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Abstract. This work was an attempt at an analysis of the interaction between a firearm
and a human, exemplified by a cal. 9 mm submachine gun (SMG), PM-98 GLAUBERYT
and a trained, professional shooter - a Police special team operator. The results of the
analysis made it possible to develop several guidelines aimed at designing the dynamic
performance of SMGs to improve their aiming accuracy. In connection with this work,
experimental tests were performed at a firing range, where the process of firearm
discharge was recorded using a Phantom slow-maotion digital camera. What followed was
the analysis of the video record using the Tema dedicated computer software. The SMG’s
dynamic performance was adjusted to reduce the hit scatter. Based on the results of the
empirical tests at the firing range, physical and mathematical models of the SMG-operator
system were formulated. The SMG-operator system was simulated in the Scilab software,
which provided time-based variation trends of the kinematic quantities that characterised
the movements of individual modelled objects. The variation trends determined included
displacement, velocity and acceleration of the SMG, its bolt assembly, and the human
operator as a function of time. The results of the theoretical analysis were compared to
the empirical test results from the firing range. It was found that in the virtual modelling
space, the SMG model had a performance similar to that of its real counterpart. With the
theoretical model verified, several performance parameters of the SMG were modified
and guidelines were developed that could improve the aim.

Keywords: mechanical engineering, submachine gun, shooter, empirical testing,
theoretical analysis

1. INTRODUCTION

The test object was an SMG-operator system, as shown in Photo 1. The
operator was a trained Police anti-terrorist operative shooting with a PM-98
GLAUBERYT, a Polish cal. 9 mm submachine gun (manufactured by Fabryka
Broni “Lucznik”- Radom Sp. z 0.0. in Poland), loaded with 9 x 19 mm Luger
(Parabellum) FMJ (Full Metal Jacket) cartridges (manufactured in 2017 by
Sellier & Bellot, Czech Republic).

The primary objective of this work was to develop guidelines for the design
of SMG dynamic performance to reduce the projectile scatter. The dynamic
performance of the SMG-operator system is construed as a set of its defining
physical parameters that affect the form of a modal matrix and the response of
the SMG-operator system to external inputs. To achieve the objective of this
work:

e video images of the process of discharging rounds from the SMG by the
operator, recorded using a Phantom v.9.1 slow-motion digital camera, were
analysed in the Tema [1] dedicated software suite, which enabled:

- plotting the trends of displacement, velocity and acceleration vs. time
which characterised the motion of individual objects in the SMG-
operator system;

— evaluation of the impact of the SMG bolt reversing movement, clearing of
the muzzle by the projectile, ejection of the spent casing out of the SMG,
the bolt reaching the dead reverse position, SMG bolt forward movement,
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and the bolt reaching the dead forward position on the response of the
SMG-operator system [2], [3];
- determination of the initial performance characteristics, including the
position, velocity and acceleration of flight of each discharged projectile;
- determination of the projectile scatter [4];

Photo 1. Police anti-terrorist operative discharging rounds from the PM-98
GLAUBERYT SMG (composite of the physical model adopted for the SMG-operator
system)

physical and mathematical models were formulated for the movement in the
SMG-operator system, which should behave in the virtual modelling space
like the real-life object [5]. For this task:
- three models of the SMG-operator system were developed;
- the basic dynamic performance characteristics of the SMG-operator
system were determined,;
- a reverse method was applied to determine the trend of time-based
variations of the loads applied to the SMG-operator system:;
- the trends of the kinematic quantities that characterised the movements of
individual modelled objects in the SMG-operator system were compared
to the real-life SMG-operator system;
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- a theoretical model was developed for the projectile flight and the
simulation results were compared to the results from the experimental
tests [6];
- guidelines were developed for the design of SMG dynamic performance to
reduce the projectile scatter.
Given the limited volume of publications, this work only includes a selection
of the produced results.

2. EXPERIMENTAL TESTS

The experimental tests were performed at an indoor, certified firing range of
the company EMIJOT of Chorzow, Poland. It was assumed that the
meteorological and ballistic conditions at the indoor location were stable and
would not introduce random interference. One hundred rounds were discharged
from the SMG in semi-automatic fire to a target located 25 m from the muzzle.
Photo 2 shows the operator during the experimental test, with the SMG and the
test stand equipment.

The video images recorded during the tests using a Phantom v.9.1 slow-
motion digital camera were analysed in the Tema dedicated software suite. This
provided reliable variation trends of kinematic quantities as a function of time,
where the trends characterised the motion of the SMG. A representative example
of angular displacement during the pitching of the SMG, as well as the angular
velocity and angular acceleration of the SMG, are shown in Figs. 1, 2, and 3,
respectively. The charts refer to a single shot discharged from the PM-98
GLAUBERYT.

The trend vs. time charts of angular velocity and acceleration produced in
Tema were found to be imprecise and a different method of plotting the charts
was used. The method involved the calculation of a differential coefficient based
on a larger number of data points. The first and the second differential coefficients
were determined using, respectively, a linear regression straight line x(t) = at +
b and a regression parabola x(t) = at? + bt + c, as well as the least squares
method.

For a single discharge (shot) (with the SMG fed from a box magazine with
two cartridges), two consecutive characteristic moments of time were isolated
(Figs. 1, 2, and 3):

t=0.0000 [s] - slow, smooth pressure is applied to the trigger;

(0) t=0.0320[s] - the trigger is fully depressed and the cartridge is
discharged;

(1) t=0.0327[s] - the projectile clears the muzzle and the bolt blowback
action begins;

(2) t=0.0453[s] - the spent case is ejected from the ejection port;

(3) t=0.0507[s] - the bolt meets the rear stop and is momentarily stopped,;

(4) t=0.0520[s] - the bolt begins to move forward;
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(5) t=0.0573[s] -—the boltis stopped by the delayer, which is its function;

(6) t=0.0733[s] - the delayer stops and the bolt begins to move forward,;

(7) t=0.1167[s] - the bolt is stopped by the barrel head and remains
stationary.

Photo 2. (from top to bottom): Operator in the firing stance, shown with the SMG and
the test stand equipment
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Fig. 1. Trend chart of the SMG angular displacement during pitching,
with to, ta,..., t7 being the characteristic moments during a single shot
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Fig. 2. Trend chart of the SMG angular velocity during pitching,
with to, ta,..., t7 being the characteristic moments during a single shot
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Fig. 3. Trend chart of the SMG angular acceleration during pitching,
with to, t1,..., t7 being the characteristic moments during a single shot

3. THEORETICAL ANALYSIS
3.1. SMG-operator system model #1

At the outset of the theoretical analysis, a physical and mathematical model
numbered 1 was formulated, which could be used to estimate the dynamic

performance of the SMG; see Fig. 4 and Eqg. (1). The vibration natural frequencies
and mode shape of the SMG-operator system were determined.
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Fig. 4. SMG-operator system model #1
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The summation equations of the SMG-operator system had the following
form:

my + (kpq + kp2)y + (kp1a — kppb)@ — ka1y11 — koY1, =0

1§ + (kz1a = kopb)y + (kp10® + kypb®)p — kp1ay1y + kppbyi, = 0
My1Y11 = K21y — ka1 + (k11 + kz1)y11 = 0 @
My2Y12 + Kooy + Kaob@ + (kiz + K22)y12 = 0
The first mode of eigen vibrations is
©0:=62.52 =] = 9.95 [Hz]
a1 = 1; ptyy = —13.155; pia; = —0.578; gy = 1.189

The second mode of eigen vibrations is

0= 89.57 [=7] = 14.26 [Hz]

s = 1; pyy = 6.156; s, = 1.684; p,, = 0.863
The third mode of eigen vibrations is

rad

w 03= 374.11 ["24] = 59.54 [Hz]

s
Uiz = 1; Ur3z = _34242; U3z = 3299; Haz = —3.598

The fourth mode of eigen vibrations is
0= 543,25 [©=] = 86,46[H7]

Hia = 1, Hoa = 28900, Uza = _04‘00, Hag = —0.426

3.2. SMG-operator system model #2

Next, a physical and mathematical model numbered ‘2° was developed and
used to determine the functions representative of the loads imposed on the SMG
as a function of time. Figure 5 shows the physical model analysed. The physical
model was used to determine the mathematical model, described with Eqg. (2) and
(3), using an energy method. Figures 6, 7 and 8 show the functions representative
of the loads imposed on the SMG as a function of time.
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Fig. 5. SMG-operator system model #2

The equations of motion for the SMG-operator system had the following

form:

mx + C3J'C + k3x = C3.7.C()3 + k3X03 - PX

MY — 21421 — koadag + Cozdas + kpaldyy = By —mg

Iy — c21a121 —kz1ady — szb/izz — kaabdy, =M

My1¥11 + C11Y11 + k1Y + 521/121 + k31421 = ¢11Yo1 + K11Y01 — M118

Myy3h2 + C1aViz + Kaa¥iz + Coaldag + kaaday = C12Y02 + k12Y02 — Maag

where:

A21 = Y11t YVi1st =Y — Yst — al@ + @st)

Ay =y + Y5t — b(@ + @st) — V12 — Viast

/121=)'/11—)'/—a¢

/122=5’—b¢’—3.’12

)
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The equations of balance for the SMG-operator system had the following
form:

kyzxse =0

—ka1 V115t — Vst — APst) + Koo Vst — bPse — Y12st) + Mg =0
—ka1a(V11st — Vst — APst) — ka2b Vst — bse — Y125t) = 0 ®)
k11y11st + ka1 (Y115t — Vst — a@st) + my19 =0

k12125t — k22 (Yst — b@st — Y12st) + My29 = 0
The force equation, P,, had the following form:

P, = —(mX + c3x + k3x)

The functions of x,x,%X were produced from the experimental tests by
recording the process of firing the SMG using a slow-motion digital camera and

processing the results of the acquired video images. The chart of force, P, vs.
time is shown in Fig. 6.
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Fig. 6. Chart of force, P,, vs. time

The force equation, P, had the following form:
P, = my— C21d21 — Kaada1 + Caaday + Kaadyy + myg.

The functions of y,y,y were produced from the experimental tests by
recording the process of firing the SMG using a slow-motion digital camera
and processing the results of the acquired video images. The chart of force, P,
vs. time is shown in Fig. 7.
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Fig. 7. Chart of force, P,, vs. time

The moment equation, M, had the following form:
M = 1§ — c31ad31 — ky1ady1 — CabAy; — kyabAy,

The functions of ¢, @, » were produced from the experimental tests by
recording the process of firing the SMG using a slow-motion digital camera and
processing the results of the acquired video images.

The chart of moment, M, vs. time is shown in Fig. 8.
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3.3. SMG-operator system model #3

Ultimately, to determine the kinematic quantities characterising the motion
of the SMG, a physical and mathematical model numbered ‘3’ was formulated
with six degrees of freedom, see Fig. 9 and Eqg. (4) and (5). The produced results
were compared to the results from the experimental tests (Fig. 10). Having
achieved satisfactory accuracy, the acquired SMG-characteristic performance
was verified (Fig. 11) [7].

The SMG was modelled as a rigid body with three degrees of freedom.
Inside the upper receiver, the bolt was moving, modelled as a rigid body with one
degree of freedom. It is a very complex problem to formulate a reliable firearm-
operator model. To model the interactions between the operator and the SMG,
the available, mature, anthropodynamic model with one degree of freedom
developed by Vasiliev was used.

Fig. 9. SMG-operator system model #3

The equations of motion for the SMG-operator system had the following
form:

(m + my)¥ — mz&Psing + myécosp — 2mzépsing — myEpzcosp
+c23(% + h) + kas(x + xst) + kazh(@ + @st) = €23%03 + Ka3%03

(m + mz)y + mzépcosp + myEsing + 2mzépcosp — mz& p?sing (4)
+e1 (Y +a@ —y11) + (Y — b@ — y12) + (kag + ka2) (v +yse)

+(kz1a — ka2b) (@ + @gt) — k21 (Y11 — Yi1st) — K22(V12 + Yiast)
+(m+mgz)g=0
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(I + I + my&2)§ — my&ising + my&ycosg + 2myEEQ
+210(Y + a@ — y11) = C22b(Y — b — y12)

+Cz3h(5f + h@)+kyzh(x + xg) + (kpya — kzzb)(y + Yst)
+(kp10® + kypb? + kyzh?) (@ + @s0) — ka1a(Vig + Yiast)
+ko2b(Y12 + Yi2st) + Mzg§cosg = cp3hxgs + kyzhxos

My Y1 + c11¥11 — 21V +a@ —yi1) — ka1 (y + }{st) —kyia(e + @s) 4)
(k11 + k1) (V11 + Ysr) + My1g = 1101 + k11Y01

M2 + C12Y12 — C22(Y — b — Y12) — ]fzz(y + Yst) + k22b(@ + @)
(ka1 + k22) V12 + Yizst) + Mizg = €120z + K12Y02

mz€ + mzicosp + mzysing + mzEP? + cz& + ky (€ + &) + mygsing
=—p

The equations of balance for the simulated SMG-operator system had the
following form:

kosxst + kazhpse =0

(k21 + k22)yse + (kz1a — koab) @ — ka1V11st — K22V12st
= —(m+mg)g

kashxse + (ka1 — kapb)yse + (ka10® + koob? + kpsh®) g — karayiise  (5)
tho2byiase = 0

—k21Yst — k21095 + (K11 + k21) Y115t = —My1g
—ko2Yst + koob@se + (kiz + k2)Yi2st = —My2g

The chart in Fig. 10 shows the function of the SMG’s angle of pitch in the
domain of time, as recorded during the experimental tests and produced from
a numerical simulation of motion of the developed theoretical model.

When investigating the produced functions, it was assumed that the SMG
moving through the virtual space behaved similar to the actual SMG. Based on
this, the effect of modifying the SMG-operator system parameters on improving
the aim was studied [8-9]. The chart in Fig. 11 shows the function of the SMG’s
angle of pitch vs. time, produced from the numerical simulation of motion of the
developed theoretical model for the initial and the preferably modified parameters
of the SMG. The preferably modified parameters, which improved the behaviour
of the SMG during firing, are discussed in the Conclusion section.
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Fig.10. Graph of the function of the angle of inclination of the weapon in the time
domain obtained from experimental research and numerical simulation
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Fig. 11. Chart of the SMG angle of pitch vs. time,
produced from the numerical simulation for the initial parameters (see curve A)
and the preferably modified parameters (see curve I)

4. CONCLUSION

The testing and analysis of the dynamic phenomena occurring in a firearm-
operator system are very complex, time-consuming, and interdisciplinary
projects. This work was an attempt at an analysis of the interaction between
a firearm and a human, exemplified by a PM-98 GLAUBERYT SMG and
a trained shooter from a Police special team.
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The results of the analysis made it possible to develop several guidelines
aimed at designing the dynamic performance of SMGs to improve their aiming
accuracy. The theoretical and empirical analysis made it possible to determine
changes in the design and physical parameters of the SMG, which included:

- addition of a stock aligned in parallel to the barrel centreline;

- reduction of the bolt assembly weight to 37%;

- reduction of the stiffness of the bolt return springs to 29% [12];

- reduction of the distance from the centre of gravity to the foregrip to 28%.
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Modelowanie i badanie dynamicznych wlasciwosci ukladu
strzelec-pistolet maszynowy

Zbigniew J. DZIOPA!, Andrzej LENARCIK?, Krzysztof ZDEB?

Politechnika Swietokrzyska
Aleja Tysigclecia Panstwa Polskiego 7, 25-314 Kielce
2 Laboratorium Kryminalistyczne Komendy Wojewddzkiej Policji w Krakowie
ul. Mogilska 109, 31-571 Krakow

Streszczenie. W pracy podjeto probe analizy wzajemnego oddziatywania broni
i czlowieka na przykladzie 9 mm pistoletu maszynowego PM-98 GLAUBERYT
i wyszkolonego, zawodowego strzelca, ktorym byt funkcjonariusz jednostki specjalnej
policji. Otrzymane wyniki pozwolity na opracowanie kilku wytycznych zmierzajacych
do takiego ksztaltowania charakterystyki dynamicznej pistoletéw maszynowych, aby
zwigkszy¢ ich celnos¢. W zwigzku z tym przeprowadzono badania eksperymentalne na
strzelnicy, rejestrujac proces strzelania szybkg kamerg cyfrowg Phantom. Nastgpnie
wykonano analiz¢ zarejestrowanych obrazéw, wykorzystujac specjalistyczne
oprogramowanie Tema. W celu zmniejszenia rozrzutu broni dokonano korekty jej
charakterystyki dynamicznej. Na podstawie wynikow badan empirycznych
sformutowano modele fizyczne i matematyczne uktadu strzelec-pistolet maszynowy oraz
przeprowadzono badania symulacyjne uktadu w programie Scilab, otrzymujac przebiegi
zmiennosci w czasie wielkosci kinematyczne charakteryzujace ruch poszczegoélnych
obiektow modelu. Wyznaczone przebiegi zmiennosci obejmujg przemieszczenia,
predkosci i przyspieszenia broni, zamka i cztowieka w funkcji czasu. Uzyskane z analizy
teoretycznej wyniki pordwnano z wynikami otrzymanymi z badan empirycznych.
Stwierdzono, ze w warunkach przestrzeni wirtualnej bron zachowuje si¢ podobnie jak
obiekt rzeczywisty. Majgc zweryfikowany model teoretyczny dokonano zmiany
niektorych parametrow broni i uzyskano wytyczne umozliwiajgce poprawe jej celnosci.
Stowa Kkluczowe: inzynieria mechaniczna, pistolet maszynowy, strzelec, badania
empiryczne, analiza teoretyczna.



