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Abstract:

In this paper, a small-caliber automatic weapon mounted on a combat robot is chosen as
the research subject to analyze firing stability. A dynamic model with six degrees of
freedom is formulated based on Lagrange’s equation of the second kind and multi-body
system theory, accounting for the elastic response of the ground. Recoil forces induced
by firing, which excite the whole system, are determined experimentally for single shots
and three-round short bursts. The study also examines the influence of certain repre-
sentative structural parameters on the firing-induced vibrations of the complete
mechanism. The obtained results provide a basis for assessing firing accuracy and con-
tribute to the design, manufacture, and operational employment of this weapon system
on the battlefield.
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1 Introduction

Nowadays, with the rapid development of science and technology, significant ad-
vancements have been made in the military sector. One notable achievement is the
successful fabrication of combat vehicles that can operate without direct human inter-
vention, thereby reducing casualties on the battlefield. These vehicles are commonly
known as military robots. In modern warfare, military robots, particularly unmanned
ground vehicles (UGVs), are gaining increasing attention. UGVs are ground-based
robots that can operate without a human operator inside. They can be remotely con-
trolled or operate autonomously using artificial intelligence (AI), sensors and
positioning systems developed by militaries worldwide, including Vietnam. Research-
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ers at Weapons Institute have conducted studies in this field and have successfully
developed armed military robots capable of performing critical missions. This plat-
form features six wheels and consists of two main parts: the robot body, which
includes the chassis, aiming mechanism, orientation mechanism, wheels; and the
weapon system, which is a small-caliber automatic firearm, specifically the compact
submachine gun, see Fig. 1. However, the product is still in the testing phase and the
robot’s parameters, such as mobility speed, weapon firing rate, firing stability and
shooting accuracy, are still being refined.

Fig. 1 Military robot bears automatic weapon

The study of the dynamics of automatic weapons mounted on robots during firing
is a pressing task that requires focused attention. The results will provide a scientific
basis for further research, improvement, design, and manufacture of such weapon
systems. Several studies have been published on the dynamics of weapons mounted on
ground combat vehicles. The most notable among these are presented in [1-6]. How-
ever, previous studies have overlooked the operation of the automatic mechanism
simultaneously with the motion of the entire system, and the evaluation of the influ-
ence of certain structural parameters of the robot on system stability during firing has
not been addressed.

Balla et al. [1, 2] established dynamic models of weapon systems installed on
tracked vehicles, while according to the study [3], Huai-Ku Sun et al. utilized the finite
element method to examine the vibrations of a machine weapon mounted on a four-
wheeled vehicle. However, these studies only considered vibration components in the
vertical plane and were unable to fully describe the spatial dynamics of the mecha-
nism. The suspension systems were simplified and the model only accounted for three
degrees of freedom (vertical displacement Z, and rotational displacements 06X, 0Y),
neglecting longitudinal and lateral forces from the wheels, see in [4]. Additionally, the
automatic firing system’s operation was not taken into consideration, the dynamics of
the automatic weapon mounted on the vehicle are not considered simultaneously with
the system vibrations induced by the firing forces. This is a crucial aspect of automatic
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weapons and has a significant impact on the firing stability of the system. To address
these limitations, this paper presents a dynamic model of an automatic gun mounted
on an UGV, specifically for an automatic gun operating on the gas-operated principle.
The model is developed using Lagrange’s equations of motion and takes into account
the simultaneous operation of the automatic mechanism with the system’s motion.
Currently, there is a lack of complete and reliable theoretical foundation to support the
exploitation, improvement, and design of UGVs. Therefore, this paper aims to provide
a detailed study on the firing stability of UGVs.

Furthermore, the paper establishes a generalized model of the spatial vibrations
of the robot-weapon system during firing. This model provides a theoretical basis for
determining key structural parameters of combat robots equipped with small-caliber
automatic weapons in order to ensure firing stability. It also serves as a scientific
foundation for the calculation and optimization of the design of modern small-caliber
infantry weapons when integrated into intelligent robotic platforms, thereby enabling
the development of new weapon systems with enhanced firepower and improved com-
bat effectiveness on the battlefield.

2 Dynamic Model

The UGV model with 6 degrees of freedom investigated in this study is based on the
Lagrangian differential equations and uses an integrated model of several subsystems
to describe the motion of the mechanical system, including the ride model and the
firing force model.

2.1 Ride Model

The wheeled vehicle robot model is designed with three wheels on the right side and
three wheels on the left side, see in Figs 2 and 3. The automatic weapon is mounted on
the vehicle through range, directional joints and the shock absorber system. A wheeled
vehicles robot model has been established in this study by using the following assump-
tions:

* details and detail assemblies are considered absolute solids, the symmetry axes
pass through the center of each object. Ignoring gaps and friction in the joints,
the linkages are locked firmly during firing,

» the wheeled vehicle robot is assumed to be stationary during firing. The eleva-
tion angle and traverser angle are constant,

» the wheels are replaced by springs with stiffness k and dampers with viscous
damping coefficient c;; suspension system is replaced by spring with stiffness k;
and damping with viscous resistance coefficient ¢ and just vertically,

» the ground is flat and represented as a linear spring with stiffness kg, the drag
and friction forces are evenly applied to the wheels.

Based on the physical architecture of the system, the interconnections among the
combat robot’s subsystems, and the stated modeling assumptions, a multi-body dy-
namic model of the combat robot was formulated (Figs 2 and 3). The combat vehicle
is assumed to be positioned on a flat surface, and in the initial state, no external force
components — including gravitational effects — are applied to the system.
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Fig. 3 Dynamic model of robot UGV — overhead view

The combat vehicle robot system consists of 5 rigid bodies: vehicle body (body
1); traverser parts (body 2); elevation parts (body 3); weapon frame (body 4); breech
system (body 5). In addition, there are working mechanisms of the automatic machine
whose motion depends on the movement of the base link, which is the breech (body i
with i =1, 2, 3...). To investigate the system of rigid body dynamics, bodies of the
system were attached in a Cartesian coordinate system as shown in Figs 2 and 3,
where

*  OoXoYoZy represents the stationary coordinate system fixed on the ground,



Advances in Military Technology, 2026, vol. 21, no. 1, pp. 195-212 199

*  OWXiYiZi: accounts for the local coordinate system established at the k-th rigid
body, for k=1,..., 5.
From the assumptions and layout of objects, the combat vehicle robot system has
6 independently generalized coordinates, where
* g — the translational displacement body 1 along OoXy — axis; g» — the transla-
tional displacement body 1 about O¢Zy — the axis; g3 — the bounce angle body 1
about OoXy — the axis; g4 — the bounce angle body 1 about O¢Yy — the axis; g5 —
the translational displacement body 4 along O3X3 — the axis; g¢ — the transla-
tional displacement of body 5 along O4X4— the axis,
* g;— the translational displacement of body i along O;X; [m] — the axis are de-
pendent generalized coordinates.
Since Body 5 serves as the base link that transmits motion to the working links,

each connected link is modeled with an equivalent reduced mass ml* [kg], transmission

ratio K;, and an efficiency #;. As body 5 moves along their travel paths, it sequentially
engage and disengage with the working links. Therefore, the reduced mass of body 5
also changes during the operation.

! K~2 * dq
My =| Meogiting mass + O ——1; | —2 (D
5 [ recoiling mass ; ,7,' i ] dr

Kinetic Energy of the Robot System

In the theory of multibody mechanical systems [7], the translational Jacobian matrix
and the rotational Jacobian matrix are introduced, as expressed in equations (2) and
(3), specifically:
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where Jr; is the translational Jacobian matrix; Jg; is the rotational Jacobian matrix.
The generalized mass M, matrix of the system is [7]:
M, =mJ 5 d g+ pidiod g 4)

where m; is the mass of the i-th rigid body i [kgl; I,, = AI,AT is the inertia tensor with

respect to the center of mass of each body in the inertial frame Op; A; is the direction
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cosine matrix of the i-th rigid body; A' is the transpose of the matrix A;; [; is the inertia

tensor in the body-fixed coordinate system attached to body i.
Therefore, the kinetic energy T of the multibody system is given by [7]:

r=—"2_py =1 (5)

Forces Acting on the Weapon Robot System

In studies [8-10], virtual work of generalized force Fj and torque M; are calculated as
follows:

6 oR
oW, = ZLZI F/ "} (6)

J=1 J

6
:Zl:ZMTaj }&,] )
Jj=1 J

where oW, is the virtual work produced by the force Fi; W, is the virtual work pro-
duced by the moment M;.

When the link is modeled as an ideal constraint and friction is neglected, the con-
straint force (i.e., the reaction force associated with the constraint) performs no virtual
work; hence, its potential work is zero.

P = FkT )]
; 0q;
06,

P, = M=~ 9)
kzl 0q;

where P; — the generalized force corresponding to the generalized coordinates g; [N];
generalized force Fy impacts the object k-th respectively, include

* the gravity of the bodies (Px)
Gravity applied to the k-th object has a point set at the center of the object, perpen-
dicular to the horizontal OXY plane and direction to the bottom.

P =mg (10)

where my the mass of the k-th body [kg]; g is the gravitational acceleration
(g =9.81 m/s?),

» the visco-elastic force of the suspension system (Fv)
Futr, Fynt, Fyme, Fymi, Fyrr, and Fyp are the visco-elastic force of the suspension system at
front right and front left, middle right and middle left, rear right and rear left, respec-
tively, they are calculated [11]:

F, =k, (xOV +5xv)+cV ox, (11)
where ky is the stiffness of suspension springs [N/m]; xoy is the initial compression of

suspension springs [m]; ¢y is the resistance coefficient of suspension [N-s/m]; dxy is
the deviation of the elastic element vector of the suspension spring [m],
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e the force of the wheels (F\y)
Futr, Fut, Fumr, Fam, Fwrr and Fyuy are the tire forces at front right, front left, middle
right, middle left, rear right and rear left, respectively. They are determined by the
following formula:

F,

w

= kg, (X0 +0x, ) +e,, Oy, (12)

where xow is the initial compression of tires springs [m]; dxw is the deviation of the
elastic element vector of the tire-replacement spring [m]; cw is the resistance coeffi-
cient of tire [Ns/m]; ks denotes the equivalent stiffness coefficient of the series
connection between the elastic component representing the rubber tire and the elastic
components modeling the ground [N/m]. According [12] its value was determined
using the following relationship.

k k
kg =———— (13)

2 2Y;

where k;— the rubber band stiffness [N/m]; k., — the ground stiffness [N/m].
The ground stiffness was caculated by the following dependency:

_E
% = a)B(lo—fz)

Whereas the rubber band stiffness with the following expression:

L V32Eb

' 3h

[

where Eyp — Young’s modulus of the firing ground soil [Pa], @ — the caterpillar tread
shape factor, B — the caterpillar tread width [m], ¢ — the ground side expansion factor,
E — Young’s modulus for rubber [Pa], 4 — the rubber band height [m], b — the rubber
band width [m], i — the wheel radius along with band [m].

According to study [13], Young’s modulus of the firing ground soil Ej is deter-
mined by the following formula:

For cohesive soil:

o, (1 + l/j
3 \1-v
1+e

UZ,(HVJ
3\1-v

1+e

E, =1.0213%10°[2.97 —¢]*

For loose soil:

E, =2.184x10°[2.17 —¢]?

where o, = R,/A; — the compressive stress [N/m?]; R — the force acting at the wheel
[N]; A; — the contact area between the wheel and the ground [m?]; v — the Poisson’s
ratio; e — the dependent coefficient.
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* the shock absorber system of the robot system consists of 2 similar mechanisms
which are placed symmetrically through the firing plane. Each mechanism con-
sists of two coaxial springs together. These springs act in opposite directions.
Force of the shock absorber (F,) include Fy, Fa — the forces of the shock ab-
sorber at right and left, respectively.

Fa = kaf (XOaf +q5) +kar (_XOar +‘I5) (14)

where kar — the stiffness of the front spring [N/m]; k.- — the stiffness of the rear spring
[N/m]; xoar — the initial compression of the front spring at the equilibrium state [m];
Xoar — the initial compression of the rear spring at the equilibrium state [m].
¢ the force of shot (F) transmitted from an automatic weapon to a mount is de-
termined in section 2.2.
The problem about calculating the vibration of the combat vehicle robot system es-
tablishes equations using Lagrange equations of the second kind, see section D of page 2
[9] and see section 3 of page 3 [14]. The matrices formula of equations is written:

i a_T —a_T:Pj j:l’...,6 (15)
dr\ 0q; | 9q;

where T — the total kinetic energy of the whole mechanical system [kg-m?/s?].

2.2 Force of Shot Fs Model

In this study, the UGV was equipped with an AKM submachine gun. The forces act-
ing on the gun during firing, along with the method for their determination, are
presented in reference [15—17]. The resultant of these force components is transmitted
from the gun to the robot and constitutes the primary source of vibrations in the entire
system. The schematic layout for determining the recoil force of the gun is illustrated
in Fig. 4.

/7 ///

Fig. 4 Diagram of the firing force measurement system. 1. Fixed frame; 2. Gun;
3. LB I5K force sensor; 4. Movable support frame; 5. Recoil damping spring;
6. Data acquisition and processing system; 7. Signal display device

The firearm is mounted on a specialized fixture, and the force sensor is attached
to the gunstock, ensuring that the sensor’s axis aligns with the barrel axis. The gun is
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fired using an indirect trigger mechanism, thereby completely eliminating unintended
inputs from the shooter. The measured signal is transmitted to the data acquisition and
processing system and output to a display device in graphical form. The recoil force
measurement test setup consists of the following components:

the LB 15K force sensor and the SIRIUSiXHS-8XxACC data acquisition and
signal processing system. The LB 15K force sensor operates on the principle of
elastic deformation. The force applied is detected by the sensor and converted
into an electrical signal, which is then transmitted to the data acquisition and
processing system. The key specifications of the LB 15K force sensor include
the measurement range of 0 lbs to 15000 lbs; the operating frequency range of
0 Hz to 1 000 Hz; the operating temperature of —10 °C to 100 °C; the accuracy-
of 0.2 %; sensitivity: 2 mV/V,

the SIRIUSi-XHS-8xACC data acquisition and signal processing system is an
independent 8-channel DAQ designed to measure IEPE/ICP sensors. This DAQ
device is ideal for the most demanding real-time data recording applications. It
utilizes the new HybridADC technology, enabling two operating modes: high-
bandwidth acquisition at a sampling rate of 15 MHz, or high dynamic range ac-
quisition with up to 150 dB dynamic range at a lower sampling rate.

The experimental setup is shown in Fig. 5. After conducting the measurements,

the signal from the force sensor is transmitted to the signal acquisition and processing
system. The measurement results are presented in Figs 6 and 7.
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The results obtained from the experiment has been simulated using the dynamic
model of the robot weapon system presented in section 2.1 to evaluate firing stability.

2.3 General Differential Equations System

After determining the kinetic energy (U) and the generalized forces (P;) of the robot-
weapon system, a seven-equation system of second-order differential equations is
obtained using the Lagrange formulation Eq. (15). Using dynamic links of elements i
with body 5 (Base link) through the transmission ratio K; and performance /7;, accord-
ing to [8] we have the following relationship:

§; =k;ge so, thus g, =k, g +q—6%' (16)
1
dk; dk. d . dk; . .. .o dk;
_’:_lﬂ:qé_l SO Qi:kiq6+q62_l (17)
dr  dgg dr dg, dg,
On the other hand we have:
R . R ko
petigd Ry o g=2p (18)
R5 d‘Z(y R5 ,]i

where R;, R; — the total thrust and drag acting on body 5 and body i.
Ry=Qs=msg; and R =0, +m; g, (19)

where Qs, Q; are external forces acting on body 5 and body i.

Substituting the expressions from Eqs (16)-(19) into the system of differential
equations governing the mechanical system and performing the necessary transfor-
mations, we obtain a system of six second-order quadratic differential equations. In
this system, the variables are the second time derivatives of the generalized coordi-
nates, which describe the spatial vibrations of the combat robot during firing.

The equation quadratic system (EQS) is as follows:

EQS =[eq,, eqy, eqs,...., eqs] 20

3 Simulation Results

To solve the system of Eq. (20), it is first necessary to determine the input parameters
of the system, including ballistic parameters required for solving the firing problem as
described in [16], structural parameters of the system, and dynamic linkage character-
istics of the robot—-weapon mechanical system. Dimensional and mass parameters are
obtained through direct measurement on the robot or taken from technical specifica-
tions. The moments of inertia and center of mass positions are determined using
SolidWorks software. The main input parameters of the mechanical system are shown
in Tabs 1 and 2.

The system of Eq. (20) is solved in conjunction with the ballistic equations [18],
as well as the dynamic equations of the gas-operated automatic firing mechanism de-
scribed in [19], using Maple software. The dynamic simulation results of the automatic
mechanism provide the pressure profiles of the propellant gases in the gas chamber
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and inside the barrel (Fig. 8), and the motion law of the base link (the breech) of the
AKM submachine gun (see Fig. 9).
Tab. I Elasticity and damping parameters

Pressure (MPa)

Parameters Symbol Value
Stiffness coefficient of springs k (14.500-15 000) N/m
replacing wheels '
Stlffnes.s coefflclen.t of springs k. (1200-1250) N/m
replacing suspension system
Stiffness coe?fflclen't of recoil Kut, Kar 2000 N/m
reduction springs
Damping coefficient of dampers
replacing wheels “ (300-350) Ni¢/m
Damping coefficient of dampers
replacing suspension system € (250-300) Ng/m
Poisson’s ratio of loose soil \J 0.4
Dependent coefficient of loose soil e 0.52
Density of loose soil p 1780 kg/m?

Tab. 2 Mass and moment of inertia of objects in the model

Body Mass [kg] | Jx [kg'm*] | Jy [kg:m?] | J: [kg'm?]
Vehicle body 40.00 0.67000 2.8300 3.2300
Traverser parts 1.51 0.01800 0.0180 0.0140
Elevation parts 2.15 0.02300 0.0230 0.0340
The weapon frame 3.24 0.00042 0.0127 0.0093
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The calculated peak pressure inside the barrel is 285.28 MPa (see Fig. 8), while
the reference value given in [20] is 281 MPa, resulting in a relative error of 1.5 %. The
calculated firing cycle is 0.0849 seconds (see Fig. 9), corresponding to a theoretical
rate of fire of 706 shots/minute. In paper [19], an experimental study was conducted to
determine the motion profile of the bolt carrier in the AKM submachine gun. Accord-
ing to the experimental results [19], the firing cycle was 0.0846 s, corresponding to
a theoretical rate of fire of 709 shots/min, with a relative error of 0.42 %. This compar-
ison confirms that the theoretical simulation is reliable and can be effectively used in
subsequent stability analyses.

One of the principal parameters used to evaluate the stability, operational safety,
and reliability of the robot—weapon system is the robot displacement (Figs 10 and 11),
the muzzle rise angle in the vertical plane (Fig. 12), and the muzzle swing angle in the
horizontal plane (Fig. 13). These results were obtained through simulation under the
single-shot firing mode.
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4 Influence of Certain Structural Parameters on Firing Stability

From the graphs in Fig. 10 to Fig. 13, it is observed that the longitudinal displacement
of the robot along the X-axis has a maximum amplitude of 0.021 m, which is greater
than the longitudinal displacement along the Z-axis, with a maximum amplitude of
0.0043 m. The angular displacement of the robot about the Y-axis reaches a maximum
amplitude of 34 x 107 rad, whereas the angular displacement about the X-axis has
a maximum amplitude of 20 x 107 rad, significantly smaller than that around the
Y-axis. Therefore, when investigating the effects of structural parameters on firing
stability, the focus is on the primary components that cause vibrations in the mechani-
cal system. A study was conducted to evaluate the influence of selected structural
parameters on the vibration response of the robot—weapon system during a three-round
short burst firing mode.

4.1 Influence of Robot Mass

The mass of the robot body is 40 kg. The study was conducted by increasing the mass
of the robot body by 5 kg, 10 kg and 15 kg. The results of this investigation are pre-
sented in Figs 14 and 15.
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Fig. 15 Influence of mass on the robot’s angular displacement about the Y-axis

The mass of the robot body has a significant effect on both the longitudinal and
angular displacements of the robot in the vertical plane. When the robot body mass is
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increased by 5 kg to 15 kg, the maximum amplitude of the robot’s longitudinal vibra-
tion decreases by 8.3 %, while the maximum amplitude of vibration in the opposite
direction decreases by 33.7 % (Fig. 14). The maximum amplitude of the robot’s muz-
zle rise angular vibration in the vertical plane decreases by 9.7 %, and the maximum
amplitude of the opposite angular vibration decreases by 7.5 % (Fig. 15). Therefore,
increasing the mass of the robot body enhances system stability and anti-rollover ca-
pability, resulting in reduced vibrations during firing. However, increasing the robot
body mass also reduces the maneuverability and agility of the weapon system, posing
difficulties when the robot navigates in complex or confined terrains.

4.2 Influence of Bore Axis Height

The bore axis height is defined as the vertical distance from the ground (or a designat-
ed reference plane) to the barrel axis (centerline of the barrel) when the robot is in the
firing-ready position. To investigate the effect of bore axis height (dimension % in
Fig. 2) on the vibration behavior of the robot—weapon system, the height (k) was in-
crementally increased to 0.82 m, 0.87 m, 0.92 m, and 0.97 m. The results of this
investigation are presented in Figs 16 and 17.
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The bore axis height (&) has a relatively significant influence on both the longitu-
dinal and angular displacements of the robot in the firing plane. When the bore axis
height is increased from 0.82 m to 0.97 m, the vibration of the robot-weapon system
also increases. Specifically, the maximum amplitude of the robot’s longitudinal vibra-
tion increases by 11.1 %, and the amplitude of the backward vibration increases by
33.2 % (Fig. 16). The maximum amplitude of the robot’s muzzle rise angular vibration
in the vertical plane increases by 15.4 %, while the amplitude of the reverse angular
vibration increases by 20.5 % (Fig. 17). Therefore, increasing the bore axis height is
unfavorable for the firing stability of the robot. However, a higher bore axis can im-
prove visibility and firing angles when the robot operates in complex terrain
conditions.

4.3 Influence of Weapon Mount Center of Mass Position

The optimal mounting position of the weapon must be selected to ensure balance,
stability, and combat effectiveness of the robot-weapon system. The weapon’s center
of mass should be positioned to prevent the robot from tipping over while maintaining
mobility and rotational flexibility. In addition, the weapon mount should minimize
recoil-induced vibrations, ensure system stability under firing forces, and optimize the
firing angle, field of coverage, and control capabilities. To evaluate the effect of the
weapon mounting position on the vibration behavior of the entire system, a study was
conducted by varying the parameter (a from 0.1 m to 0.25 m (Fig. 3)). The weapon is
mounted at the robot’s center of mass, that is, when a equals b (Fig. 3). The results of
this investigation are presented in Figs 18 and 19.
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Fig. 18 Influence of weapon mounting position on the robot’s longitudinal
displacement along the X-axis

The weapon mounting position has a significant impact on both the longitudinal
and angular displacements of the robot in the firing plane. When the parameter (a) is
increased from 0.1 m to 0.25 m, the maximum amplitude of the robot’s longitudinal
displacement decreases by 11.5 % (Fig. 18). The maximum amplitude of the robot’s
muzzle rise angular vibration in the firing plane decreases by 4.7 %, and the amplitude
of the reverse angular vibration decreases by 24.6 % (Fig. 19). These results indicate



210 DOI 10.3849/aimt.02053

that positioning the weapon closer to the robot’s center of mass contributes to im-
proved system stability during firing.

The selection of appropriate structural parameters for the combat robot must not
only satisfy the initial tactical and technical requirements, but also ensure the overall
stability of the system under firing-induced forces.
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Fig. 19 Influence of weapon mounting position on the robot’s angular displacement
about the Y-Axis

5 Discussion

The obtained results clearly indicate that the firing stability of the robot-weapon sys-
tem is strongly influenced by key structural parameters, namely the robot mass, the
height of the bore axis, and the relative position of the weapon with respect to the
robot’s center of gravity. These parameters directly affect the dynamic response of the
system during firing. The robot system tends to exhibit improved firing stability when
the robot mass is increased, the height of the bore axis is reduced, and the weapon is
mounted closer to the robot’s center of gravity.

Specifically, increasing the robot mass by 37.5 %, which effectively raises the
overall inertia of the coupled robot-weapon system, leads to a 33.7% reduction in the
maximum vibration amplitude. In contrast, increasing the height of the line of fire by
18.3 % enlarges the moment arm of the recoil force relative to the ground contact
points, resulting in higher pitching moments and intensified system vibrations; conse-
quently, the maximum vibration amplitude increases by 33.2 %. Furthermore, when
the weapon is mounted farther away from the robot’s center of gravity, the recoil force
generates larger overturning moments, thereby amplifying angular oscillations. The
results indicate that shifting the weapon mounting position an additional 0.15 m away
from the robot’s center of gravity causes a 24.6 % increase in the maximum angular
recoil amplitude of the system.

The presented results emphasize the importance of selecting optimal structural
parameters for the robot-weapon system when firing on an elastic ground. By appro-
priately increasing the robot mass, lowering height of the bore axis, and positioning
the weapon closer to the robot’s center of mass, the adverse vibrations induced by
firing forces can be effectively reduced, thereby improving firing stability.



Advances in Military Technology, 2026, vol. 21, no. 1, pp. 195-212 211

6 Conclusions

The firing stability of automatic weapons mounted on ground combat robots has
a significant impact on shooting accuracy. During firing, increased system stability
leads to improved firing accuracy. The dynamic simulation of the UGV robot mechan-
ical system, accounting for its actual spatial vibrations, represents the most general
problem in the study of automatic weapon dynamics integrated into combat robots.
This paper presents a method for determining several indicators to evaluate the firing
stability of automatic weapons mounted on robots through modeling based on the
multibody dynamics theory. A spatial dynamic model is developed for a small-caliber
automatic weapon, consisting of five rigid bodies with six degrees of freedom, firing
in short bursts. By applying the dynamic model and formulating the system’s equa-
tions of motion during firing as described above, we are able to more accurately
analyze and evaluate the effects of firing on the system’s stability in both single-shot
and burst-fire modes. The results of the study serve as a crucial foundation for further
research into the influence of structural parameters on the firing stability of robot-
mounted weapon systems, and provide an effective tool for new system design or
structural optimization of existing robotic platforms, as well as for the system UGVs
in the future.

Further experimental studies will evaluate the reliability of the theoretical dy-
namic model as a foundational basis for research aimed at improving the firing
stability and accuracy of the robot-weapon system during operation.
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