the recoil

force, namely: the weapon impulse, I r; the cofbined mass of the weapon and

the arms, mr; the spring stiffness, k x; and the damping constant, cx.

Analog computer simulations were made using inertial parameters associated

with three different shooters (small, medium, und large) and these results

are shown in Figures 19, 20, and 21 respectively. The shoulder damping

constant, ranging from 10 to 30 percent of critical damping, was adjusted

to give average peak recoil forces that correspond to measured results from

experimental firings. As expected, the model results show a decrease in

the weapon rotation as the size of the man increases. Only slight variations

in the recoil force occur among the three cases.

4.3 Factors That Affect Weapon Pitch Rotation

Certain system parameters were found by computer analysis to have a

significant effect on the absolute weapon pitch rotation, while other

parameters were found to have Very little effect on weapon rotation at all.

Table 2 contains a list of those parameters that have very little effect

on the rifle rotation. The torso mass, moment of inertia, and the torsional
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TABLE 2 PARAMETERS THAT DO NOT AFFECT WEAPON ROTATION

PARAMETER )ECREASED RIFLE BEST RIFLE INCREASED RIFLE
VALUE ROTATION APPRox. ROTATION VALUE ROTATION

k0 (in-lb) 2. 3.840 20. 3.840 200. 3.830

9 ri 0. 3.840 0.5 3.84* i. 3.830

I (lb-in-sec2 ; 12. 3.870 26. 3.840 50. 3,830

M(ib-sec 2/in) 0.15 3.770 0.3 3.840 0.45 3.840

L (in) 10. 4.07* 21. 3.840 30. 3.600

r cm(in) 5. 3.73 13. 3.840 25. 3.90w

stiffness and damping coefficients for the e coordinate do not affect the
rifle rotation to any appreciable amount (a few hundreths of a degree at

most). The weapon rotation is rather insensitive also to the length of the

torso and the distance from the torso pivot point to the center of mass of

the torso. These results provide some insight for designing a mount. They

suggest that a representation of the torso is not really necessary for the

design, in order to simulate the external dynamical motions of the weapon.

In the model, the motion of the torso mass can be reduced to near zero by

simply assigning a very large mass and moment of inertia. For example,

by increasing the mass and moment of inertia by a factor of one thousand,

the rotation of the weapon increases from a value of 3.84 degrees to a

value of 4.06 degrees (see Figure 22). Although the torso rotation is

reduced from 7.0 degrees in the nominal case to zero by increasing the

mass and moment of inertia, the weapon rotation changes only by 0.2 degrees;

consequently, the torso mass has very little effect on the total rotation

of the weapon.

Figure 23 contains a plot of the weapon pitch versus the weapon impulse

after 0.3 seconds have elapsed. Note the linear relationship between these

4. two parameters and the significant effect the impulse has on the weapon

rotation. The point marked "best approximation" on this and on other

figures corresponds to the set of parameters that best represents the

4-7
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dynamical characteristics of the 165 pound (medium sized) man. Figure 24

contains a plot of the weapon rotation at 0.3 seconds and at 0.15 seconds

versus the firing frequency. Again there is a linear relationship between

the weapon rotation and the firing frequency. Also the important conclusion

can be made that, for a fixed number of rounds in a burst, increasing the

firing frequency decreases the rifle rotation and hence lessens the weaponi

dispersion. Figure 25 shows the effect of the eccentricity of the breech

force, 6, on the weapon rotation. This parameter represents the distance

between the centerline of the barrel and the center of rotation of the wea-

pon at the shoulder. The weapon pitch rotation varies linearly with 6.

When 6 is zero no torque is produced about the shoulder pivot point; never-

theless, 1.5 degrees of rotation occur after 0.3 seconds, which is due mainly

to the rearward pitching of the torso. As the torso pitches rearward, the

rifle pitch angle, P, becomes negative, since the total system angular

momentum is conserved after the application of the impulsive breech force.

By appropriately positioning the stock with respect to the barrel centerline,

the rotation of the weapon can be virtually reduced to zero.

Parameters that have a moderate influence on the rotation of the wea-

pon are the inertial, stiffness and damping parameters associated with the

man's arms and the weapon, namely, I ,o M r, ký] ~ and cx. In Figure 26

the rifle rotation is plot ted as a function of l/~F A straight line

approximately fits the points. Similarly, a plot of the rifle rotation

as a function ofVý/T (see Figure 27), results in a linear relationship.

Thus the total rifle rotation varies linearly with both l/V and4Tk

In Table 3 the rifle rotation at 0.3 seconds is listed foL a range of

values of the parameters m, )cý, cp and k
r x

Figures 28, 29, 30, and 31 contain the output of a digital

computer simulation. The case represented is that of a 165 pound man

firing the M16 rifle. The total rotation of the weapon, shown in Figure 28

is the sum of the torso rotation, 0, and the weapon rotation relative to

the torso, ý. A characteristic feature of the simulation is the jump in

acceleration in each of the coordinates after each shot, due to the impulsive

breech force.I 4-10
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TABLE 3 SENSITIVITIES OF PARAMETERS THAT AFFECT WEAPON ROTATION

PARAMlETER INCRFASIEI RIFLE BEST RIFLE DECREASED RIFLE
VALU1, ROTATION APPROX. ROTATION VAbUE ROTATION

ir (lb-sec 2 /lii) 0.0Ob 4.480 0.099 3.840 0.2 2.,

c Ic t0. 3.690 .5 3.840 1. 4.02

k (Ub/i) 5. 5.67* 25. 3.84* 250. 2.99

C /C8 er0. 5.290 1. 3.84* 1.5 3.55

4.4 Recommended Design Configurations

Based on experimental findings and model predictions, two possible

design configurations for a universal small arms mount are recommended

and are illustrated in Figures 32 and 33. By appropriate choices

for the masses, lengths, viscous damping constants, and spring stiffnesses,

the mount can be designed such that its dynamical characteristics are

analogous to the characteristics of the simulation model. The simplified

version of the design in Figure 33 is based on the fact that the rotation

of the torso mass does not significantly affect the weapon motion or the

shoulder reaction force.

4.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

a. Based on experimental results and model predictions, the force

reaction at the shoulder can be approximated by a single linear spring

and dashpot. By the proper adjustments of the spring and damper constants,

both the impulsive and periodic behavior of the reaction force can be

approximated as well as the magnitudes of the peak values.

b. The parameters that affect the peak forces at the shoulder are

the shoulder spring stiffness, the shoulder damping coefficient, the impulse

of the weapon, and the effective mass of the weapon, arms, and hands.

Other model parameters have only a minor influence on the peak values of

the shoulder reaction.

c. The weapon rotation after a specified time is not sensitive to

the torso inertial or geometric parameters. By effectively removing this

link in the model, the weapon rotation is not significantly changed. The

parameters that affect the weapon rotation most are the weapon impulse,

the eccentricity of the barrel centerline from the shoulder pivot point

and the firing frequency. The weapon rotation was found to vary linearly

with each of these parameters. Parameters that affect the weapon rotation

A, but are of secondary significance are the effective inertia! parameters for
the weapon and arms, the torsional stiffness and damping oli h, weapon

pitch, and the shoulder stiffness and damping constants.

d. The reconmiended configuration for a mount, based on experimental

and analytical results, is presented in Figure 33. It allows for two

degrees of freedom (pitch and translational) and contains a spring and

damper to simulate the shoulder reaction force and an effective torsional

spring and damper to simulate the man's torsional stiffness and damping

characteristics.

5.2 Recomrendations For Future Work

The recommendations for future work in developing a universal small

arms mount design are presented below:

a. Additional tests should be performed to support the complete design

of a universal small arms wount fixture or the modification of an existing

design. The tests would be performed to refine the values obtained for

the des-ign narameters.

5-1

• :., ,,I • •N •"•""•l 'T"- • ,,- l~t' " • " ,.• -e ,, ... ,,,.,,,• ..,..-.. ..... . . - •



b. If further tests are conducted, a better method for measuring the

shoulder reaction force would be to cut off the end section of weapon stock

and insert one or two force washers and an accelerometer directly to the

stock. This method would replace the need for the rather heavy and

cumbersome shoulder force measuring device shown in Figure 15 and would

therefore result in less errors in measurement.

c. Having additional experimc~tal data, refine the mount parameters,

using the biodynamics model to best approximate the actual shooter's

response. Then incorporate the refined parameter values in the mount design.

d. Investigate existing mount designs to degermine if modifications

can be made on them to satisfy the design requirements of the recommended

concept. If an existing mount is found that can be modified1 to meet these

requirements, then the authors recommend that it be adapted to the design

configuration in Figure 33 and tested.

e. Otherwise, if no existing design can be so modified, then a

universal small arms mount should be designed from scratch based on the

concept shown in Figure 33 and tested.

r
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APPENDIX A

A.0 MODEL REPRESENTATION OF THE HUMAN BODY SEGMENTS

A.1 Head and Torso Representation

The formulas used to calculate the human body segment pavameters and

the methods for combining the body segments to represent the torso and arms
are presented below, The head and trunk model representation is shown in
Figure A-1. An ellipsoid of revolution represents the head, while ellip-

tical cylinders represent the trunk. Each of the distances illustrated in
Figure A-i are defined by certain anthropometric dimensions, In particular,

1

hd = • (stature - cervical height)

bhd = (head circumference) /2w,

1

a (chest breadth + waist breadth + hip breadth)t 6

bt = (chest depth + waist depth + hip depth)

t = cervical height - substernal height,

and

Zt t substernal height - trochanteric height.

The mass and moments of Inertia for the head are given by the standard

formulas for an ellipsoid of revolution,

4 2
"mhd - 3 ad bhd phd'

2
I = 4 mhd bhdaahd

and

Ibbhd ICchd mhd (ahd4+b~d) /5
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and the mass density

Phd = .ii.x1 i (kg/m 3 )

was obtained from reference 6 . For the upper torso the mass and moments

of inertia are given by

m = a b Z p:ut I t Ut ut /ut

laa ut mut (at t2)/

bb mt (3 a 2 + Z) /12
bbt u t Utut

and

I Mut (3 b2 + Z2t) /12

Again the mass density

put - 9.2 x 102 (kg/m3)

was obtained from reference 6 , page 195. Likewise for the lower torso

Smlt = at b Zt t %z t

a met (a2 + b2) /4
aaft t t

Sbbt mt (3 a 2 + Z2 /12
Ztt

"- •"(3 b2- +2t /12'•'•~ ~ Clt=mt (bt

and

P =t 1.01 x 103 (kg/m 3 )

In the model tuie head, upper torso and lower torso are combined into a

single rigid body with muass M,

M = 'd '+rut + met.

6
Dempster, W.T,, "Space Re.qtJiremento of the Scated Operator," Wright

Air Development Center, TR-55-159, Wright-Patterson Air Force Base,
• .Ohio, AD 78792, 1955
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Furthermore, the center of mass location, rcm, is given by

rcm [mhd t +ut + ahd) +mut ( + 0.5 ut)t

+ 0.5 ret Z ] /M

and the moment of inertia, I, about the center of mass of the head

and trunk rigid body is given by,

a + r0+ +)
cm bbhd bbut bb t

+ mhd (rcm - tut- lzt - ahd + Mout (rcm - Ztt - 0.5 tut)2

+ mtt (rcm - 0.5 Z ut)2

A.2 Right Arm, Left Arm and Weapon Configuration

The geometrical representations for the upper arm segments, forearm

segments and hands are shown in Figure A-2. The hand is represented by

a sphere with density

h 1.148 x 103 (kg/m 3)

obtained from reference 9 and mass,

mh = 0.01 W + 0.1588 (kg)

where W = total body weight, obtained from reference7.

The radius and moment of inertia formulas for the spherical hand are
(3 mh)1/3

rh 3- 7
Sph

and

2 2
J11 * J22 =J - -J- mh rh

h h h

A frustum of a right circular cone is used to represent both the

upper arm segment and the forearm segment. Lenghts t and Z are defined

"by anthropometric dimensions,

t1 acromial height - radiale height
U

9
Drillis, R. and Contini, R., "Body Segment Parameters," Office of Voca-

tional Rehabilitation, Department of Health, Education & Welfare, N.Y.
University, School of Engineering & Science, N.Y., Report 1166-03, 1966

7Barter, J.T., "EstLimation of the Mass of Body Segments," Wright Air

Development Center, Wright-Patterson Air Force Base, Ohio, TR-57-260,
AD 11.8222, 1957
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and

radiale height - stylion height

coefficients Pu and pf were obtained from reference9 ;

Pu 0.449

pz =0.423

and the masses mu and mt of the upper arm and forearm, respectively were

obtained from reference 7 :

mV= 0.04 W 0.6577 (kg)

and

0.02 W - 0.1134 (kg)

where W total body weight (kg).

The moments of inertia of the upper arm are then given by the standard

formulas for a frustrum of a cone,

2 A m2

u u
aa P Zu au

and

J J in [B Z 2 +A m /(p Zbb cc u u u u u a uU u

where K a + a
A

u 201rK 2

a
3 [K + 3V K + (5 + Ka) V2 ]

B a a a a a
U 80 K2

a

4 p -1
u

a 1-2 p + 12 p ( p -2
u u

and

= 2
K a 1 + a + a

A-6
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Moments of inertia formulas for the forearm are identifical to those of

the upper arm except that the coefficients , Pu and m are replaced

with p. and ml respectively.

Figure A-3 contains an illustration of the two-dimensional geometricalF configuration of the weapon and both arms. Point S locates the shoulder

pivot point. For convenience the assumption is made that both arms are A

connected at point S. The right hand grasps the weapon at distance cl

and the left hand grasps the weapon at distance c2 and distance xw locates

the center mass of the weapon. Table A-1 contains the weapon mass, moment

of inertia and center of gravity location of the M16 rifle and the M203
grenade launcher, as measured by Mr. T. Hutchings.

TABLE A-1 WEAPON PARAMETERS

PARAMETER M-16 M203

m (lb) 8.6 9.4W

I lwb-in-sec 2 ) 1.6 3.6
w

X (in) 17. 19.
w

Referring to Figure A-3, the total mass of the arm-weapon system and the

center of mass location (xo, yo) are given by
2 +2m +2

r u m+ mh mw

x [mu u (cos a + Cos)0 [mu Pu s

"m, (* u + Pett) (cos a + cos

+ mh (cl + c 2 ) + mw :] /mr

and

YMuPt+m (ZU + pt/)t (sina + sin /m r

where

Cos t2 + c? - £
u 1L

2 YZ cl

cos a t2 + -
2 t

u
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Finally the combined moment of inertia of the arm-weapon system about the

center of mass becomes

J "M 2 J 1 1 + 2 Jbb + 2 Jbbe + Jw

+mh [(x - c1 ) 2 + (x- C2) 2 + y2]

+ m [(X - P Z cos a)2 + (x - P cos )2

u 0 U U PU

+(Yo - Pu Lu sin a) 2 + (Yo - Pu tu sin a)2

+ me {[xo - (L + Pt •cos a]2 + [x° - (tu + Pt t) cos 0]2

+ [Y - (Z - P Zz) sin +]2 +[Y - (Zt- PZ Y) sin 8]23

+m [(xo- xw) 2 +yo]

A.3 Anthropometric Data and Calculated Results

A list is provided, in Table A-2, of some typical weights and anthro-

pometric dimensions for three men of various sizes (small, medium, large).

This table contains a partial list of data that were measured by Santschi

reference 8 . Table A-3 contains the calculated dimensions and inertial

parameters based on the data in Table A-1 and A-2. *The arm-weapon inertial

parameter, Im, is somewhat larger than actual because the five pound

shoulder force measuring device was included in the inertia and center of

mass calculations. The results in Table A-3 show the orders of magnitude

of the model parameters along with the expected variations for different

size men.

8 Santschi, W.R., DuBois, J., and Omoto, C., "Moments of Inertia and
Centers of Gravity of the Living Human Body, Aerospace Medical
Research Laboratories, Wright-Patterson Air Force Base, Ohio,
AMRL-TDR-63-66, AD 410451, 1963
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TABLE A-2 (SANTSCHI)
WEIGHT AND ANTHROPOMETRIC DATA FOR THREE TEST SUBJECTS

"SUBJECT 1 SUBJECT 2 SUBJECT 3

Weight 161.6 (ib) 172.2 (ib) 210.4 (ib)

"Stature 66.9 (in) 73.0 (in) 72.3 (in)
Head Cirz. 22.2 23.5 23.3

Chest Breadth 13.3 12.7 15.6

Wal•r. Breadth 11.6 12.0 13.2

Hip Breadth 13.8 14.8 16.3
Chest Depth 9.3 10.3 10.4
Waist Depth 8.3 9.3 10.9
Hip Depth 10.5 10.6 10.5
Cervical ht. 56.3 62.7 62.4

Substernal ht. 47.8 50.8 50.7
Trochanteric ht. 33.5 39.2 38.5
Forearm Length 9.8 11.5 11.1

Upper Arm Length 12.8 k 13.7 14.0

TABLE A-3 CALCULATED BIOMECHANICAL PARAMMTERS
FOR THREE TEST SUBJECTS

SUBJECT #1 SUBJECT #2 SUBJECT #3

M (ib) 87. 97. 116.

I (lb-in-sec2) 18. 21. 26.cm

gmr (ib) 32. 33. 38.
I (lb-in-sec 2 ) 9.7 11. 13.

L (in) 20. 21. 21.
r (in) 13. 14. 13.

x (in) 9.6 9.5 9.3

A-10
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APPENDIX B

B.O DIGITAL COMPUTER PrOGRAM LISTING

REAL M.MR.ICM.IR.L.KXW.KXS.KT.KP.MU.NU.K.IF
COMMON /$R/ MMR.ICM.IR.L.D.XS.RCMKXW.KXS.KT.KP.CDX.

CDT.CDP.G.K.XO.TO.POSTO,STPO.CTPO.TIM
COMMON /*PLOT/ NP.TIME(5O2),R(502),Z(502)
DIMENSION PRMT(5).RHS(B).Y(6).AUX(8,6).ERW(6)

EXTERNAL FCT.OUTP
CALL PLOTS(IBUF.IDUM,14)

C

C ALL UNITS ARE IN THE POUND. INCH. SECOND SYSTEM

C
G = 385.4

NDIM 6
NRUN = 0

C READ INERTIA DATA
C

10 READ (5.1000.END=999) M.MR.ICM.IR
NP = 0
NRUN = NRUN + I

C
C READ DISTANCES
C

REPD (5.1000) L.D.XS.RCM
C
C READ GPRING CONSTANTS
C

READ (5.1000) KXW.KXS.KTKP
C
C READ DAMPING RATIOS
C

READ (5.1000) CRX.CRT.CRP
C
C CALCULATE DRMPING COEFFICIENTS
C

CDX = CRX*2.,SQRT(U'XS*MR)
COT = CRTm2.*SQRT(KT*ICM)
COP = CRPm2.*SQRT(KP*IR)

C
C READ INTEGRATION PARAMETERS: START TIME, STOP TIME.
C TIME INTERVAL. UPPER ERROR BOUND. AND PRINT PARAMETER
C

READ (5.1000) (PRMT(I).I=1.4)
C
C READ INITIAL CONDITIONS: XDOT(1-3). XC1-3)
C

B-1
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READ (5,10003 Y
c
c READ ERROR~ WEIGHTS FOR RKGS
c

READ (5,1000) ERW
C
c READ SHOT DURATION. AND THE TIMlE BETWEEN~ SHOTS AND WEAPON IMPULSE
C

READ (5.1000) TDUR.TIR'T.IF
C
C PRINT INPUT DATA
C

WRITE (6.2000) NRUN
WRITE(5.3000) M.tVR.ICM.IR
WRITE(6,4000)
WRITE(6,3000) LD.XSRCM
WRITE(B.~5000 3
WRITE(6.3000) KXW.KXS.KT.KP
WRITE(6,60003
WRITE(6,3000) CRX.CRT.CRP
WRITEC 6,70003
WRITE(6,3000) (PRMlT(13.I1 1.43
WRITE(6,8000) Y 3.~ 3
WRITE( 6.60003 YI.I13
WRITE(6,9000)

WRITE(6,3000) (ER(I3.1=.6)
WRITE(6,5500)

WRITE(6,3000) (ERW(f3.1=4,6)
WRITE(6,7600)
WRITE(6.3000) TDURTINT.IF

~Li C
C WRITE HERDING FOR OUTP
C

WRITE(6. 16003
C
C INITIALIZE PARAMETERS
C

TEND = PRMT(2)

K = 1CM + MuRCM**2

C CALCULATE INITIAL CONDITIONS AFTER THE NEXT SHOT
C

T PRMT(l)

Pi B-2



XO =Y( 4)
TO= Y(5)
PO = Y(6)
STO = SINC TO)
CTO =COS( TO)
SPO =SIN(PO)
CPO = COS(PO)
STF~O =SINCTO +PO)
CTPO = COS(TO +' PO)
MU =MRwLwCPO
OL = LCPO ~0
CALL OUTPI(r,Y.RHS.IHLF.NOIM.PRMT)

20 PRMT(1) = TIM + TOUR
PRMTCZ) = TIM + TINT
IF(PRMTC1).OE.TENO,3 DO TO 50
IF(PRMT(2).GT.TENo) PRfIT(2) TEND
00 25 I=1.3

25 RHS(I) = ERW(I)
ETA ='Y(4) +L*SPO
NU =IR +MRvY(4)**Z
811 = KwNU +MR*IR*Lm*Z + MU*Y(4))wmZ
812 =NU*MU
813 =-(IR +MRwY(4)*ETR)*MU
B22 = MR*NU
823 = -MR*(IR +MRwY(4)wETR)
833 = IIR*(K +IR +. MRwETR**2)
DELTA KisMR*NU +IRw(t1R*L*SP3)**2

Y(2?) =Y(2) + IF*(-Bl2 + 822*DL + B23*iO)/DELTR
Y((3) Y(3) +IF*(-B13 + 23*OL + 33wD3/DELTR

C
C INTEGRATE THE MRN/WERPON EQURTIONS
C

CALL RKGS(PRIIT .Y RHS .NDIM. IHLF DFCT.OUTP.AUX)
WRITE(S.2500) IHLF
GO TO 20

50 WRITEC6.3600)
030 60 I=1.NP
WRITECS .45003 1 .TIIE( I) .R( I) .Z( I)

60 CONTINUE

C PLOT RESULTS

CALL CALPLT(NRUN)
GO TO 10

B3-3

-~oi -. l .- ~ wk ~ 2y



999 CRLL PLOT(12.DD0.0999)
K 1000 FORMATCSF1O.0)

1500 FORMIIRTV1.T4,*TIME'.T17,XDOT*.T37.'TOOT¾.TS7.PDOT*.T77.XI.
L t * ~T97,T.TlTI7.TP)

2000 FORMRTI'1THREE DEGREE OF FREEDOM MRiN/WEAPON MODEL INPUT¾.5X.*RUN
1 3/

*DINERTIR ORTR:'/T3,'M¾.TZBCMR¾TS3.ICM'.T78.1IR'J
2500 FORMRT('OIHLF ='.13//)
3000 FORMRT(1X.4(E1S.6.1OX))
3500 FORMRTf*1 NP*.TIO.*TIME¾.T3OC'RECOIL4 .T5O.CPITCWJ"
4000 FORMRT('ODISTRNCES:'/T3'L'.T28CD*.1'53,'XS'.T78.'RCM')

600FORMRT('OCRITICRL DRMPINO' RRTIOS:O/13,*CRX*.T28.'CRT,.T53.*CRPJI
650FORMRTCVOPOSITION ERROR WEIOHTS:*/T3.*X.T26'T*.T53.*P'

7000 FORMRT('ORKGS PARRMETERS:'/T3,'STRRT TIME'or28.*STOP TIME'.
T53.CTIME INCR'.T78.*ERROR BOUND-)

8000 FORMRT(*OINITIRL VELOCITIES:7/T3.'XDOTV.I28.*TDOT',T53.'PO01V]
9000 FORMRTV'OINITIAL POSITIONS:'/T32X'.T48.'TAT53.P*)

S TOP
END
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SUBROUTINE CALPLT(NRUN)
COMMON /*PLOT/ NPTIME(5023.R(502).Z(502)
DIMENSION T(4).DRTCI)LT(l)= IE)
T(2) =TItIE(NP)

FRN =NRUN

C PREPARE FOR THE FIRST PLOT
C

CALL NEWPEN(l)
CALL PLOT(0.0,-15.0.-3)
CALL ORSHP(O.0,160.0O3.1
CALL PLOT(1.0.-16.D.-3.1
CALL PLOT(0.0.3.0.-3)
CALL RECT( 0.0.0.0.7.5.9.0,0.0.2)
CALL PLOT(1.5,0.76.-3)
CALL SCALE(T.7-o.2.I1)
CALL SCRLE(R.5.26.NP.1)
CAL.L SCRLECZ.5.26.NP.1)
TIMECNP+I.) =T(3)
TIMECNPt2) =T(4)

C
c DRA1W AXES ANO GRAPHS

C
CAL.L RXIS(.0.000.o. IME (SECONDS.1',-14.7-.0.0..TUS).T(4):
CALL RXIS(0.0,.O.O.PITCH ANOLE CDEGREES1'.21.5.ZS.90.0.Z(NP+I,.1
SZ(NP+2))
ZEROP = BG(Z(NP+1)/ZI(NP+Z3.
CALL PLOTC0.OZEROP.3)
CALL PLOT.'7.0O4EROP.2.1
CALL LINE(TIME.Z.NP,1.0.1.1
CAI.L NEWJPEN(2)
CALL AXIS(-0.75.10.0.*MOUNT FORCE (POUNDS)'.20.5.26,90.0,

ZEROP ROS(RCNPt1.1/R(NP.Z).1
CALL PLOTC-0.76,ZERO?,3.1
CRLL PLOT(7-00,ZEROP.2)
CALL LINEc2TIME,Ri.Np-.1,0.1)

C
C WR~ITE TITLE HEADINJGS
C

CAL.L NEWPEN(l)
CALL SYBL1562,02*MNWRO RNRLYSIS'.0-0.19)
CALL SYMBOLC1.5.,6O.IJ.14.'MOUNT FORCE RND TOTAL PITCO1 ANOLE'o
P0.0,33)1
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CALL GBfDRTECORT)
CALL SYIIBOLC 1.5,5.75,O.14.DRT..O..28)
CALL SYMBOL(1.5.5.5O.O.14.,RUN O.0O04)
CALL NUMBER(99S..999..0.14.FRN.O.OO)

C
C PREPARE FOR THE NEXT PLOT
C

CAILL PLOT(8.5,-15.0.-3)
CALL ORSHP(O.O.16.o*0.3)
RETURN



IxMý

SUBROUTINE FCTCT.Y.RHS)
REAL M.MR.ICM. IR.L.IXW.KXS .KT .KP.IIU .NU,K
COMMON /$AI MIPMR. 1CM. IR.LD.XS,RCM.KXW.KXS,KT.KP.CDX.
COT.CDP.Q.K.XO.T0,FOSTD.STPOCTPO.TIM

DIMENSION Y(t6)X(3).XDCS).RHSCS)
DO 10 ltd .5
J=1+3
X(I) = fl)

10 XD(I) =YCI)
SIP = SINCXC2I +. XC3))
CYP = COS(XC2) +XC3))
ST =SINCXC2))
CT =COSCXC2))
SP SINCX(3)Y
C!' CCSCXC3))
MU MRwLbCP
ETA XC 1) + LuG!'
NU =IR + MRuX(l)uuZ
511 KusNU + MR*IR*L**Z + CMUmX(1))*u2
512 = NU*uU
813 =-CIR +MR*X(1)VETR)*MU
522 = M'wUNU
B23 = -MRuCIR + MR*XC1)uETR)
B33 =MRw(K +IR + MRwET~un2)
DELTR = KuMRwNU +r IR*CMR*LuSP)*wZ

FX=MRwXC1)*(XDC2) +XDC3))w's2 + MR*L*SPuXDCZ)wuZ tMRw0w(STP0
v -8TP)
FKX = KXWmtXC1J - XO) + CDX mXO~i)
IF(XC1k.LT.XS) FKX = KXSuCX(I)-XS)+KXWmACXS-XO)-tDX wXO~i)
FX =FX - FKX
FT =-2.UMRwETR*X0C1)wCXDCZ)+XD(3))-X(1)uMUwXD(3).C2.uXDCZ)tXDCS))
v -CDTuXDC2)-KTu(X(2)--TOJ 1-CMmRCM4.MRULJUGUCST-STOJ
* -MRmG'u(XC 1 )CTP-XOuCTPO)
FP' = -2.uMRuXC1)uXDC1)wCXDC2)*XOCS))÷MUuXD,1)wX0C2)uiwZ-CD!uXD(s)
a -KPw(X(3)-PO)-MRioG*X(1 )wCTP *MRwDaXOwCTPO
RHSC1) =(FX*BSI1 FTmBX2 + FPu513)/DELTA
RHSC2) = (FXmB12 +FTu522 +- FPuB2S)/DELTRi
RHSCSJ = (FXuB1S +FTuB23 +FPu833)/DELTR
RHS(4) = XD(1)
RHS(5) =X0C2)
RHSCG) =X0(3)
RETURN
END
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SUBROUTINE OUTP(T.Y.RH1S.IHLF,NDIM.PRMT)
RERL tPMR .ICM.IR,L .KXW.I(XS.KT.KP .IU.NU.K
COMMON /$A/ M.MR.ICM.IR.L.D.XS.RCM.KXW.KXS.KT.KP.COX.
aCDT.COP.G.K.XO.TOPOSTO.STPO.CTPO.TIt1

COMMON /$PLOT/ NP.TIIIECBOZ3.R(502).Z(5OZ)

TIM = T

CPI =180./3-1415927
NP =NP + I
IF(NP.GT.500) GO TO 50
R(NP) = KXWw(Y(4) - X03 COX *Y(l)
IF(Y(4.1.LTSXS) R(NPJ KXS*(Y(4) - XS) + KXW*(XS -Xo) CDX vYC1)
Z(NP) = c(Y() +Y(6flmCPI
TIME(NP) = T

50 CONTINUE

WRITECS)T.Y.RHS

WRITE(6.1000) ThY

1000FORMT(!,F6-.Tl.6(5,E B-8!3



C RKGS 10
C .............. ................................................... RKGS 20
C RKGS 30
C SUBROUTINE RKGS RKGS 40
C RKGS SO
C PURPOSE RKGS So
C TO SOLVE A SYSTEM OF FIRST ORDER ORDINARY DIFFERENTIAL RKGS 70
C EQUATIONS WITH GIVEN INITIAL VALUES. RKGS 80
C RKGS 90

C USAGE RKGS 100
C CALL RKGS (PRMTY.DERY.NDIM.IHLF,FCT.OUTP.AUX) RKGS 110
C PARAMETERS FCT AND OUTP REQUIRE AN EXTERNAL STATEMENT. RKGS 120
C RKD8 130

C DESCRIPTION OF PARAMETERS RKGS 140
C PRMT - AN INPUT AND OUTPUT VECTOR WITH DIMENSION GREATER RKGS 160
C OR EQUAL TO 6. WHICH SPECIFIES THE PARAMETERS OF RKGS 160
C THE INTERVAL AND OF ACCURACY AND WHICH SERVES FOR RKGS 170
C COMMUNICATION BETWEEN OUTPUT SUBROUTINE (FURNISHED RKO8 180
C BY THE USER) AND SUBROUTINE RKGS. EXCEPT PRMT(5) RKGS 190
C THE COMPONENTS ARE NOT DESTROYED BY SUBROUTINE RK0S 200
C RKGS AND THEY ARE RKGS 210
C PRMT(I)- LOWER BOUND OF THE INTERVAL (INPUT). RKGS 220
C PRMT(2)- UPPER BOUND OF THE INTERVAL (INPUT), RKGS 230
C PRMT(3)- INITIAL INCREMENT OF THE INDEPENDENT VARIABLE RKGS 240
C (INPUT), RKGS 250
C PRMT(4)- UPPER ERROR BOUND (INPUT). IF ABSOLUTE ERROR IS RKGS 260
C GREATER THAN PRMT(4). INCREMENT GETS HALVED. RKGS 270
C IF INCREMENT I8 LESS THAN PRMT(3) AND ABSOLUTE RKGS 280
C ERROR LESS THAN PRMT(4)/SO. INCREMENT GETS DOUBLED.RKGS 290
C THE USER MAY CHANGE PRMT(4) BY MEANS OF HIS RKGS 300
C OUTPUi SUBROUTINE. RKOS 310
C PRMT(5)- NO INPUT PARAMETER. SUBROUTINE RKGS INITIALIZES RKGS 320
C PRMT(6)=O. IF THE USER WANTS TO TERMINATE RKG3 330
C SUBROUTINE RKGS AT ANY OUTPUT POINT. HE HAS TO RK0, 340
C CHANGE PRMT(6) TO NON-ZERO BY MEANS OF SUBROUTINE RKGS 360
C OUTP. FURTHER COMPONENTS OF VECTOR PRMT ARE RKOS 360
C FERSIBLL IF ITS DIMlENSION IS DEFINED GREATER RKG8 370
C THAN S. HOWEVER SUBROUTINE RKGS DOES NOT REQUIRE RKGS 380
C AND CHANGE THEM. NEVERTHELESS THEY MAY BE USEFUL RKIG 390
C FOR HANDING RESULT VAI.UES TO THE MAIN PROGRAM RKGB 400
C (CALLING RKGS) WHICH ARE OBTAINED BY SPECIAL RKGS 410
C MANIPULATIONS WITH OUTPUT DATA IN SUBROUTINE OUTP. RKG5 420
C Y - INPUT VECTOR OF INITIAL VALUES. (DESTROYED) RKGS 430
C LATERON Y IS THE RESULTING VECTOR OF DEPENDENT RKGS 440
C VARIABLES COMPUTED AT INTERMEDIATE POINTS X. RKG1 460
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C DERY - INPUT VECTOR OF ERROR WEIGHTS. (DESTROYED) RKGS 460
C THE SUM OF ITS COMPONENTS MUST BE EQUAL TO 1. RKGS 470
C LATERON DERY IS THE VECTOR OF DERIVATIVES, WHICH RKG8 480
C BELONG TO FUNCTION VALUES Y AT R POINT X. RKGS 490
C NOIM - AN INPUT VALUE, WHICH SPECIFIES THE NUMBER OF RKGS 500
C EQUATIONS IN THE SYSTEM. RKGS 510
C IHLF - AN OUTPUT VALUE, WHICH SPECIFIES THE NUMBER OF RKGS 520

C BISECTIONS OF THE INITIAL INCREMENT. IF IHLF GETS RKGS 530
C GREATER THAN 10, SUBROUTINE RKGS RETURNS WITH RKGS 640
C ERROR MESSAGE IHLF1ll INTO MAIN PROGRAM. ERROR RKGS 550
C MESSAGE IHLF=12 OR IliLF=13 APPEARS IN CASE RKGS 560
C PRMT(31=0 OR IN CASE SIGN(PRMT(3)).NE.SIGN(PRMT(2)-RKGS 570
C PRMT(l)) RESPECTIVELY. RKGS 580
C FCT - THE NAME OF AN EXTERNAL SUBROUTINE USED. THIS RKGS 590
C SUBROUTINE COMPUTES THE RIGHT HAND SIDES DERY OF RKGS 600
C THE SYSTEM TO GIVEN VALUES X AND Y. ITS PARAMETER RKGS 610
C LIST MUST BE XY.OERY. SUBROUTINE FCT SHOULD RKGS 620
C NOT DESTROY X AND Y. RKGS 630
C OUTP - THE NAME OF RN EXTERNAL OUTPUT SUBROUTINE USED. RKGS 640
C ITS PARAMETER LIST MUST BE X.Y.DERY.IHLFNDIM.PRMT.RKGS 650
C NONE OF THESE PARAMETERS (EXCEPT. IF NECESSARY. RKGS 660
C PRMT(4),PRMT(5)....) SHOULD BE CHANGED BY RKGS 670
C SUBROUTINE OUTP. IF PRM'r(5) IS CHANGED TO NON-ZERO.RKGS 680
C SUBROUTINE RKGS IS TERMINATED. RKGS 690
C AUX - AN AUXILIARY STORAGE ARRAY WITH B ROWS AND NDIM RKGS 700
C COLUMNS. RKGS 10
C RKGS 720
C REMARKS RKGS 730
C THE PROCEDURE TERMINATES AND RETURNS TO CALLING PROGRAM, IF RKGS 740
C (1) MORE THAN 10 BISECTIONS OF THE INITIAL INCREMENT ARE RKGS 750
C NECESSARY TO GET SATISFACTORY ACCURACY (ERROR MESSAGE RKGS 760
C IHLF=11), RKGS 770
C (2) INITIAL INCREMENT IS EQUAL T' OR HAS WRONG SIGN RKGS 780
"C (ERROR MESSAGES IHLF'=12 OR IHLF=13), RKGS 9Z
C (3) THE WHOLE INTEGRATION INTERVAL IS WORKED THROUGH, RKGS 800
C (4) SUBROUTINE OUTP HAS CHANGED PRMT(6) TO NON-ZERO. RKGS 810
C RKGS 820
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED RKGS 830
C THE EXTERNAL SUBROUTINES FCT(X.YDERY) AND RKGS 840
C OUTP(X,Y.DERY.IhLf',N)IýIPRMI') MUST BE FURNISHED BY THE USER..RKGS 860
C, RKGS 860
C METHOD RKGS 870
C EVALUATION IS DONE BY MEHNS OF FOURTH ORDER RUNGE-KUTTR RKGS 880
C FORMULAE IN THE MODIFICATION DUE TO GILL. ACCURACY IS RKGS 890
C TESTED COMPARING THE RESUILTS OF THE PROCEDURE WITH SINGLE RKGS 900
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C AND DOUBLE INCREMENT. RKGS 910
C SUBROUTINE RKGS AUTOMATICALLY RDJUSTS THE INCREMENT DURING RKG8 920
C THE WHOLE COMPUTATION BY HALVING OR DOUBLING. IF MORE THAN RKGS 930
C 10 BISECTIONS OF THE INCREMENT ARE NECESSARY TO GET RKGS 940
C SRTISFACTORY ACCURRCY. THE SUBROUTINE RETURNS WITH RKGQ 950
C ERROR MESSAGE IHLF=11 INTO MAIN PROGRAM. RKOS 960
C TO GET FULL FLEXIBILITY IN OUTPUT. RN OUTPUT SUBROUTINE RKGS 970
C MUST BE FURNISHED BY THE USER. RKGS 980
C FOR REFERENCE. SEE RKGS 990
C RALSTON/WILF. MATHEMATICAL METHODS FOR DIGITAL COMPUTERS. RKGSO000
C WILEY. NEW YORK/LONDON. 1960. PP.110-120. RKGS1010
C RKG8102J
C .................................................................... RKGSIOSO
C RKG81040

SUBROUTINE RKGS(PRMT.Y.DERYNDIM.IHLF.FCTkOUTPRUX) RKGS1O5O
C RKGS1060
C RKGS1070

DIMENSION Y(1).DERY(I).RUX(B,1).R(4).B(4).C(4).PRMT(1)
DO I I=I.NDIM RKG81090

1 AUX(8.I)=.O66S66676DERY(I) RKGS1100
X=PRMT(1) RKGS1110
XEND=PRMT(2) RKGS1120
H=PRMT(3) RKGS1130
PRMT(5)=O. RKGS1140
CALL FCT(XY,DERY) RKG'1150

C RKGS1160
C ERROR TEST RKG51170

IF(Hm(XEND-X))38.37.2 RKGS1180
C RKGS1190
C PREPARATIONS FOR RUNGE-KUTTR METHOD RKG81200

2 A(1)=.5 RKG81210
A(2)=.2928932 RKG81220
A(3)=1.707107 RKGS1230
AC(4)=.1686661 RKGS1240
B(I)=2. RKGS125O
6(2)=1. RKGS1260
8(3)=I. RKGS1270
"8(4)=2. RKG81280
C(I)=.5 RKG51290
C(2)=.2928932 RKG51300

SC(3)=1.707107 RKD51310

C(4)=.5 RKG81320
C RKG51330
"C PREPARATIONS OF FIRST RUNGE-KUTTA STEP RKGS1340

00 3 I=1.NOIM RKG61350
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A U X 1.1 )Y(I RK~GS1380
AUX(2.I )=OERY( I) RKG813 0
RUXC3.I )=O.RKS18

3 RUX(6,I)mO. 
RG18
RKGS 1390IREC=O RKGS 1400

H=HsH RkDS 1410
1l1LF=-l RKDS 1420
ISTEP=0RKS13
IEN0=0 R KGS1440

H=XENO-XRKGS1440

C RKGS 1510
C STRTCRO OF A INIEKTIA SALESPFTlSSE RKGS1470

4IF(CPRHT( N)m340.8.40 RKGS15480
8 ITEST=0 RKGS 1550

9 ISTP~ISEP+1RKGS 1 O6
C RKGSIBIO
C STRTCOFDINGNF OSTIA RAUNES-KUTTHI SOOP RKGS 1590

JFPRT6)4184 RKO'51640
10 AJ=A(J3 RKGS1550
9 IJE=I6(J3 RKGS 1620
CCCJ RKD51570
001 C.Dt RKGS1680

C TRT O INEMOTEUNE-UTA OO RKG51590
10 2A=A(JUC 1 B u UX 6 RKGS1600

R2=B2+JtR RKGS1610

IF=(J-)1155 RKG31300
12 1~J1 I=,DI KGS1610

14CLL FCTR(X..EY RG14QOTO 10RKGS1650

C ()Y()R RKGS1670
C 2R+2R RKDS178O

C 1 TEST OF =ACURACY+R-Cw RKOSI 790
15IF(ITES)12,16.20 RKGS1700

13 X=13- 12

14 CAL-TXYDR)RG13



C RKGS 1810
C IN CASE ITEST=O THERE IS NO POSSIBILITY FOR TESTING OF RCCURACY RK081820

16 00 17 I=1.NDIM RKGBI830
17 AUX(4,I)=Y(I) RKOS1840

ITEST=I RKGS1850
ISTEP=ISTEP+ISTEP-2 RKQ81860

18 IHLF=IHLF+l RKGS1870
X=X-H RKGS1880
H=.SmH RKGS1890
O0 19 I=INDIM RKGS1900
Y(I)=RUX(1.1) RKGS1910
DERY[I]=RUX(2.1) RKGS1920

19 RUX(6,I)=RUX(3.I) RKGS1930
GOTO 9 RKGS1940

C RKGSI960
C IN CASE ITEST=1 TESTING OF ACCURACY IS POSSIBLE RKGS1960

20 IMOD=ISTEP/2 RKGS1970
IF(ISTEP-IMOD.-IMOD)21.23.21 RKG51980

21 CALL FCT(X.Y.DERY) RK081990
DO 22 I=I.NDIM RKG82000
RUX(B.I =Y(I) RKGS2010

22 RUX(7.I)=:ERY(I) RKG82020
GOTO 9 RK0S2030

C RKG82040
C COMPUTATION OF TEST VALUE DELT RKGS2050

23 DELT=O. RKGS2060
00 '24 I=I.NDIM RKG32070

24 DELT=OELT+AUX8.I)]FRBS(RUX(4,I)-Y(I)) RK0G2080
IF(DELT-PRMT(4))28,28,25 RKG82090

C RKG52100
C ERROR IS TOO GREAT RKG52110

25 IF(IHLF-1O)26,36.36 RKGS2120
26 00 27 I=INDIM RK082130
27 RUX(4,I)=RUX(5,I) RKG82140

ISTEP=ISTEP÷ISTEP-4 RK082150
X=X-H RKGS2160
IEND=O RK0S2170
GOTO 18 RKG82180

C RK0G2190
C RESULT VALUES ARE GOOD RK082200

28 CALL FCT(X,Y,DERY) RKGS2210
00 29 I=1.NDIM RKG82220
AUXCII)]=Y(I) RKGS2230
RUX(2.1)=IERY(I) RKG82240
AUX(3.13=RUX(6,I) RKG82250
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29 DERY~f)=RUX(7.1) RKG82270
CALL OUTP(X-H-.Y.DERYIIILF.NOIM.PRMT) RKGS2280
IFCPfR,¶r5),40.30.40 RKGS229O

30 00 31 I=1.NOIM RKGS2300
Y(I )=AUX(l .1) RKG82310

.131 DERY(I)=AUX(2.I) RKGS2320
IREC=IHLF RKG82330

.1IF( IEND)321 32.39 RKGS2340
C RKGS2350

C INCREMENT GETS DOUBLED R KGS52360
32 IHLF=IHLF-1 RKGS2370

IS1TEP=ISTEP/2 RKG32380

H=H+HRKGS239 0IF(IIILF)4*33,33 RKG82400
33 Il100=tSTEP/2 RKGS 2410

IF( ISTEP-IMOD-IMOD)4.34,4 RKG52420
34 IF(0ELT-.O2mPRMT(4))3B.35.4 RKG82430
35 II1LF=1IHLF-1 fKG82440

ISTEP=ISTEP/2 RKGS 2450
H=H~ K GS2 460

QOTO 4 RKGS2470E 36 IL~ii RKG52480
IIC RETUR~NS TO CALLING PROGRAM RKG52400

36 IHrzllRKG525100

GOTO 39 RKGS2530
37 IHF1 RKG8254038 T 3 RKG58256038IILF=13 RKG8S2560
39 CALL OUTP(X.Y.DERY.IHLF.NDIM.PRJIT) RKGS2570
40 RETURN RKG82680

END RKG'S2590
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APPENDIX C

C.0 ANALOG COMPUTER SIMULATION

The analog computer program required to solve the three degree-of-

freedom model is shown in Figure C-I. The diagram shown is simplified over

that actually used, in that it does not contain scaling or gain factor

information, ncr does it show certain inverter amplifiers required by the

non-linear equipment. Standard analog techniques are used throughout the

program, except perhaps where multiplier feedback was used around the 0

and 4 summers in preference to resorting to the use of less accurate

division circuitry. The generation and control of the firing pulse F(t)

was achieved by use of an internal timer, a logic gate (G), and a delay

flop (P) to activate two integrators separately from the rest of the

computer equipment. The timer controlled the firing frequency and the

delay-flop controlled the duration of the F(t) function. Equations 2-9

required linearization before they could be implemented on the analog

computer. Small angle approximations were made and certain higher-order

terms were removed. The final set of differential equations solved was

as follows:

mr x = mr L 0 + mr x 62 + mr x -2 - (cx x + kx {x - xo}) - F(t)

[Icm + I + M r2 +m (x 2 + L2 )] =m L x- (Ir + mr x2 )

- mr L x - c2 - - k 0 - mr g (x - xo) + L F(t)

(I + mr x2 ) + m X2 ) + mr L x 62 _ c -k' -mr g (x- x) 6 F(t)

The main variables of interest (those monitored in actual tests) are out-

put from the computer solution as FRECOIL, the force felt on the gunners

shoulder, and the total pitch angle (0 + ').
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TIMER

Figure C-i Simnplififed Analog Computer Diagram of

Man-Weapon Interaction Equations
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