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ABSTRACT

Rapid firing of two bullets from the Skorpion submachine gun vz. 61 cal. 7,65 mm towards the
target located at a distance of 25 [m] was registered at a police shooting range. The tests con-
firmed the opinion of the users regarding the presence of significant weapon dispersion. This
undesirable effect prompted the authors to undertake work in order to improve the dynamic
properties of weapons.

Experimental studies provided information on the kinematics of movement of human — weapon
system. On the basis of the courses of variation of displacement, velocity and acceleration over
time, the behaviour of a machine gun in thirteen characteristic points of its operation was speci-
fied. The verification of bullet holes and analysis of recorded images showed a slight deviation of
movement of the objects under examination from the vertical plane. Therefore, a physical model
of human — weapon system with five degrees of freedom in the vertical plane was formulated.
On the basis of the physical model, a mathematical model of human — weapon system was derived,
which can be classified as linear, determined, variable over time, dissipative and constrained.
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INTRODUCTION

The object of research is the system of man-submachine gun Scorpion wz. 61
cal. 7,65 mm, as in figure 1. Its long term use indicated large dispersion of bullets
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fired, especially when shooting from a distance of several meters. In order to con-
firm the unfavourable phenomenon of vast spread of bullets fired, rapid firing of two
bullets towards the target located at a distance of 25 [m] was conducted at a police
shooting range. Shooting the Skorpion submachine gun was executed by an experienced
policeman from the secret service, as in Figure 1. The tests demonstrated the presence
of dispersion between two bullet holes of more than 1.3 [m].

Fig. 1. A police officer from the special service during rapid firing the Skorpion submachine gun
vz. 61 cal. 7,65 mm [own work]

The presence of large dispersion while shooting prompted the authors to
undertake work to improve this unfavourable phenomenon. At the beginning em-
pirical studies were conducted with the aim to analyze the variability of kinematic
quantities characterizing the weapon movement during firing and then, a theoretical
model of human — weapon system was formulated. In this article, the authors
present the physical and mathematical model developed on the basis of con-
siderations arising from the experimental studies. Ultimately, the task of consider-
ations undertaken is to develop guidelines to shape the dynamic properties of
automatic weapons so as to reduce the dispersion of bullets fired rapidly. For this
purpose, a study of the system will be carried out based on the empirical research
and theoretical analysis of the suggested models, taking into account the identifica-
tion of parameters and the validation process.
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THE ELEMENTS OF EXPERIMENTAL RESEARCH

At the police shooting range the process of rapid firing of two bullets was
registered. For this purpose a fast digital camera Phantom v 9.1 was used. After the
acquisition of the data obtained, the recorded image was analysed with the use of
the specialized TEMA software. On the basis of the course of variation of kinematic
quantities over time describing the weapon movement, the behaviour of the ma-
chine gun in thirteen characteristic points of its operation was specified. With the
use of the TEMA software, a moment of time was achieved where a change in struc-
ture, weight or weight distribution of the system under examination takes place.
Physical phenomena occurring while firing every shot affect the weapon movement
and thus, spread of bullets fired one after another [4]. The characteristic moments
of time are as follows:

1. The first shot — I
1) t=0,0448[s] — lock movement to the rear position,
2) t=0,0462[s] — cartridge bullet 1 leaves the barrel,
3) t=0,0532[s] — cartridge shell 1 is thrown out of the receiver,

4) t=0,0581[s] — lockreached the extreme rear position,
5) t=0,0749 [s] — lock movement to the front position,
6) t=0,0973[s] — lockreached the extreme front position.
2. The second shot — II
7) t=0,1022[s] — lock movement to the rear position,
8) t=0,1036[s] — cartridge bullet 2 leaves the barrel,
9) t=0,1134[s] — cartridge case 2 is thrown out of the receiver,
10) t=0,1162 [s] — lockreached the extreme rear position,
11) t=0,1484 [s] — lock movement to the front position,

12) t=0,1743 [s] — lockreached the extreme front position.
3. The shooter leaves the weapon to the initial position
13) t=0,2604 [s] — weapon is in the initial position.

Figure 2 presents the shooter with a gun in two characteristic moments of
time specified in point 2 and 8.

Having compared the location of the weapon in the hands of the shooter
when leaving the barrel by the bullet 1 and 2, a clear difference in the inclination
angle of the machine gun might be noticed. Each bullet receives different values of track
factors at the starting point [6, 12]. If the same initial velocity values of both bullets
are adopted, then the most important factor influencing the trajectory will be the
departure angle.
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t=0.0462 [s] t=0.1036 [s]
Fig. 2. A police officer during firing two shots from the Skorpion submachine gun [own work]

For the purpose of quantitative interpretation of track factors presented in
figures 3, 4 and 5, the courses of variation of kinematic quantities over time charac-
terizing the movement of weapon tilt are presented. The graphs include points at

which the previously discussed phenomena occur.

The variation in the angle

9 [deg]

0,14 0,21 0,28 0,35 0,42
t[s]

Fig. 3. The course of variation of weapon tilt over time [own work]
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Fig. 4. The course of variation of angular velocity in the movement
of weapon tilt over time [own work]
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Fig. 5. The course of variation of angular acceleration in the movement
of weapon tilt over time [own work]
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In the present case, the difference between the values of the departure angle
for both bullets exceeds 3 [deg]. Due to the difference in value of the angular velocity
of weapon tilt amounting to around 30 [deg/sec], the initial speed for both bullets
should also be adjusted slightly. It follows from all of the above presented considera-
tions that the trajectories of both bullets should differ from each other. This conclu-
sion was confirmed with the tests that were conducted which showed the presence
of clear dispersion between two bullet holes emerging on the target located at a dis-
tance of 25 [m] from the shooter. The verification of bullet holes and analysis of
recorded images showed a slight deviation of movement of objects examined
from the vertical plane. In this respect the theoretical model of human —
weapon system in the vertical plane was formulated.

PHYSICAL MODEL OF HUMAN — WEAPON SYSTEM

Figure 6 presents a physical model of human — weapon system that was
formulated with the use of considerations resulting from the shooting performed
with the use of the Skorpion submachine gun vz. 61 that was recorded at the police
shooting range. The physical model represents the movement of the system under
examination in the vertical plane [10].

Yo1
Ci1
Su Y11
jJ Ca1
| yax
Amis s, X

yo2 t k12 j—l cw2

b a
L

Fig. 6. Physical model of human — weapon system [own work]
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When developing the physical model of the Skorpion submachine gun vz. 61,
the following issues were determined and implemented:
1. Inertial components:

e Material points,
e Rigid body,
¢ Objects variable over time.
2. Non-inertial components:
e Restitution elements,
¢ Dissipative elements,
e Mathematical points.
3. Cartesian orthogonal clockwise systems of reference:
¢ Galileo system,
e Non-inertial coordinate systems,
e Isometric transformations of coordinate systems.
4. Space:
e Two-dimensional Euclidean space,
e Homegenous field of gravity,
e Earth’s atmosphere.

The physical model that was developed consists of a rigid body of mass m
and moment of inertia I representing the weapon and two point masses m;; and
my,, five weightless elements in the form of Kelvin-Voigt models of parameters k3,
€11 1 Ky1, €31 1 Kqy, €15 1 Kyy, €2y 1 Kyg, €3, three kinematic excitations Xg3, Vo1 1 Vo2
representing the anthropodynamic model of a human being [2, 3, 7, 8, 9]. The occur-
rence of physical phenomena, including the processes of firing bullets, lock movement,
throwing the cartridge case and loading a new cartridge was simplified by introducing
a dynamic excitations in the form of forces P, Fy) and torque M [5]- This model has

five degrees of freedom.

MATHEMATICAL MODEL OF HUMAN — WEAPON SYSTEM

On the basis of the physical model and with the use of so-called energy
method, a mathematical model was derived [10]. While defining the mathematical
model of the Skorpion submachine gun vz.61, the following issues were defined
and implemented [11]:

1. Kinematic correlations:
e Location of inertial elements and mathematical points,
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e Deformation of restitution elements,
e Static displacements,
e Velocity of inertial elements and mathematical points,
e Velocity of displacement of dissipative elements,
e Constraint equations.
2. Energy:
e Kinetic,
e Potential:
o Elastic,
o Field of gravitational forces,
3. Non-potential forces:
¢ Rayleigh dissipation function,

¢ Forces resulting from the movement of an object variable over time.
4. Equations of motion — the Lagrange equations of 2nd type.

5. Parameters described with functions.

In order to determine the system movement, five independent coordinates

were adopted %, y, 9, y11, Viz-

Equations of motion of human — weapon system:
mX + Cy3X + Ky3X = Cy3Xp3 + Ky3Xg3 — Py

my — c21A21 — KagAyq + Conhay + Kpohpy = P, —mg
19 — c21a7\21 —kp1aky — szbj\zz —kaobdy, =M

my;915 + €11¥11 + Ke1Var + Ca1Aa1 + KagAz = €11¥01 + K11Yo1 — Mysg
my,¥12 + C12Y12 + K12Y12 — C22A22 — K252 = €12¥02 + K12Y02 — My28

where:

A21 = Y11+ Viast — Y — Yse — a0 + o)

Aaz =y +¥se — b9 + Ist) — Y12 — Vaast

7\21 = V11 _}"—35

j\zz =§’_b{9_5’12

Equilibrium equations of human — weapon system:
K22 (¥st = bOst — Y12st) — ka1 (Y115t — Yst —a9s) + mg =0
—K22b(¥st — bOst — Y12st) — kz1a(yi1se — Yst — ads) = 0
K11¥11st + Ka1 (Y115t — Yst —@9) + my1g =0

K12Y12st — K22 (¥st — bOst — Y12st) + myp8 =0

where:
Vst, Ost» Y11st» Y1zst — Static displacements.

(1)

(2)
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SUMMARY

The analysis of the empirical results confirmed the opinion of the users re-
garding the presence of significant dispersion of the Skorpion submachine gun vz. 61
cal. 7,65 mm while shooting towards the target located at a distance of 25 [m]. The
undesirable effect encouraged the authors to undertake work with the aim to im-
prove the dynamic properties of weapons.

Thanks to the experience gained during studying the results obtained at the
shooting range, the physical model of human — weapon system with five degrees
of freedom in the vertical plane was formulated. The verification of bullet holes and
analysis of the registered images with the use of a fast digital camera Phantom v 9.1
proved that the movement of the tested objects slightly deviates from the vertical plane.
In this respect, the theoretical model of human — weapon in the vertical plane was
formulated. If there is a reasonable need, a spatial model will be developed. Un-
doubtedly, the system under examination is an object variable over time [1]. The
structure, weight and weight distribution of the system undergo changes. It results
from:

— lock movement together with the resistance-return system, which takes place in
the receiver;

— leaving the gun by the bullet moving in the barrel;

— leaving the gun by shell being thrown out;

— pushing the second bullet into the receiver.

When formulating the model of human — weapon system, only the physical
phenomena that have the nature of mechanical interactions were taken into con-
sideration.

On the basis of the physical model, the mathematical model of human —
weapon system was derived, which can be classified as linear, determined, variable
over time, dissipative and constrained. If there is a reasonable need, a model that
takes the physical and geometric nonlinearity and active elements resulting from
human impact on the weapon into account will be developed.

Ultimately, the task of these considerations is to develop guidelines with
the aim to shape the dynamic properties of automatic weapons so as to reduce the
dispersion of fired bullets. For this purpose, a study based on the empirical research
and theoretical analysis of the models developed will be conducted, taking the
identification of parameters and validation process into consideration. The model
suggested in this paper should be considered as a poll variant.
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MODEL TEORETYCZNY UKLADU
CZLOWIEK — BRON

STRESZCZENIE

Na strzelnicy policyjnej przeprowadzono rejestracje procesu wystrzelenia z pistoletu maszyno-
wego Skorpion wz. 61 kal. 7,65 mm ogniem seryjnym dwéch pociskéw do tarczy znajdujacej sie
w odlegtosci 25 [m]. Przeprowadzone préby potwierdzity opinie uzytkownikéw o wystepowaniu
znacznego rozrzutu broni. Wystepowanie niepozadanego zjawiska sktonito autoré6w do podjecia
prac zmierzajacych do poprawienia wtasciwosci dynamicznych broni.

Badania doswiadczalne dostarczyty informacji na temat kinematyki ruchu uktadu cztowiek —
bron. Na podstawie otrzymanych przebiegdw zmiennosci przemieszczenia, predkosci i przyspie-
szenia w funkcji czasu okreslono zachowanie sie pistoletu maszynowego w trzynastu charaktery-
stycznych punktach jego dziatania. Weryfikacja przestrzelin i analiza zarejestrowanych obrazéw
wykazata nieznaczne odstepstwo ruchu badanych obiektéw od ptaszczyzny pionowej. W zwigzku
z tym sformutowano w ptaszczyznie pionowej model fizyczny uktadu cztowiek — bron o pieciu
stopniach swobody. Na podstawie modelu fizycznego wyprowadzono model matematyczny uktadu
cztowiek — bron, ktéry mozna zakwalifikowa¢ do liniowych, zdeterminowanych, zmiennych
w czasie, dyssypatywnych i nieswobodnych.

Stowa kluczowe:
bron, cztowiek, model fizyczny, model matematyczny.
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