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INTRODUCTION

The subject of study in the presented work is 
an automatic mechanism powered by a gas-pow-
der engine. The gas pressure generated during the 
combustion of powder is utilized both for launch-
ing the payload and for preparing the mechanism 
for subsequent operation. The functioning of the 
mechanism continues as long as the initiation 
system of the pyrotechnic cartridge is engaged. 
Such mechanisms in both civilian and military 
applications are used wherever extremely rapid 
operation is required. Pyrotechnically driven 
mechanisms are utilized in a variety of civil-
ian safety systems. However, automatic weapon 
mechanisms, where operation occurs automati-
cally utilizing a powder charge to perform useful 

work and drive the system itself are particular-
ly demanding for designers and operators. The 
displacements of kinematic elements in such 
mechanisms occur very rapidly, resulting in sig-
nificant dynamic forces that cause quick wear of 
these system components. Operational practice 
indicates that there is often a need to monitor 
the current technical condition of these devices, 
especially when their manufacturer has specified 
only the overall service life of the entire unit. In 
such situations, it becomes necessary to identify 
the reliability characteristics of the device, repre-
sented by diagnostic parameters and their thresh-
old values [1]. This article presents the research 
on the kinematic and dynamic parameters of the 
motion of elements in an automatic mechanism 
powered by a gas-powder engine. The proposed 
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research concept is based on minimizing the 
number of planned experiments through the use 
of modern computer-aided modeling, calcula-
tions, and simulations tools (CAD/CAE) [2,3]. 
Such software is increasingly employed for mod-
eling and simulating the operation of the dynam-
ic systems discussed in the study [4,5].

This article continues a series of publications 
dedicated to the use of computer methods and 
a research platform for analyzing the kinemat-
ics and dynamics of a pyrotechnically actuated 
automatic mechanism. In earlier publications, 
the process of developing a numerical model [6] 
and the experimental-numerical analysis of the 
functioning of the aforementioned device were 
presented [7].

In this work, the process of expanding the 
simulation model of the functional system of the 
device under investigation was presented, fol-
lowed by its verification through experimental 
research. The modernization of the numerical 
model involved, among other things, defining the 
driving force of the analyzed mechanism based 
on field trial results. These trials yielded the val-
ues of gas pressure in the gas cylinders during 
the operation of the actual device. Pressure mea-
surement was conducted using specialized piezo-
electric sensors designed for such systems with 
specific ranges of pressure variations and their 
durations [8,9]. Additionally, verification of the 
kinematic parameters of the mechanism motion 
obtained through computer simulation was con-
ducted by recording the operation of real mecha-
nisms using a high-speed camera (under field 
conditions) [10,11]. The footage recorded with 
this device was then analyzed using the special-
ized TEMA software [12,13]. The widespread 
use of high-speed cameras in examining fast-
changing processes within the thematic scope 
of this work can be found in numerous scientific 
publications [14,15].

One of the main results of this work is the 
simulation model developed in the MSC ADAMS 
software, which was successfully verified based 
on the experiments conducted on the actual object 
[16,17]. The MSC ADAMS software used in this 
study is widely favored by researchers for mod-
eling multi-body dynamic systems [18,19]. The 
results of this research illustrate the usefulness 
of the developed simulation model and provide 
opportunities for its use in further analyses of the 
impact of destructive (wear) processes on selected 

kinematic and dynamic parameters of the investi-
gated mechanisms. 

The literature also provides the possibility of 
validating mechanical properties using numeri-
cal models to confirm the acquired measurements 
[20] as well as examples of incorporating dynam-
ic finite element methods to improve the simu-
lation process [21]. Numerous investigations on 
internal ballistics are also available [22], but they 
are not within the intended scope of this work. 

A further principal result of this work is 
the creation of a fuzzy-logic expert system in 
MATLAB leveraging the Fuzzy Logic Design-
er. The framework of fuzzy logic proposed by 
Zadeh [23] enables the modeling of uncertainty 
and imprecision in complex engineering systems. 
It has found applications in mechatronics [24]. It 
has likewise been employed in aviation [25,26]. 
Moreover, it has been utilized in medicine [27]. 
In the work, the controller was designed based 
on input signals representing variations cylin-
der gas pressure (pressure), the lubrication con-
dition of the mechanism (friction) and changes 
in clearances within the kinematic chain of the 
device (clearance). The final stage of the work 
involved developing an application that, based 
on the input data, provided information about the 
condition of the device. The implemented code 
allowed the technician to determine whether the 
device was operational or non-operational and 
required maintenance actions.

The results of these studies will provide sig-
nificant support in the operation process of spe-
cific types of objects under investigation. Despite 
the publication of many examples of the applica-
tion of the software and research devices used in 
this work, the authors did not find any research 
results on the analyzed type of mechanism, which 
is distinguished by the specificity of its construc-
tion and operation, in the available literature. 

MATERIALS AND METHODS

Research object

The researched mechanism utilizes the ener-
gy generated by propellant gases from a fired 
pyrotechnic charge, which are directed from the 
two conduits of the barrels to a gas distributor. 
The preparation for launching the pyrotechnic 
charge from the second barrel occurs by harness-
ing the energy of gases after the charge in the 
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first barrel is discharged. The driving elements 
of the mechanism are the sliders with gas stems. 
In Figure 1, the CAD assembly model of the ana-
lyzed system and its individual components are 
illustrated. The mechanism features two sliders 
(8) connected kinematically by connectors (10) 
and a connecting lever (3). During the operation 
cycle of the mechanism, each slider moves only 
in one direction (either backward or forward). 
The propellant gases are simultaneously deliv-
ered through openings in the barrel conduit to 
the space in front of the gas stem (15) retracting 
with the slider, as well as to the space behind 
the returning stem and slider. As a result of the 
propellant gases, the gas stems begin to move - 
one backward and the other forward. During the 
movement of the gas stems with the sliders, cam 
acceleration mechanisms are activated, compris-
ing the slider, accelerator (12), connecting rod 
and bolt (13). One of these mechanisms uses the 
bolt to deliver a pyrotechnic round to the cham-
ber, while the adjacent mechanism ejects the 
casing of the previously launched pyrotechnic 

round. The pyrotechnic round is locked in the 
chamber by the transverse movement of the bolt, 
which also functions as the element that feeds 
the pyrotechnic round. The cam mechanism is 
responsible for the smooth acceleration and 
deceleration of the bolt. To supply the mecha-
nism with pyrotechnic rounds, a single belt is 
used, which is moved by the feeder star (19), 
kinematically connected by the connecting lever 
to the driving element of the mechanism. Dur-
ing one cycle of operation, the feeding assem-
bly moves the belt with pyrotechnic rounds by 
one increment. Each pyrotechnic round is low-
ered by front and rear feeders (9 and 14) to the 
feeding line (i.e. to the bolt lugs). The feeders 
are kinematically connected to the sliders. The 
pyrotechnic rounds are sequentially fed by the 
bolts into each of the barrels [28]. The mecha-
nisms described above, namely the accelerating 
and feeding mechanisms, are fundamental ele-
ments of the system and the focus of investiga-
tion in this work.

Figure 1. CAD assembly model of the analyzed mechanism and its individual components (own elaboration): 
(1) – Base of the lift, (2) – Lock chamber, (3) – Connecting lever, (4) – Anti–rebound, (5) – Gas distributor,

(6) – Front plug, (7) – Accelerator roller, (8) – Slider, (9) – Rear feeder, (10) – Connector,
(11) – Connecting rod, (12) – Accelerator, (13) – Bolt, (14) – Front feeder, (15) – Gas stem,

(16) – Feeder collector, (17) – Feeder connecting rod, (18) – Feeder drum, (19) – Feeder star,
(20) – Multi–Spline shaft 
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Figure 3. Photos of gas cylinder plugs: (a) original, 
(b) manufactured for research purposes

Figure 4. View of the gas cylinder plug manufactured for research purposes with the installed sensor
and locking pin in the gas cylinder

Field testing station

Experimental tests were conducted at the 
firing range. The research was conducted using 
a specially prepared apparatus (Figure 2), 
which included: the researched mechanism, its 
mounting elements with a transport platform, 
and equipment for measuring gas pressure in 
the gas cylinders. 

As part of the preparations for pressure mea-
surements [29], the original gas plugs (Figure 
3a), which seal the gas cylinders at the barrel 
outlet, were removed from the tested mechanism. 
On the basis of their geometry, new components 
equipped with ports for pressure sensors were 
manufactured (Figure 3b). To track the gas pres-
sure in the gas cylinders at the research platform, 
Kistler piezoelectric sensors (model no. 6215) 
were used, along with a signal converter, com-
puter, and signal cables.

The prepared measurement system with 
installed and calibrated piezoelectric sensors [30] 
is shown in Figure 4.

RESULTS AND DISCUSSION

Measurement of powder gas pressure 	
in gas cylinders

Measurement of powder gas pressure in gas 
cylinders using piezoelectric sensors enabled 
obtaining pressure-time profiles during shooting 
conducted in series of 2, 4, and 6 shots. During 
the experiments, measurements of gunpowder 
gas pressure in the gas cylinders were obtained 
(Figure 5). The chart illustrates the pressure val-
ues monitored by sensor No. 1 (located in the left 
gas cylinder) and sensor No. 2 (mounted in the 
right gas cylinder). The chart displays the pres-
sure profiles within the gas cylinders, along with 
the duration of the pressure pulse that powers the 
mechanism, and the time gap between launching 
successive rounds (alternating between the left 
and right barrels), arising from the operational 
cycle of the mechanism. The chart also shows 
the maximum pressure values in the gas cylin-
ders after launching rounds from the left and 

Figure 2. Research platform at the experimental 
test range
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right barrels [31]. The measurement results were 
compiled in Table 1.

Experimental research on the mechanism 
using a high-speed camera and TEMA 
CLASSIC software

During the experimental field tests, a FAST-
CAM SA-Z high-speed camera was used [32], 
along with a computer equipped with dedicated 
image acquisition software and TEMA CLASSIC 
software for motion analysis based on the record-
ed video sequences.

Before starting the measurements, the parts 
and mechanisms of the device the movement of 
which was visible from the outside and could 
be recorded with the high-speed camera, while 

maintaining a safe distance during the tests, were 
selected. The recordings were made with the 
optical axis of the camera lens positioned perpen-
dicular to the longitudinal axis of the mechanism 
housing. The elements the movement of which 
was recorded included the feeder connecting rod 
(Figures 1–13) and the accelerator roller (Figures 
1–6). The configuration for recording the dis-
placements of selected elements of the cannon 
mechanisms is depicted in Figure 6.

In Figure 7, the initial position of the mecha-
nism elements before starting its operation is 
depicted. After its pyro-technic initiation, the 
feeder connecting rod (Figure 7 – Point #1) 
moved along the longitudinal axis of the mecha-
nism housing. The accelerator roller (Figure 7 –
Point #2) moved according to the geometry of the 

Figure 5. Gas pressure variation over time in the left and right gas cylinders (own elaboration)

Table 1. Measurement results of gas pressure in the gas cylinders

Duration of the pulse [ms] Time gap [ms] Maximum pressure [Bar] Measurement uncertainty [%]

16 21.7 307 ± 0.5

Figure 6. The arrangement for recording the movement of mechanism elements during the tests
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accelerator cam (curvilinear slot serving as the 
roller guide). Throughout one operational cycle, 
the examined elements shifted from the foremost 
extreme position to the rearmost extreme position.

Additionally, points were marked in the soft-
ware (Figure 7 – Point #3 and Point #4), which 
were used to convert the linear dimension mea-
sured during testing into a pixel-based dimension.

In Figure 8, the positions of the characteristic 
points (Figure 8 – Point #1 and Point #2) on the 
feeder connecting rod and accelerator roller are 
illustrated in the rearmost extreme position, at the 
end of the operational cycle.

The analysis of the displacement of points 
(Figure 7 and 8 – Point #1 and Point #2) con-
ducted using TEMA CLASSIC software enabled 
visualization of the displacement changes of the 
feeder connecting rod and accelerator roller dur-
ing a single operational cycle of the mechanism. 
Additionally, changes in the velocity of the test-
ed elements during the operation of the system 
were determined.

Recording the displacement of cannon 
mechanism elements faced difficulties because 

of significant recoil of the mechanism body fol-
lowing the ignition of the pyrotechnic charge. To 
determine the displacement of the mechanism ele-
ments resulting from its operation, displacements 
caused by the recoil of the mechanism housing 
were subtracted from the displacement values of 
the mechanism elements. For this purpose, one of 
the points designated for converting linear dimen-
sions (Figure 7 – Point #3) was utilized, leverag-
ing its movement caused by recoil to correct the 
displacement of the tested components. To ana-
lyze and visualize the results on graphs, it was 
assumed that the horizontal axis aligns with the 
longitudinal axis of the housing, while the verti-
cal axis is perpendicular to it.

Changes in displacement along the horizontal 
and vertical axis for the accelerator roller were 
illustrated in Figure 10. The analysis of the graph 
shows that the displacement of the accelerator 
roller from the foremost to the rearmost position is 
104.5 mm, along the horizontal axis and 52.7 mm 
along the vertical axis. The displacement along 
the horizontal axis of the feeder collector dis-
placement changes was illustrated in Figure 11. 

Figure 7. Visualization of the feeder connecting rod and accelerator roller in the initial position, i.e.
at the foremost extreme position, along with the software-marked points the movement of which was recorded

Figure 8. Visualization of the feeder connecting rod and accelerator roller in the rearmost extreme positions 
along with the new positions of the characteristic points located on the tested elements
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Upon analyzing the depicted graph, it was found 
that the feeder collector moved 37.6 mm from its 
foremost to its rearmost extreme position.

Simulation of the mechanism operation 	
using the MSC ADAMS software

As part of the research, computer simulations 
were conducted to analyze the operation of the 
mechanism using the MSC ADAMS software. 
3D virtual models of individual mechanism com-
ponents were created using Solid Edge based on 
geometric dimensions obtained by the authors 
through measurements of the components in the 
investigated configuration. The designed CAD 
model was subsequently implemented in the 
MSC ADAMS software. To account for the mass 
of individual mechanism components, the mate-
rial density equivalent to that of steel, 7801 kg/
m3, was adopted [33]. Next, the mutual rela-
tionships between interacting elements in each 
kinematic pair of the mechanism were defined 
to enable its operation in accordance with the 
functioning of an actual device. Additionally, for 
the cam mechanism, the interaction between the 
accelerator rollers and the base of the lift was 
defined using the contact function, enabling the 
simulation of the accelerator mechanism opera-
tion, ensuring smooth acceleration and decelera-
tion of the bolt [34,35]. The adopted parameter 
values for the contact function are as follows: 
stiffness 1.0E+05 [N/m], force exponent 2.2 [N], 
damping 1.0E+04, penetration depth 1.0E-05 
[m]. Additionally, a static friction coefficient of 
0.1 and dynamic friction coefficient of 0.05 were 

applied to individual kinematic pairs. A crucial 
aspect of constructing the model was defining the 
driving force of the analyzed mechanism based 
on the results of field tests, which captured the 
variation in pressure values of propellant gases in 
the gas cylinders (Figure 5) during the operation 
of the actual device. With knowledge of the pres-
sure variation and the diameter of the gas stem 
(f36 mm), it was possible to determine the profile 
of the driving force acting on the gas stem, which 
in turn moves the subsequent components of the 
mechanism. To define the driving component 
in the simulation model, a polynomial approxi-
mation of the driving force variation over time 
during the mechanism operation was performed. 
The approximation was performed using a third-
degree spline function:

	 a + b ∙ t + c ∙ t2 + d ∙ t3 = 0	 (1)

where:	a, b, c, d – the coefficients of the polyno-
mial, t – time.

Table 2 lists the coefficients of the polyno-
mial approximating the force values expressed 
in Newtons, which vary over time expressed in 
milliseconds. The final approximating function 
consists of three spline curves with the polyno-
mial coefficients specified in Table 2 for three 
intervals of time. The results of the approxima-
tion are presented in Figure 9, showing the vari-
ation in force derived from the measured pres-
sure values and the graph of the force function 
resulting from the approximation.

The driving force defined by the polyno-
mial for the analyzed mechanism was then 

Figure 9. Graph of the force acting on the gas stem derived from experimental data
and after polynomial approximation (own elaboration)
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Figure 10. Displacement changes of the accelerator roller relative to the horizontal axis X and vertical axis Y

implemented in the MSC ADAMS software. The 
total duration of the motion input is 16 ms, corre-
sponding to the duration of a single cycle of the 
mechanism operation. The method of modeling 
kinematics and dynamics of multibody systems 
used in the MSC ADAMS software enabled the 
simulation of the mechanism operation and the 
determination of displacements and velocities of 
selected model elements. The changes over time 
of the determined quantities were presented in 
Figures 10–11, allowing for their comparison 
with the results of experimental field tests.

Comparative analysis of experimental 	
and simulation research results 		
and discussion of outcomes

Next, the authors verified the numeri-
cal model and the conducted simulation-based 
research. Comparison was made between the 
displacement values of two mechanism compo-
nents: the accelerator roller moving along the 
cam in the housing of the mechanism, and the 
feeder collector (the motion parameters of these 
components were determined in experimental 
investigations). The comparison included results 
obtained from the simulation of the device 
mechanisms in the MSC ADAMS software and 

results recorded during the experiment con-
ducted using high-speed camera and the TEMA 
CLASSIC software.

The displacement results of the accelerator 
roller obtained through numerical simulation 
using the MSC ADAMS software are shown in 
Figure 10 (the accelerator roller moved 107.5 
mm horizontally and 50.1 mm vertically). Mean-
while, the results obtained from numerical cal-
culations of the feeder collector’s motion param-
eters were presented in Figure 11 (it moved along 
the X-axis by 36.9 mm).

General agreement can be observed between 
the results obtained from high-speed camera 
measurements (TEMA) and numerical simula-
tions (ADAMS). However, minor differences are 
present in certain areas. The agreement between 
the two characteristics of feeder collector is the 
best among the analyzed cases. The differences 
are minimal. The curves almost completely over-
lap throughout the time range. The difference in 
maximum displacement is less than 1 mm, which 
corresponds to a very small relative error. 

Comparing all the characteristics, it can be 
concluded that the ADAMS model accurately 
reflects the real behavior of the system. The great-
est agreement is observed for the feeder collec-
tor, while the largest discrepancies occur in the 

Table 2. Values of polynomial coefficients describing the profile of driving force over time

Polynomial coefficients Time interval
Δt 0–1.251 [ms]

Time interval
Δt 1.252–7.931 [ms]

Time interval
Δt 7.932–16 [ms]

a -5452.591 34784.841 26237.951

b 99486.303 -9799.527 -6352.004

c -91663.783 971.044 523.021

d 25545.189 -32.971 -14.296

Standard deviation 2074.929 427.390 621.931

Correlation coefficient 0.968 0.997 0.432
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middle phase of displacement for the accelerator 
roller in the Y-axis.

It can be concluded that the kinematic char-
acteristics of the accelerator roller and the feeder 
collector obtained experimentally and numeri-
cally are reasonably consistent. Therefore, the 
verified simulation model will be used in subse-
quent studies.

Investigations of the modeled mechanism

In subsequent research, the effects of select-
ed design and operational parameters on the 
kinematic characteristics of the mechanism 
were analyzed. The initial phase of the research 
focused on investigating how variations in the 
force acting on the gas piston affected the device 
kinematics. Simulations were performed for sce-
narios with the driving force reduced by 10%, 
20%, and 30%, as well as increased by the same 
percentages (Figure 12).

Changes in the driving force of mechanisms 
have a significant impact on the dynamics of all 
examined components. These changes affect both 
the time required to reach the maximum displace-
ment and the shape of the curves describing the 
motion of individual elements. A logical pattern 
can be observed in the analyzed characteristics 
(Figure 13–14). An increase in the driving force 
(+10%, +20%, +30%) results in shorter operation 
times for the mechanisms and a more dynamic dis-
placement profile. The mechanisms achieve their 
maximum displacements at a faster rate, which is 
reflected in the steeper slope of the curves during 
the initial time interval. Conversely, a decrease in 
driving force (-10%, -20%, -30%) results in longer 
operation times and a more gradual increase in dis-
placement. However, the nature of these changes is 
not linear. A reduction in force by a certain percent-
age has a more noticeable effect on the motion time 
compared to a corresponding increase in force.

In the case of the accelerator roller, displace-
ment changes are more pronounced. In the ver-
tical axis, an oscillation effect is visible in the 
final phase of motion for lower force values. This 
may indicate reduced stability of component for 
lower force value. The characteristics suggest 
that accelerator roller is particularly sensitive to 
changes in driving force. This sensitivity is poten-
tially due to its critical role in transmitting energy 
within the mechanism. The changes in motion 
dynamics for feeder collector are more subdued. 
The displacement characteristics are more consis-
tent with each other. Higher force values result 
in faster achievement of maximum displacement, 
but the impact of force reduction is less drastic. 
This may suggest that the feeder collector is less 
sensitive to variations in driving force.

Figure 11. Change in displacement
of the feeder collector over time

Figure 12. Change of the force acting on the gas stem over time (own elaboration)
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Table 3. Friction coefficient values for four scenarios

Scenario 
number

Coefficient of 
static friction - µs

Coefficient of 
dynamic friction - µd

1 0.2 0.12

2 0.15 0.1

3 0.1 0.05
4 0 0

In the next stage, the relationship between the 
mechanism kinematics and various friction coef-
ficients in individual kinematic pairs was inves-
tigated [36]. Simulations were conducted under 
four scenarios depicted in Table 3. The first sce-
nario assumed a dry mechanism. The second sce-
nario involved a partially lubricated system. The 
third scenario considered a fully lubricated device. 
In the final scenario, simulations were performed 
without accounting for friction forces (Table 3).

The analysis of the following graphs (Figures 
15–16) indicates a significant impact of friction on 
the dynamics of the mechanisms. In the non-lubri-
cated condition (scenario 1), the mechanisms oper-
ate at the slowest pace. This results in an extend-
ed time to reach maximum displacement. Partial 
lubrication (scenario 2) improves the dynamics. 
It reduces the time required to reach maximum 
displacement. However, the differences between 
scenario 2 and scenario 1 remain moderate. For 
the fully lubricated device (scenario 3), the effects 

of friction are significantly reduced. This leads 
to a substantial decrease in the mechanism oper-
ating time. It also improves the dynamics. Maxi-
mum displacements are achieved much faster. The 
motion of the mechanisms becomes considerably 
more dynamic. The absence of friction (scenario 
4) represents a theoretical scenario. In this case, the 
mechanisms achieve maximum displacements in 
the shortest possible time. The motion curves are 
the smoothest and most uniform.

Fuzzy logic reliability model

The proposed model is based on the Mam-
dani fuzzy controller in a MIMO configuration 
(Multiple Input, Multiple Output). Type-1 fuzzy 
logic was applied, where membership functions 
are precisely defined and take values in the range 
[0,1]. The simulation and experimental studies 
carried out as well as expert knowledge were used 
to determine both the number and the shape of the 
membership functions for input and output sig-
nals, as well as to design the rule base. With prop-
erly selected inference rules and an appropriate 
inference mechanism, the complete fuzzy model-
ing process can be carried out. Consequently, a 
fuzzy controller was developed.

In the designed model, the input signals rep-
resent the parameters that significantly affect the 

Figure 13. Displacement changes of the accelerator roller relative to the horizontal axis X and vertical axis Y
for different values of force

Figure 14. Change in displacement of the
feeder collector over time for different values of force
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Figure 15. Displacement changes of the accelerator roller relative to the horizontal axis X and vertical axis Y
for different values of friction

Figure 16. Change in displacement of the
feeder collector over time for different value

of friction

correct operation of the device: pressure (as the 
driving force source), friction (reflecting the level 
of lubrication in the mechanism), and clearance 
(increasing due to long-term operation). Seven 
membership functions were assigned to the 
first input parameter, while the second and third 
parameters were each described by four member-
ship functions, defining the range and dynamics 

of their variations. The output signals include: 
time [ms] (converted into the operating speed 
of the device, represented by three membership 
functions) and the displacement [mm] of the 
slide and bolt (indicating either proper function-
ing of the mechanism or its jamming). All input 
and output membership functions were defined in 
a trapezoidal form. Their shapes and ranges are 
presented in Figures 17–22.

The next stage in designing the controller was 
the construction of the rule base. The total number 
of rules was determined by the number of possible 
variations of the input signals (Table 4). A change 
in pressure resulted in a simultaneous change of 
the driving force of the entire mechanism. The 
purpose of this modification was to observe how 
variations in the force acting on the gas piston 
influenced the kinematics of the device. The driv-
ing force was reduced by 10%, 20%, and 30%, 
and increased by the same percentages (7 mem-
bership functions). For friction, both static (µ s) 
and dynamic (µ d) friction coefficients in steel–
steel contact were considered [36]. Four cases 
were defined to simulate the device under con-
ditions of full lubrication, partial lubrication, no 

Figure 17. Membership functions and ranges of the input signal “Pressure”
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Figure 19. Membership functions and ranges of the input signal “Clearance”

Figure 20. Membership functions and ranges of the output signal “Time”

Figure 21. Membership functions and ranges of the output signal “Slider”

Figure 18. Membership functions and ranges of the input signal “Friction”
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Figure 22. Membership functions and ranges of the output signal “Bolt” 

lubrication and a state neglecting friction (4 mem-
bership functions). With respect to clearance, the 
kinematic chain responsible for delivering the 
power source to the chamber was analyzed. Par-
ticular attention was given to the kinematic pairs 
between the slide–accelerator, accelerator–con-
necting rod and connecting rod–bolt (Figure 1). 
Four variants were defined, representing clear-
ances of 0.25 mm, 0.5 mm, 1 m and no clearance 
(4 membership functions). Importantly, the clear-
ance values were intended to be measurable by 
the operator of the device. Subsequently, employ-
ing the validated simulation model of the mecha-
nism in MSC Adams, a total of 112 simulations of 
the device operation were conducted. 

From each conducted simulation, three criti-
cal parameters of the device were extracted. 
The first was the slider displacement [mm]. In 
accordance with the device operating guidelines 
[28], the instances at which the second deriva-
tive of the slider displacement reached zero were 
adopted as reference points defining either the 
completion of a full operating cycle or the occur-
rence of a malfunction. This criterion simulta-
neously provided an assessment of whether the 
slider had traversed the prescribed path. On the 
basis of the same reference instant, the second 

parameter was determined, namely the bolt 
position [mm]. Analogous to the slider, it was 
verified whether the bolt achieved the required 
travel distance or whether a jamming condi-
tion was encountered. The third parameter was 
the mechanism operating time [ms], which was 
analyzed to determine whether the mechanism 
performed its motion prematurely, within the 
admissible temporal range specified by the man-
ufacturer, or excessively rapidly. On the basis 
of the simulations and the observed relation-
ships between the input and output signals, 112 
deduction rules were constructed. An example 
of such a rule is presented below: “If Pressure is 
EXTREMELY_LOW and Friction is NO_FRIC-
TION and Clearance is NO_CLEARANCE then 
Time is TOO_SLOW, Slider is CORRECT_S, 
Bolt is CORRECT_B.”

In the designed model, the basic methods of 
fuzzy inference were defined. The AND opera-
tor was implemented as the minimum function, 
so that a rule takes the value of the least satis-
fied condition. For the OR operator, the maxi-
mum method was applied, which selects the 
highest value among the alternative premises. 
In the implication part, the minimum method 
was used, whereas in the aggregation of results 

Table 4. Membership function values of the input signals

Pressure Friction µ s µ d Clearance

Extremely_low -30% No_friction 0.0 0.0 No_clearance 0

Very_low -20% Full_lubricate 0.1 0.05 Small_clearance 0.25

Low -10% Partial_lubricate 0.15 0.1 Medium_clearance 0.5

Normal 1 No_lubricate 0.2 0.15 Large_clearance 1

High +10%

Very_high +20%

Extremely_high +30%
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Figure 24. Influence of pressure and friction on the operation time

from multiple rules the maximum method was 
adopted, corresponding to the logical summa-
tion of the effects of individual rules.

The system performance was analyzed using 
all available defuzzification methods: centroid, 
bisector, lom, mom, and som. Discrete values 
of pressure, friction, and clearance were intro-
duced into the modeled system. The obtained 
results were then verified using fuzzy logic by 
comparing them with the outcomes of numerical 
simulations. The discrete values, after undergo-
ing the inference and defuzzification process, 
were used to calculate the relative differences 
between the datasets. The comparison of results 
showed that the maximum-based methods (lom, 
mom, som) produced fewer stable outcomes, 
while the bisector method did not always reflect 
the actual behavior of the system. The best and 

most representative results were obtained with 
the centroid method; therefore, it was adopted 
as the primary defuzzification approach in the 
designed model.

To evaluate the performance of the designed 
fuzzy controller, so-called control planes were 
employed. This tool makes it possible to ana-
lyze how crisp input values are mapped onto 
the corresponding crisp output values across 
the entire range of parameters. The obtained 
control planes (illustrating the behavior of 
the model for operation time) are presented in 
Figures 23–25. 

The analysis of the presented control 
planes confirms that the designed model accu-
rately reflects the relationships between the 
input parameters and the operation time of the 
mechanism. The results are consistent with 

Figure 23. Influence of pressure and clearance on the operation time
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the manufacturer’s data, which specify proper 
operation of the device within the range of time 
(17.6–20 ms) [28]. The most important conclu-
sion is that the constructed controller enables 
the prediction of the mechanism behavior 
under non-nominal conditions.

Expert system model

The final stage of the work involved the 
development of an expert system designed to 
determine the technical condition of the mech-
anism – classified as either operational or 
non-operational. For this purpose, an applica-
tion was implemented in the MATLAB envi-
ronment, requiring the input of three param-
eters: pressure, friction and clearance, within 
a predefined range of values. The entered 

input data are processed within the fuzzy logic 
system. On the basis of the defined member-
ship functions and inference rules, the output 
values are generated. The obtained results 
include the cycle time of the mechanism, the 
displacement of the slider and the bolt, as well 
as the admissible ranges of these quantities. 
Subsequently, the system automatically clas-
sifies the mechanism as either operational or 
non-operational. In the case of non-opera-
tional status, the user is additionally provided 
with information regarding the potential cause 
of the malfunction and the need for appropri-
ate maintenance actions (Figure 26). If all 
parameters remain within acceptable ranges, 
the system – based on the outputs of the fuzzy 
logic module – confirms that the mechanism is 
operational (Figure 27).

Figure 25. Influence of friction and clearance on the operation time

Figure 26. View of the application when the mechanism is assessed as non-operational
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CONCLUSIONS

In this research project, experimental and 
numerical investigations were conducted to build 
a reliable simulation model of a pyrotechnically 
actuated automatic mechanism. This model will 
be used in further research to support the opera-
tional process. During the experimental research 
in the form of field tests measurements of pro-
pellant gas pressure in the gas cylinders of the 
mechanism were taken throughout its operational 
cycle. The obtained pressure values were used 
to determine the driving force for the successive 
kinematic components of the mechanism modeled 
in the MSC ADAMS simulation environment.

Simultaneously, during the experimental tests, 
displacements of the examined mechanism parts 
were recorded using a high-speed camera FAST-
CAM SA-Z. Motion analysis was conducted using 
dedicated TEMA software, which enabled the 
analysis of recorded images and precise tracking 
of the motion of selected kinematic components.

The kinematic characteristics obtained from 
numerical simulation investigations are reason-
ably consistent with the experimental results 
obtained from high-speed camera analysis pro-
cessed with TEMA software. Therefore, the 
results of this research demonstrate the utility 
of the created simulation model and open pos-
sibilities for its application in further analyses 
of the impact of destructive (wear) processes on 
selected kinematic and dynamic parameters of the 
examined mechanisms. 

The effect of selected design and operation-
al parameters on the kinematic characteristics 
of mechanism was determined. The change in 
driving force significantly affects the dynamics 
of examined components. A reduction in force 
results in an extension of operation time and 
decrease in stability. The lubricated scenario (2) 

and (3) significantly improve the dynamics of the 
mechanisms, bringing their characteristics closer 
to the ideal scenario (scenario 4).

The last stage of the work involved the devel-
opment of a fuzzy controller using Matlab soft-
ware. On the basis of the simulation and experi-
mental studies of the mechanism and expert 
knowledge, a controller utilizing fuzzy logic 
was designed. The practical applicability of the 
conducted research enabled the development of 
Matlab code that allows determining whether 
the device is operational or non-operational. 
The developed application assesses whether the 
output parameters of the device – such as the 
operation cycle and the displacements of selected 
components – remain within acceptable limits. If 
these values exceed the permissible thresholds, 
the technician is notified of the need to perform 
the required maintenance actions. The results of 
these efforts will serve as a foundation for further 
research and provide significant support in the 
operational process of a specific class objects that 
are the focus of the authors’ work.
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