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Abstract

High joint strength of composite structures can be achieved by using mechanical fasteners. The materials used for rivets and
bolts have lower coefficients of thermal expansion than composites in the direction perpendicular to the reinforcement fibers.
It is suspected, therefore, that temperature changes can cause stress changes in mechanical fasteners. The purpose of this
study was to experimentally determine and analytically substantiate the values of stress changes resulting from a change in
temperature in the range from -20 to 60°C in M8 steel bolts fastening carbon composite. The value of stress changes was
estimated to be around 100 MPa, which can consequently lead to joint unsealing or plastic deformation of the mechanical
fastener.

Keywords: carbon composites, mechanical fasteners, thermophysical properties, thermal interactions

Streszczenie

Wysoka wytrzymato$¢ potaczen struktur kompozytowych moze zostaC osiaggnigta dzigki zastosowaniu tacznikow
mechanicznych. Materialty wykorzystywane do produkcji nitow oraz $rub cechujg mniejsze wartosci wspotczynnikow
rozszerzalnosci cieplnej niz kompozytow w kierunku prostopadtym do wiokien zbrojenia. Podejrzewa si¢ wigc, ze zmiany
temperatury moga powodowaé zmiany naprezen w tacznikach mechanicznych. Celem przeprowadzonych badan bylo
eksperymentalne okre$lenie i analityczne uzasadnienie wartosci zmian naprezen wynikajacych ze zmiany temperatury
w zakresie od -20 do 60°C w stalowych srubach M8 taczacych kompozyt weglowy. Warto$¢ zmian naprezen oszacowano na
okoto 100 MPa, co w konsekwencji moze prowadzi¢ do rozszczelnienia potaczenia lub plastycznych odksztatcen tacznika
mechanicznego.

Stowa kluczowe: kompozyty weglowe, faczniki mechaniczne, wlasciwosci termofizyczne, oddziatywania termiczne

1. Introduction

Carbon Fiber Reinforced Polymers (CFRP) are
structural materials that are increasingly replacing
metal alloys in the construction of modern aircraft
airframes (Kaufmann et al. 2009). This state of affairs
is a consequence of the mechanical properties of CFRP
composites, especially their high specific strength
(strength related to density) and high specific stiffhess
(Young's modulus related to density). In addition,

these materials are characterized by high fatigue
strength and technological susceptibility, which allows
the simple manufacture of parts with complex shapes,
such as airframe covers with two curvatures (Dipen et
al. 2019; Emanoil et al. 2019; Vol’mir et al. 1972;
Kamali et al. 2017; Mandalgiri 1999).
Fiber-reinforced composites can have monotropic,
orthotropic or quasi-isotropic properties. In each type
of these composites there is a direction that is not
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reinforced with fibers arranged along that direction. In
the case of fabric-reinforced composites (orthotropic
and quasi-isotropic), this direction is perpendicular to
the fabric surface (Donglin et al. 2023; Ochelski 2004,
Hull and Clyne 1996; Ochelski and Gotowicki 2007;
Carlsson et al. 2013). In this direction, carbon com-
posites are characterized by a low value of Young's
modulus about 6-7 GPa (Ochelski and Gotowicki
2008; Arkuszynska et al. 2023) and low tensile
strength due to the strength of the polymer matrix.
Studies show that in this direction the coefficient of
linear expansion of the composites at ambient
temperature has a value of about 70x10° 1/K. In
addition, in this direction the composites exhibit
distinct rheological characteristics, including sus-
ceptibility to creep (Goertzen and Kessler 2006;
Ornaghi et al. 2021).

Composite parts are joined to other com-
posite or metal parts. If the composite parts have low
tensile strength and stiffness (thin-walled parts),
structural bonding may be a reasonable way of joining
(Higgins 2000; Cavalcanti el al. 2021). For higher
strength parts, mechanical fasteners such as rivets or
bolts should be used. In aeronautical structures, the
connections of primary parts (which are decisive for
the safety of flying) cannot be only adhesive joints
(Gamdani et al. 2022). Studies show the great
suitability of adhesive-mechanical hybrid joints for
joining composite parts (Nabil et al. 2016). The use of
such joints complicates the assembly process due to
the need to ensure proper adhesion properties of the
surfaces to be joined and proper joint design.

The use of mechanical fasteners requires the
drilling of holes in the composite parts to be joined,
which creates additional problems, since classical
drilling can lead to delamination of the composite and
its significant weakening (DeFu et al. 2012; Gaugel et
al. 2016; Fernandez-Pérez et al. 2017). To avoid these
phenomena, special drills or pressure during drilling
are used to prevent delamination.

When joining composites using the riveting
method, avoid forming the rivet point directly on the
composite material, as it may crush. When the rivet is
upset, its shank increases in diameter and cancels the
clearance between the hole and the rivet. In a riveted
lap joint, the composite is loaded mainly on pressure.

Bolted joints used in aircraft construction include
special bolts called Hi-Lok. Their distinctive feature is
a nut that breaks at a certain torque value, which
prevents the allowable pressures from being exceeded
during the assembly of the joint (Tomkinson 1991,
Yanishevsky et al. 2013). Connections using Hi-Lok
fasteners must have a specific length related to the
thickness of the package to be joined, which requires
having a large assortment of these fasteners. In bolted

connections, the load is carried by frictional forces
and, once they are exceeded, by the bolt shanks, which
press against the walls of the holes.

Considering that metal fasteners have different
thermophysical properties than composite materials, it
seems that the preload of bolt fasteners should change
as the temperature changes. The purpose of the tests
carried out was to see to what extent the stresses in
a steel bolt connecting composite elements can change
if the temperature varies by +40°C and -40°C from the
assembly temperature, 20°C. Such temperature chan-
ges can occur during aircraft operations.

2. Materials and test methods

An orthotropic composite with a thickness of 7.3
mm autoclaved manufactured at the Silesian Science
and Technology Center of Aerospace Industry Sp.
z 0.0. based on GG 204T g/m? IMP 503 ZHT carbon
prepreg with a thickness of 7.3 mm, consisting of
25 layers arranged according to the [0°]2s Scheme, was
tested. The conditions for manufacturing the plate
are a pressure of 400 kPa and a curing temperature
of 120°C.

To test the modulus and compressive strength in
the Xz axis direction (the axis perpendicular to the
arrangement of the layers of composite material,
7 cubes measuring 27 x 27 x 7.3 mm with 10.1 mm
diameter holes were bonded together (Figure 1).

Fig. 1. A cube cut from the tested composite

A specimen with a height of 52 mm and a cross-
sectional area of 633 mm? was obtained, which was
loaded with a force of up to 250,000 N, and the
dependence of the displacement of the crosshead of the
machine (Instron 8802) as a function of force was
recorded (Figure 2). In addition, the stiffness
characteristics of the testing machine were determined
by compressing its platens without the specimen
(Figure 3).
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Fig. 2. Compression curve of the composite specimen
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Fig. 3. Stiffness characteristics of the Instron 8802
testing machine

Based on the two compression curves obtained, the
value of Young's modulus of the tested orthotropic
composite in the xs direction, that is, in the direction
of compression of the material by the bolt, was cal-
culated. The modulus was estimated at 6240 MPa.

A CL20MB8 force sensor with a measuring range of
10 kN (ZEPWN J. Czerwinski & Associates) was used
to test the tensile force of the bolt. First, it was
examined to what extent a temperature change of
+40°C affects the force measurement. The M8 bolt
itself was tightened in the sensor to such a torque that
a gauge reading of 6000 N was obtained (stresses in
the bolt 183 MPa).

The effect of elevated temperature was studied by
holding the force sensor specimen in a laboratory dryer
by heating its chamber to 60°C, and the effect of
reduced temperature — by holding the specimen in
a freezer for one hour. The measurements showed, that
there was an increase of 120 N in the increased
temperature, and a decrease of 230 N in the reduced

temperature. Thus, the change in force did not exceed
4%. These values were considered by changing the
force values recorded when testing the composite.
Hence, for the purposes of this study, the notion of
registered force and actual force was defined, the value
of which was calculated by correcting the measured
value by the deviation determined experimentally and
generated by the sensor itself at variable temperature.

The effect of elevated temperature on the screw-
sensor system was studied by holding the force-sensor
sample in a laboratory dryer heated to 60°C, and the
effect of reduced temperature was studied by holding
the sample in a freezer for one hour. The measu-
rements showed that there was an increase in force of
120 N at the increased temperature, and a decrease of
230 N at the reduced temperature. Thus, the change in
force did not exceed 4%. These values were taken into
account by subtracting them from the force values
recorded when testing the composite, and the real
forces were obtained.

To study the change of stress in the bolt loading
the composite material, 4 cubes of 27 x 27 X 7.3 mm
(Figure 4) and 1 cube of the same dimensions (Figu-
re 5) were used, in which 8.1 mm diameter holes were
drilled centrally. These cubes were applied to an M8
bolt and, in addition, a force measurement sensor was
used. The nut was tightened to such a torque that
a clamping force of 6000 N was obtained.

Fig. 4. Four composite cubes and a load cell bolted together
with an M8 screw

Fig. 5. One composite cube and force sensor bolted together
with an M8 screw
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The changes in clamping force with time and
at elevated and depressed temperatures were then
checked.

3. Test results

First, the change in bolt force at ambient tem-
perature of a specimen with a composite package
thickness of 29.5 mm was checked (Table 1).

An approximate 9% decrease in strength due
to composite creep was found.

Table 1. Variation of compression bolt tension of 29.5 mm
thick composite package as a function of time
at ambient temperature

Time [h] Recorded force [N]
0 6000
0,5 5770
18 5470

The results of further testing of the specimen
at different temperatures are given in Table 2.

Table 2. Variation of compression bolt tension of 29.5 mm thick composite package as a function of time and temperature

Temperature [°C] Time [h] Recorded force [N] Real force [N]
60 1 6630 6510
20 0,5 4800 4800
60 0,5 6470 6350

1 6220 6220
20 1 4150 4150
60 1 6080 5960
20 50 4160 4160
60 1 6060 5940
-20 1 2310 2540
60 1 5970 5850
-20 1 2240 2470
60 1 5900 5780
20 18 3960 3960
60 1 5890 5770

Subsequently, similar tests of the change in screw
clamping force at ambient temperature (20°C) and at
variable temperature (20°C, 60°C, -20°C) were carried
out for a 7.3 mm thick composite. The results are
shown in Tables 3 and 4, respectively.

In tests at ambient temperature (20°C), there was
about a 3.7% decrease in strength due to composite
creep.

Table 3. Variation of compression bolt tension of 7.3 mm

thick composite as a function of time

at ambient temperature

Time [h] Recorded force [N]
0 6000
0,5 5930
18 5780

Table 4. Variation of compression screw tension of 7.3 mm thick composite as a function of time and temperature

Temperature [°C] Time [h] Recorded force [N] Real force [N]

60 0,5 6480 6360

1 6390 6270
20 0,5 5300 5300
60 1 6280 6160
20 1 5190 5190
60 1 6200 6080
20 1 5120 5120
-20 1 3970 4200
60 1 6150 6030
20 18 5190 5190
-20 1 4010 4240
60 1 6140 6020
-20 1 3970 4100
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Table 4 (cont.). Variation of compression screw tension of 7.3 mm thick composite as a function of time and temperature

Temperature [°C] Time [h] Recorded force [N] Real force [N]
60 1 6040 5920
20 0.5 5080 5080
20 18 5040 5040
20 70 5080 5080
20 24 5110 5110
20 24 5020 5020

4. Analysis of test results
The tests showed a significant effect of tem-
perature change on the value of the force with which
the bolt compressed the tested composite or its
package. The tests also show that with the applied load
(force of 6000 N, washer pressure on the composite of
6100

6000

5900

5800

5700

Force [N]

5500

5400

—o— 29.5 mm thick

41.6 MPa) there was creep of the composite already
at ambient temperature, resulting in a decrease in
force from 6000 N to 5470 N in 18 hours for
a composite package of 29.5 mm thickness and from
6000 N to 5780 for a composite of 7.3 mm thickness
(Figure 6).

10 15 20

Time [h]

7.3 mm thick

Fig. 6. Change intime of the forces with which the screw compressed the composite
of different thicknesses at ambient temperature

Heating the tested composite package joint by
40°C increased the force from 5470 N to 6510 N.
Taking into account the height of the composite
package (29.5 mm) and the length of the bolt shaft
(46 mm resulting from the height of the composite
package and the height of the force sensor), the
difference in thermal deformation of the composite
and the bolt was calculated.

Al =1X aXx AT @

where: | - height of the composite package/ length
of the bolt shaft, a - thermal expansion coefficient,
AT - temperature change.

Al, = 29.5x 70 X 1076 x 40 = 0.0826 mm (2)

Al, =46 x 11 X 1076 x 40 = 0.0203 mm  (3)
Al._, = 0.0826 — 0.0203 = 0.0623 mm  (4)

The calculated strain is the sum of the defor-
mations of the bolt and the composite. These
deformations are inversely proportional to the tensile
stiffness of the joint components. The actual strain of
the composite (Alyr) can be calculated from the
relationship:

Aler __ ApXEp
Ale_p—Aler  AwXE¢

()

where: Ep - Young's modulus of the bolt (steel), Ec -
Young's modulus of the composite, A, - Cross-
sectional area of the bolt M8, A, - area of the bolt
washer M8.
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Aley _ 32.8x200 5
0.0623—-Al,  144.2X6.24 (6)
Aly,, = 0.0548 mm @)

The real deformation of the bolt can be calculated
from the relationship:

Aly, = Al,_p — Al = 0.0075mm  (8)

The stress increment in the bolt due to its
elongation can be calculated from Hooke's law:

Al 0.0075
Ao == XE =
lp 46

X 200000 = 32.6 MPa (9)

The force increment is the product of the stress
increment and the bolt's cross-sectional area:

AF = Ao x A, =32.6x32.8=1070N (10)

The calculated value of the force increment is
close to the value derived from the experiment:

6510 — 5470 = 1040 N (11)

The study also showed that during the loading of
the composite package with a thickness of 29.5 mm at
different temperature there was a continuous slow
decrease in the recorded forces which was caused by
creep of the composite material. A decrease in force at
ambient temperature was found from 5470 N to 3960
N, or about 28%. Such a large deformation of the
composite associated with its creep was due, among
other things, to the large thickness of the tested
package.

The difference in the compressive force of the
29.5-mm-thick composite package at 60°C and -20°C
was 3310 N, resulting in a change in the bolt stress of
about 100 MPa from 176.2 to 75.3 MPa.

When the 7.3-mm-thick composite was loaded,
there was also a decrease in recorded forces at ambient
temperature, but in a smaller range from a force of
5780 N to 5190 N, and thus by about 10%. This is as
expected, since the permanent deformation resulting
from creep of the thinner composite has a lower value.

The difference in the compressive force of the
7.3-mm-thick composite package at 60°C and -20°C
was 1,790 N, resulting in a change in the stress in the
bolt of about 54.5 MPa from 183.8 to 129.3 MPa.

The differences in the changes in compression
forces of the composites associated with changes in
temperature from from +40 to -20°C determined for
composites of different thicknesses are because for the
two cases considered, the ratio of the active length of
the bolt (thickness of the composite plus thickness of
the sensor) to the thickness of the composite was
different. For a composite of 7.3 mm thickness it
was 3.26, and for a composite package of 29.5 mm

thickness it was 1.56. In real joints, if we ignore the
thickness of the washer, this ratio is 1. It follows that
temperature changes in the considered range will cause
more than 28% changes in the compressive forces of
real joints of composite materials. Making simplifying
assumptions that in the considered range of tem-
perature changes the coefficient of linear expansion of
the composite and the value of its Young's modulus do
not change, and that the composite deforms uniformly
under the washer, it is possible to estimate the range of
changes in the forces acting on the M8 bolt under the
influence of temperature changes.

Al, =1X70x107° x 80 = 0.0056 X [ mm
(12)

Al, = 1% 11 x 1076 x 80 = 0.00088 X I mm (13)
Al._p, = (0.0056 — 0.00088)] = 0.00472 X [ mm

(14)

Aler — ApXEp (15)
Ale_p—Aler Ay XE.

Algry _ 328x200 _ g (16)
0.00472x1—Aly,  144.2X6.24

Al,, = 0.004150 mm 1

Aly, = Al,_p, — Al = 0.00057Imm  (18)

Al 0.000751
lp l

Ao X 200000 = 114 MPa

(19)
AF = Ao x A, =114 x32.8=3740N (20)

In an M8 bolt, the range of force change due
to temperature change by 80°C will be at 3740 N. The
range of stress change in steel bolts (about 114 MPa)
should depend little on the diameter of the bolt,
and only to some extent on the dimensions of the
washers.

To check the validity of the analysis, numerical
calculations of the effect of temperature change on the
value of stresses in the bolt connecting the composite
material were carried out. The calculations were
carried out in ANSYS 19.2. A numerical model of
a 7.3-mm-thick composite specimen with a hole
d = 8.1 mm was built, in which an M8 steel bolt
was placed. In the built model, the bolt head and
nut were modeled as cylinders with washer diameter
(d = 16 mm) and thickness of 4 mm. The specimen
model with a grid of elements is shown in Figure 7.

The mechanical and physical properties of the steel
were taken from the ANSYS system library. The
properties of the composite were declared based on
tests performed and data from the system's library of
composite materials (Table 5).
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z

Fig. 7. Grid of elements of the analyzed specimen

Table 5. Material constants of the composite adopted for numerical calculations

Ex [GPa] Ey [GPa] E: [GPa] Vxy ['] Vyz [-]

Vxz ['] ny [GPB.] Gyz [GPa] Gxz [GPa] Oz [1/K]

30,00 30,00 6,24 0,04 0,30

0,30 18,00 2,70 2,70 5%105

There was a gap between the bolt shaft and the
hole. A ‘no separation’ contact was declared between
the surfaces of the cylinders mapping the head and nut
with washers and the surfaces of the composite cube.
The outer surface of one cylinder was deprived of the
possibility of movement. All elements of the specimen
were loaded with a temperature change by 80°C. The
average normal stress in the bolt shaft after the
temperature change was about 100 MPa (Figure 8),
which was about 14% lower than that resulting from
analytical calculations (114 MPa for the same
temperature change by 80°C).

B: Copy of Static Structural
MNormal Stress

Type: Normal Stress(Z Axis)
Unit: MPa

Global Coordinate Systern
Time: 1
05.12.2023 11:32

Fig. 8. Normal stresses in the bolt shank of the specimen
loaded with a temperature increment of 40°C

The results of the numerical calculations should
be considered more reliable due to the simplifying
assumptions made in the analytical calculations,

including the assumption that the composite deforms
uniformly under the washer.

5. Conclusions

Mechanical fasteners (bolts and rivets) used to join
composite parts are most often positioned perpen-
dicular to the fiber laying plane. In this direction,
composite materials are characterized by a low value
of Young's modulus - a few GPa (Ochelski and
Gotowicki 2008) and a relatively high value of the
coefficient of linear expansion.

In stressed bolts connecting composite parts, there
is a decrease in stress over time, resulting in a decrease
in the value of the clamping force of the parts being
joined. This is due to the rheological properties of the
polymer matrix of the composites, which result in
composite creep. With the passage of time, the
intensity of creep, like that of other materials, such as
steel alloys (Bolanowski 2013) - decreases. Increased
temperature accelerates the creep process.

Approximately seven times the value of the
coefficient of linear expansion of composites in the
plane perpendicular to the stacked fibers (70x10 1/K)
than the coefficient of linear expansion of steel
(1.1x10°® 1/K) results in stress changes in the bolts as
the temperature changes. An increase in temperature
relative to the joint assembly temperature results in an
increase in stress, while a decrease in temperature
results in a decrease in stress.

Experimental studies and analyses show that in the
case of a carbon-epoxy composite joined by steel bolts,
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changes in temperature in the range from +60 to -20°C
cause stress changes in the range of 100 MPa. Such
large stress changes can significantly affect the
strength of the connections, cause them to unseal or
load the bolt with a force that causes the material to
exceed its yield strength.

To reduce the range of stress changes in bolts
connecting composite materials resulting from
changes in the temperature of the joint, bolts should be
made from materials whose value of the coefficient of
thermal expansion is more similar to the value of this
feature of the composite, such as from aluminum
alloys (25x10°° 1/K).
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Abstract

In the world of small-arms ammunition, precision reigns supreme. The most significant feature of ammunition for shooters is
undoubtedly the repeatability from one shot to the next. This study explores the detailed assembly process of small arms
cartridges, leveraging modern machinery and innovative designs employed by cartridge manufacturers. It emphasizes how
these tools ensure the fundamental repeatability and precision necessary for the quality of each batch of rounds. Establishing
standards for the highest possible quality requires assessing the impact of imprecise cartridge assembly on ballistic
performance.

Utilizing a free-flight ballistic tunnel, a high-speed camera, light- and target-screen systems, the authors analyzed the effects
of varying projectile seating depths thus affecting cartridge overall lengths (COAL) and cartridge base to ogive distance
(CBTO) on the initial velocity and shot dispersion at 50 meters. The study was conducted for two types of projectiles, differing
in their ogive profiles: secant and tangent ogive. The performance differences between these profiles provided valuable
insights for future projectile designs, highlighting that low-drag projectiles are slightly more sensitive to the seating depth
than tangent profile bullets, and the importance of it should be considered in mass, military production as well. It is a valuable
resource for analyzing the trade-off between producing bullets with a low drag coefficient and ensuring high precision. The
research enhances the understanding of internal and external ballistics but most importantly draws attention to the importance
of the standards of assembly processes to ensure optimal performance and safety in the field.

Keywords: mechanical engineering, ballistics, ammunition design, cartridge assembly, projectile

Streszczenie

Zapewnienie powtarzalnosci mi¢dzy kolejnymi strzatami jest niewatpliwie najistotniejsza cecha nabojow dla kazdego
strzelca. Autorzy poddali analizie proces montazu nabojéw do broni strzeleckiej, wykorzystujacy nowoczesne maszyny
i innowacyjne rozwigzania konstrukcyjne stosowane przez Swiatowych producentow amunicji. Biorgc pod uwage jakosé
wykonanej amunicji, te narzedzia sa wykorzystywane do zapewnienia jak najwigkszej doktadnosci i powtarzalnosci, ktore sa
fundamentalne w kwestii kontroli jakosci partii nabojow. W celu wypracowania odpowiedniego standardu zapewniajgcego
wymagang jako$¢ amunicji, istotne jest oszacowanie wpltywu nieprecyzyjnego montazu nabojéw na ich charakterystyki
balistyczne.

Przeprowadzajac badania w tunelu balistycznym z wykorzystaniem kamery szybkiej oraz bramek predkosciowych
1 wspotrzednosciowych, przeanalizowano wplyw zmiennej gtgbokosci osadzenia pocisku, a wigc rowniez catkowitej dlugosci
nabojow (COAL) oraz odlegtosci od dna tuski do czesci ostrotukowej (CBTO) na predkosé wylotowa rozrzut pociskow na
odlegtosci 50 metrow. Analizy przeprowadzono dla ré6znych typow pociskow, roznigeych sie ksztattem czgséci ostrotukowe;.
Wplyw roznic w ich konstrukcji na charakterystyki balistyczne jest istotny pod wzgledem przyszto$ciowych nabojow,
poniewaz pociski o mniejszym wspotczynniku oporu czotowego — wiekszym promieniu profilu czesci ostrotukowej, sg
wrazliwsze na glebokos$¢ osadzenia, niz pociski o profilu ostrotuku stycznym do czgsci cylindrycznej, ktore charakteryzuja
si¢ wigkszym wspotczynnikiem oporu czotowego. Analizowane roznice okazujg si¢ istotne rowniez w masowej produkcji
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amunicji wojskowej. Wyniki stanowig cenne zrodto informacji w poszukiwaniu kompromisu miedzy produkcjg pociskow
o niskim wspotczynniku oporu acrodynamicznego, a zapewnieniem wysokiej precyzji. Praca poglebia zrozumienie balistyki
wewnetrznej i zewnetrznej, ale przede wszystkim zwraca uwage na znaczenie jakosci procesu montazu amunicji w kwestii
zapewnienia optymalnej skuteczno$ci zastosowania i bezpieczenstwa na polu walki.

Stowa kluczowe: inzynieria mechaniczna, balistyka, amunicja, montaz nabojow posrednich, pocisk

1. Introduction

In the domain of small-arms ammunition ma-
nufacturing and elements production, precision plays
a key role. Consideration of the geometric restrictions
and accurate dimensions was a subject of various
analyses and is thoroughly understood in the long-
range shooting community. However, the aspect of
precision with which a bullet is seated into its cartridge
case is still of utmost importance, specifically in case
of military use, where the ammunition is produced and
assembled on a mass scale. Especially in the case of
long-range precision shooting, the small differences in
the performance of cartridges in an ammunition batch
play a vital role.

The process of bullet seating is influenced by
several factors, including the design of the cartridge
elements itself. Small-arms cartridges are manufactu-
red in a variety of designs, from the widely used
centerfire and rimfire cartridges to specialized con-
figurations like ammunition with semi-jacketed,
boattailed projectiles and hybrid steel-brass cases.
Each design presents its own set of challenges in
achieving consistent dimensions due to differences in
the mechanical interaction between the bullet, case,
and seating machinery (Frost, 1990).

The main parameters used for specifying how deep
the bullet should be placed inside the cartridge case,
are the cartridge’s overall length (COAL) and
cartridge base to ogive distance (CBTO). COAL is the
distance between the base of the cartridge case and the
bullet’s tip — méplat. On the other hand, CBTO is the
distance between the cartridge case base to the point
where the bullet’s ogive starts (Fig. 1). CBTO is
specifically a critical measurement directly related to
the precision of the cartridge. It can be used to
characterize the distance that a bullet moves when
fired, before its surface engages the barrel rifling.

Considering the projectile’s geometry, the most
difficult part to manufacture repetitively is its méplat.
Moreover, it is problematic to measure the diameter of
a méplat, therefore the biggest differences in a batch
of cartridges can be noticed in the COAL mea-
surements, which correspond not only to the seating
depth, but to the differences in projectile geometry as
well. This aspect indicates that to accurately estimate
the seating depth influence on ballistic performance, it
is necessary to measure the CBTO instead of COAL

when sorting the cartridges, to avoid variances in the
projectile lengths itself.

COAL

Fig. 1. COAL and CBTO of a small arms cartridge

In terms of ballistic performance, it is established
that the bigger COAL/CBTO, the more volume inside
the case, and therefore more propellant can be used,
which provides higher muzzle velocity at lower
pressures. Nevertheless, there are some restrictions in
the maximum COAL, which are specifically important
in the military solutions:

o bolt carrier group travel length — the maximum
length of a cartridge is constrained by the
distance that the bolt carrier group travels after
each shot to extract the spent cartridge case from
the chamber. If a cartridge exceeds this
maximum COAL, it may interfere with the
proper cycling of the weapon, potentially
leading to failures in extracting and ejecting
spent casings,

e magazine length — when considering a weapon
system with magazine feeding, the maximum
COAL will be restricted by the length of the
magazine utilized. Assembling longer car-
tridges may cause malfunctions or even inability
to use the rounds. In the case of different feeding
methods, that issue is not a concern,

o elevated pressure — long cartridge assembly
with a bullet positioned in direct contact with
the barrel rifling while chambered, results in
heightened resistance opposing the initial
bullets movement. This leads to immediate
opposition to the bullet’s forward motion upon
ignition due to the engraving force, thereby
elevating chamber pressures to potentially
hazardous levels. Seating the projectile a slight
distance away (often referred to as a bullet
jump) from the lands effectively mitigates this
concern.
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Due to the abovementioned, for user safety, the
maximum COALSs for each cartridge type are specified
in the SAAMI and C.I.P regulations (CIP, 2024;
SAAMI, 2015), as well as in separate military
standards for military ammunition, for instance the
5.56x45 M193 (U.S. DoD, 1999).

Different ogive designs exhibit varying sensi-
tivities to seating depth. Low-drag secant ogive
projectiles, which offer the lowest drag coefficient and
thus improved external performance, are considered
more sensitive to seating depth than tangent ogive
projectiles. A smooth juncture with the bearing surface
facilitates self-alignment with the bore rifling, whereas
an abrupt connection with the bearing surface leads to
poor alignment with the rifling, and thus, greater
sensitivity to seating depth. The combination of the
aforementioned characteristics is found in hybrid
ogives, where the bullet’s nose profile is tangent up to
the point of contact with the rifling and secant forward
of that point.

Prior investigations (Thamna, 2018) have high-
lighted the importance of achieving uniform perfor-
mance of cartridges, by improving the inspection
process using an automatic visual inspection system
to control the dimensions of each cartridge after
assembly. The explained system provided an imper-
fections detection rate of 86.7% with a rate of 2
cartridges per second. Scientists (Li, 2022) utilized
image processing to improve the assembly quality of
the cartridge primer, which is a key part of the safety
and reliability of ammunition. The general qualitative
assessment of the influence of different COAL and
CBTO in cartridge assembly was widely analyzed in
the long-range shooting community, for instance by
Berger Bullets (Litz, 2013), however, there is a need
to quantify the effect of different seating depth on
performance of diverse cartridge types, focusing on
the different ogive profiles.

This study aims to assess the impact of the
assembly variables within the context of different
projectile designs, assessing their influence on ballistic
performance, and focusing on the internal and external
ballistics. By addressing those challenges the research
seeks to enhance the understanding of the manu-
facturing process, aiming to assess the requirements of
repeatability and precision of future small-arms
ammunition production.

2. Material and methods

To systematically evaluate the impact of seating
depth on ballistic performance — specifically focusing
on muzzle velocity and shot dispersion at 50 meters,
an extensive experimental framework was established.
This section explains the methodological approach

adopted to investigate these parameters, detailing the
laboratory setup and the specific characteristics of the
cartridges utilized.

2.1. Ammunition

The authors precisely handloaded 30-06 Spring-
field cartridges using two types of projectiles, with
various seating depths. With the use of the 30-06
cartridge cases (Sellier&Bellot), each cartridge was
filled with RS60 propellant (ReloadSwiss), and large-
rifle primer (Fiocchi). To analyze the considered
parameters, especially the seating depth and the
projectile’s sensitivity to it in various configurations,
the following projectiles were chosen for the expe-
riment (Fig. 2):

e 30 Lapua Open Tip Match Scenar
(10.85 g / 167 gr) GB422 — tangent ogive
profile, bullet length: 31.2+0.1 mm, 3.74 g
(57.7 gr) of RS60 propellant,

e 30 Lapua Open Tip Match Scenar-L
(10.0 g / 155 gr) GB552 — secant ogive profile,
bullet length: 32.8 = 0.1 mm, 3.72 g (57.4 gr) of
RS60 propellant.

Both projectiles used in the experiment are Open-
Tip Boat-Tail designs. Due to the beforementioned
larger differences in the distance between the base of
the bullet and its tip, than the base and the ogive, they
were sorted by measuring each bullet’s base to ogive
distance.

Fig. 2. Bullets used for the experiment:
Top: secant ogive profile Lapua Scenar-L,
Bottom: tangent ogive profile Lapua Scenar

Followingly, each cartridge type was assembled
with 5 different CBTOs using a single-stage reloading
press, followed by dimension and weight control of
each element and the whole cartridge assembly. The
cartridge cases were primarily resized, trimmed, and
cleaned to avoid any excessive influence on the
cartridge’s performance. The maximum difference in
the CBTO distance was maintained at 1 mm, with
a 0.25 mm difference between each configuration.
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2.2. Experimental setup

The experiment was conducted in a 50-meter-long
ballistic free-flight tunnel. The setup consisted of the
following elements (Fig. 3):

e mobile firing stand STZA13M2 with universal
ballistic breech UZ-2002 and velocity ballistic
test 30-06 Springfield barrel with 1:10 inches
twist, manufactured according to C.I.P. standard
(Prototypa, Czech Rep.),

o muzzle velocity head EMG-1 (Prototypa, Czech
Rep.),

e Phantom V2012 Ultra High-speed camera
(Phantom, USA),

e light screen type 2521A at 5 m (Kistler,
Switzerland),

o target system type 2523A at 50 m (Kistler,
Switzerland).

Fig. 3. Experimental setup
1-STZA13M2, 2 — EMG-1, 3 — Phantom V2012,
4 — Kistler 2521A, 5 — Kistler 2523A, 6 — bullet trap

The measurements were performed with a series of
shots for each specific CBTO of a given projectile type
cartridge, measuring the muzzle velocity — Vo, velocity
at 5 meters — Vs, coordinates, and velocity at the target
at 50 meters — V+. To analyze the bullet’s stabilization
and initial yaw movement, the high-speed camera was
used to record the initial bullet movement.

3. Results

Experimental data were examined individually for
the different CBTOs of each projectile, to evaluate
their sensitivity to seating depth changes. Firstly, to
begin the analysis of shot dispersion, the stabilization
of the bullets was confirmed. If a projectile is stable
upon exiting the barrel, it remains stable throughout its
entire trajectory up to the bullet trap at 50 meters
(McCoy, 2009), hence, its behavior at the muzzle exit
was analyzed. Both types of projectiles tested were
found to be gyroscopically stable, characterized by

negligibly small yawing movement, therefore
allowing the shot dispersion results to be considered
reliable. An example of the bullet in motion at the
muzzle exit is shown in Fig. 4.

Fig. 4. Tangent projectile at the barrel muzzle

3.1. Tangent ogive projectile

The mean velocity at 5 m of shot groups of
cartridges with tangent Lapua Scenar projectile varied
from 933.2 m/s to 938.9 m/s with a maximum seating
depth variation of 1.0 mm. The results are presented in
Fig. 5 below.

942

940

932

-
67.80 68.05 58.30 68.55 68.80
CBTO (mm}

Fig. 5. Experimental results of velocity dependence
on CBTO - tangent ogive profile

Following a procedure of 3 shots per each CBTO
value, 5 groups of 3 shots were obtained with the same
aiming point. To visually analyze the dispersion, the
results are presented in Fig. 6.

—
Group Size : 177mm (1.18MOA) g
Group Area : 12mm(W) X 15mm(H)
Mean Radius : 8mm (0.53MOA)

Group Size : 12mm (0.8MOA)
Group Area : 9mm(W) X 8mm(H)
Mean Radius : 5mm (0.34MOA)

Group Size : 11mm (0.75MOA)
Group Area : 11mm(W) X 8mm(H)
Mean Radius : 6mm (0.41MOA)

Group Size : 6mm (0.45MOA) |
Group Area : 6mm(W) X 3mm(H)/*
Mean Radius : 3mm (0.18MOA)

Fig. 6. Shot dispersion — tangent projectile

Group Size : 5mm (0.34MOA)
Group Area : 5Smm(W) X 3mm(H)
Mean Radius : 3mm (0.18MOA)
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The shot dispersion differs significantly, depend-
ing on the CBTO, from a 3 mm mean radius in the case
of group number 5, up to 8 mm for group number 4. In
order to analyze the dispersion of shots regardless of
the distance to the target, the mean radius was
presented in minutes of angle — MOA. The average
radius for the tangent projectile was estimated at 0.34
MOA, which equals 9.89, 19.78, and 29.67 mm at 100,
200, and 300 meters respectively. For each group, the
dispersion analysis was performed, and the results are
presented in Tab. 1.

Table 1. Experimental results of the tangent ogive
projectile cartridges

Mean Grou Mean Mean

No ((:r?]:;()) Vs sizep Radius Radius

(m/s) (mm) (mm) (MOA)
1 68.80 932.3 5 3 0.18
2 68.55 933.2 12 5 0.34
3 68.30 934.9 11 6 0.41
4 68.05 938.8 17 8 0.53
5 67.80 938.9 6 3 0.18
AVG 10.2 5.0 0.34

3.2. Secant ogive projectile

The mean muzzle velocity of shot groups of
cartridges with secant Lapua Scenar-L projectile
varied from 935.5 m/s to 949.7 m/s with a maximum
seating depth variation of 1.0 mm. The results are
presented in Fig. 7 below.

055

950 [

9457

2 1

Eg40 }

N

935

030

5%
67.45 67.70 67.95 68.20 68.45

CBTO (mm)

Fig. 7. Experimental results of muzzle velocity dependence on
CBTO variance — secant ogive profile

The results of shot groupings indicate slightly
stronger correlation between the seating depth and
external ballistics of the bullets. The results are shown
in Fig. 8.

In the case of the secant ogive projectile, the lowest
mean radius of 4 mm was achieved with group number
3, and the highest — 6 mm for groups 4 and 5. The
average mean radius estimated for the 5 groups equals
0.36 MOA, which gives 10.47, 20.94, and 31.41 mm
for 100, 200, and 300 meters. The results of the shot
dispersion analysis are presented in Tab. 2. The mean

radius and group sizes are noticeably higher for the
secant profile projectile cartridges.

Group Size : 14mm (0.94MOA)

Group Area : 13mm(W) X 8mm(H) 4 ”

* Mean Radius : 6mm (0.44MOA)
5@ -
Group Size : 13mm (0.92MOA) 1
Group Area : 11mm(W) X 10mm(H) T
Mean Radius : 6mm (0.42MOA) ‘gﬁgzg ok 11'1%':1((8@73“22’%4)
Mean Radius : 5mm (0.34MOA)

2 3
—q Group Size : 12mm (0.82MOA) Group Size : 7mm (0.49MOA)
Group Area : 8mm(W) X 9mm(H)l = Group Area : 5Smm(W) X 7mm(H)
Mean Radius : 5mm (0.35MOA) Mean Radius : 4mm (0.25MOA)

Fig. 8. Shot dispersion — secant projectile

Table 2. Experimental results of the secant ogive
projectile cartridges

Mean Grou Mean Mean

No %5;)0 Vs sizep Radius Radius

(m/s) (mm) (mm) (MOA)
1 68.45 935.5 11 5 0.34
2 68.20 941.1 12 5 0.35
3 67.95 943.3 7 4 0.25
4 67.70 939.4 14 6 0.44
5 67.45 949.7 13 6 0.42
AVG 114 5.2 0.36

3.3. Geometry analysis of military cartridges

To evaluate the impact of variations in CBTO
within a batch on the performance of the rounds, an
analysis was conducted on the geometry of military-
use 7.62x51 mm Ball cartridges. The findings from 21
measurements suggest that the CBTO in a batch, and
consequently the seating depth, can vary by as much
as 0.48 mm. Given this variability, conducting an
analysis with a CBTO difference of 1 mm for a .30
projectile is justified to determine the significance of
precise seating depth inspections in the production of
military ammunition.

4. Discussion

To analyze the results and formulate conclusions,
it is necessary to consider the following aspects of the
performed analysis:

e measurements of projectile geometries included
verifying the COAL, CBTO, the diameter, and
the weight of each projectile. Variations in
ogive shape and méplat diameter are supposed
to be negligible, therefore were not taken into
account,

e variability in internal ballistics performance
may occur from one cartridge to another due to
inconsistent propellant powder filling, even
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when the CBTO is consistent. These differences
are expected to be significantly smaller than
those caused by changes in CBTO,

o despite the thorough preparation of the cartridge
cases before ammunition assembly, there is a
certain influence noticeable on the performance
of prepared cartridges. Variations in internal
and external dimensions between each case led
to differences in muzzle velocities among shots
within the same CBTO groups,

o the tests were conducted on a small sample
which is a simplification of the whole popu-
lation, therefore the probability error must be
considered while analyzing the results,

e the measurement system accuracy must be
considered, especially concerning the measured
velocities of the projectiles.

The findings indicate that the cartridges with
secant ogive profile projectiles experienced greater
muzzle velocity spread when the seating depth of the
bullet varied, with a difference of mean velocities
reaching up to 14.5 m/s, in contrast to 6.6 m/s observed
in tangent profile projectiles.

Although muzzle wvelocity did not directly
correlate with shot dispersion at the target, the mean
radius equals 5.0 mm for the tangent projectile
cartridge and it is slightly higher — 5.2 mm, for the
secant bullet. The group size is also larger for the
secant projectile configuration when compared to the
tangent projectile — 11.4 mm versus 10.2 mm. While
these differences in the mean radius are relatively
minor at 50 meters, they increase with target distance,
potentially exceeding 30 mm for secant projectiles at
300 meters due to inconsistencies in CBTO and thus
seating depth.

The results indicate that a tangent ogive profile
reduces the sensibility of a cartridge on seating depth
variations, though it is characterized by a higher drag.
The balance between drag and seating depth sensitivity
should be thoroughly examined in further detail.

Dimensional analysis of a batch of 7.62x51 mm
Ball military-use rounds indicated that the maximum
CBTO variation within a batch could reach 0.48 mm.
Given the analysis results, where the maximum CBTO
differences were up to 1 mm, the impact of these
variations in seating depth on cartridge performance
should be considered.

5. Conclusions

Bearing in mind the abovementioned, the
following conclusions can be drawn:

o seating depth has a noticeable influence on the

ballistic performance of a cartridge, by incre-

asing the muzzle velocity with the increase of
the seating depth,

e cartridges with secant profile ogive projectiles
are more sensitive to variations in the seating
depth of the projectile compared to those with
tangent profile projectiles,

e to achieve higher precision of small-arms
ammunition, it is essential either to use higher
drag, tangent profile projectiles or to ensure
high repeatability in the seating depth of bullets
in the cases,

o the effect of the seating depth may become
imperceptible due to imperfections and varia-
tions in geometries of the cartridge cases,
primers, and the associated differing characte-
ristics of the process of propellant combustion,

o military ammunition may experience a high
variation of the shot dispersion at the target due
to seating depth inconsistencies.

The results have strong implications for future
ammunition design by providing a resource in the
analysis of the balance between manufacturing low
drag coefficient bullets while maintaining high
precision. Further works should focus on analyzing the
hybrid ogive projectiles' external ballistics perfor-
mance with the use of both CFD simulations and live
firing, as well as on analyzing the bullet's performance
dependence on minor damage caused during pro-
duction and assembly, which may cause irregularities
and asymmetries in the geometry.
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Abstract

It is widely acknowledged that the expenses associated with substandard quality constitute a significant portion of a company's
overall costs. Consequently, organizations adopt quality management systems and implement corrective and preventive
measures to reduce these expenses. Within these implementations, Poka-Yoke (P-Y) techniques are notably prominent.
Theoretically, these techniques are designed to prevent mistakes that lead to costs, especially quality-related costs associated
with nonconforming products. This study proposes a classification graph of P-Y techniques, which serves as a tool for
evaluating the effectiveness of these techniques in preventing errors that lead to product nonconformities, machine failures,
operator injuries, or environmental threats. The Classification Graph was developed based on a study of 139 P-Y solutions
implemented in 24 companies operating in the automotive, aviation, and metal processing industries. The value of this graph
lies in its ability to easily evaluate and prioritize different P-Y techniques, aiding in the design of new techniques and the
improvement of existing ones to enhance the reliability of production systems.

Keywords: mistake proofing, Poka-Yoke, effectiveness, collaborative robots, assembly

Streszczenie

Powszechnie uznaje si¢, ze wydatki zwigzane z jakoscig ponizej standardu stanowia znaczng czes$¢ ogolnych kosztow firmy.
W zwiazku z tym organizacje przyjmuja systemy zarzadzania jakoscia i wdrazaja srodki korygujace i zapobiegawcze w celu
zmniejszenia tych wydatkow. W ramach tych wdrozen techniki Poka-Yoke (P-Y) sg szczegdlnie wazne. Teoretycznie
techniki te majg na celu zapobieganie btedom, ktére prowadza do kosztow, zwlaszcza kosztéw zwigzanych z wyrobami
niezgodnymi. W niniejszym badaniu zaproponowano wykres Klasyfikacji technik P-Y, ktory stuzy jako narz¢dzie do oceny
skutecznosci tych technik w zapobieganiu btedom, ktore prowadza do niezgodnosci wyroboéw, awarii maszyn, obrazen
operatorow lub zagrozen dla srodowiska. Graf klasyfikacji zostal opracowany na podstawie badania 139 rozwigzan P-Y
wdrozonych w 24 firmach dzialajacych w branzy motoryzacyjnej, lotniczej i obrobki metali. Wartos¢ tego wykresu polega
na jego zdolnosci do tatwej oceny i ustalania priorytetow roznych technik P-Y, co pomaga w projektowaniu nowych technik
i ulepszaniu istniejacych w celu zwigkszenia niezawodnosci systemoéw produkcyjnych.

Stowa kluczowe: zabezpieczenie przed btgdami, Poka-Yoke, efektywnosc¢, roboty wspotpracujace, montaz
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1. Introduction

In order to ensure that a company remains on the
market, it must be competitive in terms of product
quality and selling price. That is why, it has to find
strategies to reduce costs while preserving the level of
quality expected by their customers.

It has been noticed that a considerable part of
companies’ costs are costs of poor quality (Tkaczyk
and Jagta, 2001). For this reason, the companies began
to undertake the activities concerning cost mini-
mization (Yoo et al., 2012). To find a source cause of
the quality problems the companies undertake various
actions. They use simple quality management tools,
such as Ishikawa diagram (Kumar et al., 2009) or
methods such as FMEA (Pinosova and Andrejiova,
2023; Xiuxu, 2011; Sellappan and Palanikumar, 2013)
to find possibilities for improvements. Additionally,
more and more popular is six sigma methodology,
which is applicable for more difficult quality problems
(Valles et al., 2009; Yusuf and Halim, 2023). The
result of these analyses is an information about weak
points in production system, where any corrective and
preventive actions should be undertaken.

However, it is not solely about enhancing control
processes to prevent nonconforming products from
reaching customers. First of all, it is about undertaking
preventive actions to prevent the production of
nonconforming products, for example by using control
charts (Chen et al., 2011; Dahari et al., 2025). That is
why, different kinds of solutions, which can prevent
nonconformities or which can significantly minimize
their number, are implemented. These solutions are
called Poka-Yoke (fail safe) and they are implemented
not only in the production companies (Martinelli et al.,
2022; Kozikowski et al., 2022; Trojanowska et al.,
2023) but also in services (de Saint Maurice et al.,
2011; Amaral et al., 2023). Literature propose not only
physical but also digital Poka-Yoke techniques
(Rahardjo et al., 2023). Various Industry 4.0 techno-
logies can serve as Poka-Yoke (P-Y) solutions (Lu-
cantoni, et al., 2022). Since Industry 4.0 technologies
support the achievement of sustainable development
goals, as highlighted in (Mabkhot et al., 2021), it
can be concluded that the use of P-Y solutions based
on these technologies also has a positive impact
on the sustainable development of enterprises. Among
others the following technologies can be found in
P-Y: augmented reality (Andersen et al., 2009;
Chimienti et al., 2010; Azuma et al., 2012), virtual
reality (Yinetal., 2017;), Internet of Things (Ramadan
and Salah, 2019), wireless technologies (Gladysz
and Buczacki, 2018), real time data analysis (Garza
and Das, 2001), Big Data Analysis (Muharam and

Latif, 2019), mobile technologies (Grout, 2007
Hakkarainen et al., 2008), fuzzy logic (Al-Araidah et
al., 2010), and others.

The aim of this paper is to propose a classification
table and an evaluation tool supporting the adoption of
P-Y techniques that take into account not only product
defects, but above all, mistakes resulting in the
creation of nonconforming products, as well as
mistakes affecting the employee, the production
system and the environment. The construction of the
tool begins with the classification of possible P-Y
techniques to then build a Classification Graph that
will support the assessment of the effectiveness of
P-Y techniques in relation to specific process
conditions encountered in the industrial environment.

The next section of this paper reviews the
definition of P-Y. Subsequent to this, the following
section describes the methodology used to create
a classification for P-Y techniques, along with the
proposed Classification Graph. The application is
then demonstrated by assessing three distinct P-Y
techniques. The final section provides a summary
and emphasizes the need for further research in this
area.

2. Poka-Yoke definitions

In literature many definitions of P-Y are present.
The review of these definitions is shown in Table 1.
According to some authors, P-Y is a technique which
prevents mistakes or, according to others, it is
a solution which allows to discover and correct the
mistakes that have already occurred.

Other definitions state that these are the solutions
which should prevent not the mistakes but their
outcomes. Different definitions probably derive from
the fact that there are different kinds of P-Y techni-
ques as well as different applications of the same
solution.

For example, in the work (Hollnagel, 2004), for the
application in IT the author divides P-Y techniques
into three types:

e Physical solutions which block the flow of
mass, energy or information, and do not
depend on the users’ interpretation of them (e.g.
a wall);

e Functional solutions which might be switched
on and off depending on the situation (e.g. a
lock or a password), independently from the
user’s interpretation;

e Symbolic solutions which if require interpre-
tation, appear physically at the moment they are
needed (e.g. a safety sign).
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Table 1. Poka-Yoke definitions

Definition References
A mechanism for detecting errors and defects,
which inspects 100% of the items, working

independently from the operator’s attention

(Shingo, 1988)

span
A device used to prevent the defect from (Joseph et al.,
occurring in a machine or in a process 1996)

A mechanism for detecting, eliminating and
correcting errors at their source, before they
reach the customer
Devices the process is equipped with to prevent | (Tsou et al.,
the special causes that result in defects, or to 2008)
inexpensively inspect each item that is
produced to determine whether it is acceptable
or defective
The Poka-yoke technique identifies human (Lopes etal.,
errors and creates ways to eliminate them, 2013)
however, it depends on the occurrence of an
error in order to prevent its future occurrences.
It is any mechanism within a lean
manufacturing process that helps an equipment
operator to avoid mistakes.
The systematic practice of eradicating errors by | (Middleton,
locating their root cause 2001)
A quality improvement methodology to (Krajewski et
prevent mistakes from in order to minimize the al., 2007)
negative consequences
A poka-yoke is the use of a process or design
features to prevent errors or the negative
impact of errors
A device that either prevents or detects (Saurin etal.,
abnormalities, which might be detrimental 2012)
either to the product quality or to the
employees’ safety
Automatic devices or methods to detect
problems before or as they occur using
a Poka-Yoke device to minimize the negative

(Plonka, 1997)

(Grout, 2007)

(Al-Araidah et
al., 2010)

consequences

S. Shingo divided Poka-Yoke techniques accord-
ing to the goals they have to accomplish in a quality
system (Shingo, 1988):

e Source inspection, called proactive Poka-Yoke

devices, realized to avoid the occurrence of
a defect;

e Self-inspection to detect a defect in the
operation in which the defect is generated:;

e Successive inspection which detects a defect in
the operation that follows the operation in which
it was generated,;

e Judgment inspection which detects a defect
a few operations ahead of the one in which it
was generated.

In industry, Zero Quality Control (ZQC) Poka-

Yoke takes a variety of forms such as (Evans, 2005):

o 100% inspection;

o |dentifying defects as close to the defect source
as possible;

e Taking corrective actions concerning a defect in
order to avoid the reoccurrence of that defect in
the future;

e Designing the processes in order to avoid
defects.

In the work (Lazarevic et al., 2019) the authors
based on a literature review distinguished the
following types of P-Y devices:

Passive devices P-Y;
Active preventive P-Y;
Active, for detection P-Y;
Hybrid active, preventive;
Hybrid active, detection.

The presented definitions are useful for
classification purposes but focus mostly on product
defects which are the consequences of mistakes. While
a new approach proposed in this paper focuses on
mistakes avoidance. In light of this, a new definition is
proposed aimed at supporting the evaluation of P-Y
techniques' effectiveness in preventing or detecting
various mistakes impacting both, the product and the
production process.

In present study, the following definition of P-Y is
proposed: Poka-Yoke is a solution developed to reduce
or completely eliminate mistakes that can lead to
product nonconformities, machine failures, operator
injuries, or environmental threats.

3. Poka-Yoke classification

Poka-Yoke techniques can be classified according
to a number of different criteria. In the work (Saurin et
al.,, 2012) a method for the evaluation of P-Y
techniques is proposed. This method is relatively
detailed and includes many evaluation criteria. Thus,
the question arises if companies are willing to use the
method in everyday practice. In the work (Antonelli
and Stadnicka, 2016) the Fuzzy Inference metho-
dology is proposed to assess the P-Y solutions.
However, especially for SMEs, a less complex method
could be recommended.

In this work a straightforward method for the
assessment of P-Y techniques is proposed. To allow
the application of the method already in the design
phase, i.e. before having any quantitative data on the
number and type of defects in production, binary
evaluation criteria based on the presence or absence of
specific characteristics were used.

To propose a classification of P-Y technigques
a research in industry was performed. 139 P-Y
solutions from 24 companies operating as suppliers in
automotive, aviation and metal processing industry
were investigated. The analysed P-Y use such techno-
logies as cameras, machine vision, augmented reality,
sensors, automation, big data analytics, real-time data
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processing, barcodes, visualisation, vibrofeeder, and
others. The companies were chosen among those that
presented their solutions at meetings dedicated to lean
manufacturing. P-Y techniques were identified based
on industrial expertise and knowledge, and the inclu-
sion criteria were not based on preliminary evalu-
ations.

Figure 1 shows structure of investigated
companies and number of studied P-Y techniques. On
the base of gathered information a Classification
Graph of P-Y solutions is developed (Figure 2). The
Classification Graph can help with evaluation of
effectiveness level of P-Y solutions.

60 55 49

50

40 35

30 —

20 11 9 —

10 M 4 I

R N A

Automotive Aviation Metal processing
@ Number of companies
O Number of studied Poka Yoke solutions

Fig. 1. Investigated companies and Poka-Yoke solutions

During the study of P-Y techniques, the following
analyses were conducted:

e Analysis of work performed at a specific

workstation, where an operator might make

e Analysis of mistakes that were made or could

potentially be made;

e Analysis of the consequences of mistakes that

occurred or could potentially occur;

¢ Analysis of existing and proposed P-Y solutions

to implement.

Table 2 presents a classification of P-Y solutions
summarizing whether the solution prevent mistakes or
not. The mistakes may lead to nonconforming
products. By implementation of P-Y techniques it is
possible to prevent mistakes or to identify mistakes
before it leads to production of a nonconforming
products. P-Y which are able to discover mistakes very
fast will prevent nonconformities but will not prevent
time waste and related costs. Therefore, in this study
focus is put on preventing mistakes. Figure 2 presents
a graph for the prioritizing of P-Y techniques. In
general, there are P-Y techniques that can be very
highly effective and others that can have very low
effectiveness.

Certainly, it should be clearly underlined that, even
if quality control is performed on the entire production,
it is impossible to assure the absence of defects. It
stems from the fact that none of the systems is
absolutely reliable. Failures, fluctuation in power
supply, hidden material defects can always emerge in
technical devices which are designed to control and
monitor a process.

a mistake;
Table 2. Classification of Poka-Yoke techniques
Type of Function Task Goal Effectlveness_ln mistake
Poka-Yoke proofing
Preventive Preventing mistakes Zero mistakes High
Stopping the process in case of Preventing the flow of
Corrective pping the p nonconforming products to No mistake proofing
a mistake
) the next step of the process
Technical - - - -
devices Informative | Transferring the information
and concerning the probability of making | Preventing mistakes Medium
preventive a mistake
Warning Trapsferrmg the information on Dlsclosmg a place for No mistake proofing
a mistake made improvement
Transferring the information on the
Lo Informative | proper way to perform a process Preventing mistakes Low
Organization in order to avoid mistakes
al solutions - ; ] -
. Transferring the information on what | Preventing reoccurrence . .
Corrective . . . - No mistake proofing
to do in case of making a mistake of mistakes
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Fig. 2. Classification graph of Poka-Yoke techniques
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Lacking a control group, i.e. a set of pieces that are
produced without using P-Y, it is not always possible
to give a quantitative evaluation of P-Y effectiveness
in terms of number of defects avoided.

To place a given P-Y technique on the graph in
Fig. 2 it is necessary to make a series of binary or
choices: the solution is technical or organisational; is
preventive or corrective, it operates through a barrier
or through signals; information is given through
graphic or textual outputs; P-Y operates during the
process or at the end.

We assume that technical devices will have higher
efficiency, particularly if a physical barrier is put in
place. This barrier will physically prevent mistakes in
a process as well as it will stop a process from
continuing unless the corrective actions are imple-
mented. In some of the solutions it is possible for an
operator to decide if a process is to be continued
howsoever without corrective actions. However, such
a solution has already lower effectiveness because it
depends on a subjective employee’s decision (Stewart
etal., 2001).

Despite that fact, this solution is attributed with a
high level of efficiency assuming that the employees
are well prepared for their work. Physical solutions,
which warn an operator about the possibility of
making a mistake by a sound, vibration or light signal
(sensory warning signals), are less effective. However,
they also require an adequate operator’s reaction
before the mistake appears in a process, or before the
failure appears in a product.

Further, there are also less effective P-Y
techniques which only inform about mistakes that have
been made. However, they still allow for a quick
reaction and, thanks to that, they reduce noncon-
formities costs, which can appear in relation to the
mistake or which have already appeared. Theore-
tically, these solutions shouldn’t allow, in spite of the
mistakes already made, the negative consequences of
them. Another group of P-Y technique includes
organizational solutions, which exist in the form of
procedures prepared for certain processes. Depending
on the form of the procedure and the way of
information transmission to an operator during the
process, the solutions can have different effectiveness.
In the proposed classification model, a dynamic and
a static way of transmitting the graphical information
are taken into consideration. The information can also
take the form of a text. The procedures can concern
activities which should be done to prevent mistakes or
activities which should be done in case a mistake has
already been made. It is worth to emphasize that
when the information is transmitted successively and
follows the process, the solution is more effective.
Finally, it is also essential whether the information

takes into consideration the actual state of a process,
or whether it is independent from what has really been
done in the process.

P-Y techniques, which should prevent mistakes in
a process or reduce the consequences of mistakes
made, should simultaneously protect a product against
defects. The proposed method recommends to assess
additionally if the P-Y techniques protects a product,
an operator, a machine and/or the natural environment
against the consequences of mistakes made in the
process by an operator.

In the following sections some examples of P-Y
techniques are presented, classified and evaluated. The
results of this can be seen on the Classification Graph
(Figure 2) where the numbers (1, 2, 3) representing
the analysed case studies have been placed.

For evaluating effectiveness, a 5-level Likert scale
was adopted associated to corresponding effectiveness
classes: very low for no error prevention, low for
information, medium for error identification, high for
error identification before it results in a non-compliant
product, and very high for error prevention.

4. Case study 1: Kitting process

4.1. Process description

Kitting process of assembly sets is realized
manually by operators (Wyskiel, 2014). Elements for
kitting are taken from containers and placed into a box.
A label, which specifies the contents of the box, is then
affixed to it. Each set consists of several elements,
making it easy for the operator to make a mistake
during the kitting process.

4.2. Poka-Yoke technique description

The work procedure for the workstation equipped
with a P-Y solution is as follows:

The computer screen displays a production order
containing information about what should be packed
in the assembly set. The worker picks the first item
from the list and scans its barcode using a barcode
reader. The scanned item is then placed into a box. The
list updates to confirm that the correct item has been
selected. If an incorrect item is taken, a notification
will appear on the screen. Once all items are packed,
the operator can print a label. This label is then affixed
to the box.

The solution presented in Figure 3 is a technical
system that alerts the operator of a mistake when an
incorrect item is selected for packing. The operator
receives a sound signal and sees a notification on
the screen. This alert occurs during the packing
process, allowing the operator to rectify the mistake
immediately. This means the operator can then
select the correct item and pack it, ensuring that
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the box contains all the necessary elements for
assembly.

The system prevents the operator from continuing
the process until all necessary barcodes for the set have
been scanned.

Fig. 3. Workstation for kitting

Only after scanning can a label be printed and the
production order closed. This solution safeguards the
product against non-conformities but does not prevent
operator mistakes.

4.3. Poka-Yoke classification and evaluation

This is a technical solution designed to mitigate
mistakes in kitting processes. While it does not prevent
mistakes entirely, it informs the operator when
a mistake occurs, such as selecting the wrong
component. Although the system cannot prevent the
addition of incorrect or extra elements into a box, it
ensures that all necessary components are included,
thereby preventing the escalation of mistake con-
sequences. On the computer screen, graphical infor-
mation is displayed along with a sound signal when
a mistake is detected during the process, not afterward.
The process cannot continue until corrective actions
are taken; this means the operator must select and scan
the correct item, which is then placed in the box. This
solution is aimed at preventing the preparation of non-
conforming sets. It does not address operator safety,
environmental protection, or machine safeguarding.

The analysis clearly indicates that to enhance the
solution, an improvement should be implemented
during the handling phase to prevent the operator from
selecting the wrong component. This would involve
installing a device that automatically discards a part
into a discharge bucket if the scanner detects an
incorrect barcode. There are several methods for im-
plementing this type of device. Although this impro-
vement does not prevent the mistake itself, it mitigates
the consequences of the mistake in the final kitting
process. According to the proposed methodology, the
effectiveness of this solution is considered to be low.

5. Case study 2: System of laser inspection
of rolling bearings’ seals assembly

5.1. Process description

A laser inspection system for seals in rolling
bearings has been implemented on the production line
(Czajka et al., 2010). This line conducts the assembly
process using automated control equipment, which
operates without direct human intervention (see
Figure 4).

The seals are transferred from a storage bin and
correctly positioned on a bearing by being pushed into
place using a manipulator.

Fig. 4. Control unit: 1, 2 — laser head, 3 — chute,
4 — setting with a bearing in measurement position,
5 — electric drive of bearing rotation, 6 — pneumatic

basic elements, 7, 8 — pneumatic drives

5.2. Poka-Yoke technique description

During the process, the following defects in seals
can occur (Czajka et al., 2010):

e Absence of a seal in a bearing;

o Seal placed inversely;

e Seal improperly positioned relative to the

bearing dimensions;

e Surface of the seal is folded.

These defects are identified by a laser control
system. A photo of the control unit is shown in Figu-
re 4. Bearings that exhibit any of these defects are
segregated from the acceptable ones and classified as
nonconforming products.

However, the process continues without imme-
diate corrective actions to address the underlying
causes of these defects.
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5.3. Poka-Yoke classification and evaluation

The system described is a technical solution that
identifies errors in the seal assembly process by using
a physical barrier. This barrier prevents noncon-
forming products from advancing to the next stage of
the production process by automatically removing
them. Despite this, the assembly process itself is not
halted; instead, the control system continues to
operate, merely ensuring that flawed products are
excluded.

This technical solution does not prevent errors; it
merely signals when an error has occurred, specifically
identifying seals that are improperly affixed to
bearings. The physical barrier ensures that these
defective products do not proceed further in the
production line. The process continues without
interruption, and no immediate corrective actions are
taken to address the root cause of the defects. The
primary goal of this system is to remove bearings with
incorrectly assembled seals from the production line.
According to the proposed methodology, this solution
is considered to have low effectiveness.

6. Case study 3: Manual Assembly Processes
Using Real-Time Image Detection

6.1. Process description

Manual assembly operations in manufacturing are
often susceptible to human error, particularly in tasks
involving complex sequences or a large number
of components. This case study investigates the
integration of a pre-trained YOLO (You Only Look
Once) image detection model into a factory assembly
workflow to provide real-time feedback on part
sequencing, aiming to mitigate errors. The YOLO
model utilizes computer vision techniques to rapidly
analyse a live video feed of the assembly workspace.
It compares the current state against a reference
database of correct assembly steps. If a part is placed
out of sequence, the system generates an immediate
visual alert, notifying the worker of the deviation. This
report details the YOLO model's architecture, the
training process, its integration into the assembly
station, and a quantitative assessment of its impact on
error rates and assembly efficiency.

6.2. Poka-Yoke technique description

This case study explores a collaborative human-
-robot assembly strategy, assigning sub-tasks to
optimize efficiency and accuracy. The system leve-
rages the strengths of both humans and robots: the
robot performs object detection and sequence checks,
while the human collaborator handles workpiece
manipulation and judges the robot's recognition. This

approach facilitates mutual learning — the robot alerts
the human operator to placement errors, and the human
provides feedback on the robot's object recognition,
enabling continuous improvement within the system.
A collaborative assembly operation is performed
using an OMRON TM5-900 robot equipped with two
distinct camera systems. The robot's integrated 5 Mpx
autofocus camera (100mm-o) facilitates precise posi-
tioning. An additional top-mounted camera handles
primary object detection tasks (see Figure 5).

Teach \ |

pendant

Camera
on ceiling

Graphical
user
interface

station

11

Fig. 5. Workstation

Object recognition is implemented as a pattern
recognition problem, utilizing the YOLOV7 deep
learning algorithm for classification. YOLOv7's
efficient single neural network architecture divides
input images into grids, with each cell detecting and
classifying objects within its region. Anchor boxes
further enhance its accuracy.

YOLO (YYou Only Look Once) is a highly popular
and efficient real-time object detection algorithm.
Unlike previous approaches that repurposed image
classifiers, YOLO uses a single convolutional neural
network (CNN) to perform detection in one pass. This
makes it remarkably fast and suitable for real-time
applications.

For training, images were resized to 640x640
pixels with a batch size of 16. After 300 epochs, the
model achieved an accuracy of 96.7% and a recall of
100%. First, the system establishes the correct
assembly sequence: "4 holes, 3 holes, 2 holes, 4 holes
square”.

The assembly task begins. The worker picks up
a part and places it on the designated platform. The
camera detects the part type and verifies its position in
the sequence.
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Possible System Responses are as follow (Figu-
re 6):

e Correct Part, Correct Sequence: "Correct part

and sequence".

e Correct Part, Wrong Sequence: "Wrong

sequence. Please place: (name of next part)".
e Wrong Part: "Wrong part. Please place: (name of

correct first part)".

b)

Wrong sequence, please put: 4 holes

%

Fig. 6. Two kind of results for part and sequence detection:
(a) object is in the list and in the right sequence; (b) object
is in the list but in the wrong order

6.3. Classification of the solution

The assembly task begins. The worker picks up
a part and places it on the designated platform. The
camera detects the part type and verifies its position in
the sequence. To summarize:

e The solution is technical — camera is applied to
identify the objects;

¢ Inform about mistakes — when the wrong object
is taken by an operator the system informs the
operator about the mistake;

e Sonic or light signal — an information will be
passed to the operator as voice information;

e In process / follows operator activities — the
camera follows operator movements while
realizing the process;

e There is no possibility to continue process
without corrective actions performing — the
software blocks information related to the
assembly process step so the operator will not
know what to do next before the correct object
will be placed in the assembly area;

o The solution protects against the production of
a nonconforming product.

From the classification graph it can be seen that

this P-Y technique has not so high effectiveness. The

solution prevents from production of a nonconforming
product but does not prevent from mistakes. It means
that operator can make mistake and take wrong
component but this will be discovered immediately
and the wrong component will not be used in the
assembly process. Only time wastes will appear
because the operator will have to put down the wrong
component and pick up another.

The solution could be more effective if a technical
solution or even procedure to prevent mistakes would
be implemented in such way that the operator has no
possibility to take a wrong part.

7. Discussion

The Classification Graph, as proposed, offers
a simplified yet effective approach to evaluating P-Y
techniques, particularly beneficial for small and
medium-sized enterprises (SMEs) with limited reso-
urces. By focusing on objective characteristics and
avoiding complex mathematical calculations, the
Graph enables a rapid assessment of existing P-Y
solutions and provides insights for their improvement.
This streamlined evaluation process can lead to
substantial cost savings by identifying and rectifying
ineffective or inefficient P-Y implementations.

In terms of cost-effectiveness, the Classification
Graph aids in prioritizing P-Y techniques based on
their potential impact on error reduction and overall
process improvement. By identifying high-impact
areas for intervention, companies can allocate
resources more efficiently, focusing on implementing
or enhancing P-Y solutions that offer the greatest
return on investment. This targeted approach not only
minimizes costs but also maximizes the effectiveness
of P-Y implementation, leading to improved quality,
reduced waste, and increased productivity.

Furthermore, the Classification Graph indirectly
contributes to sustainability efforts. By promoting
error prevention and reduction, P-Y techniques
inherently support resource conservation and waste
minimization. For instance, preventing defects in the
assembly process reduces the need for rework, scrap,
and additional material consumption. Additionally,
P-Y solutions that focus on operator safety and
environmental protection directly align with sustaina-
bility goals by minimizing the risk of accidents,
injuries, and environmental damage.

The case studies presented in this paper illustrate
the potential of P-Y techniques to enhance both eco-
nomic and environmental sustainability. For example,
the laser inspection system in Case Study 2, while not
directly preventing errors, ensures the removal of
non-conforming products, thus preventing further pro-
cessing and waste of resources. Similarly, the real-time
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image detection system in Case Study 3, although not
fully preventing mistakes, enables immediate error
detection and correction, minimizing the production of
defective products and associated waste.

8. Conclusions and future research

In conclusion, the Classification Graph serves as
a valuable tool for companies seeking to improve
their production processes through the effective
implementation of P-Y techniques. By facilitating
a rapid and objective evaluation of P-Y solutions, the
Graph enables companies to identify areas for
improvement, prioritize interventions, and optimize
resource allocation. This, in turn, leads to cost savings,
increased efficiency, and a positive impact on
sustainability efforts.

Future research should focus on developing
a comprehensive catalogue of P-Y techniques. This
catalogue would assist companies in systematically
designing effective P-Y solutions. Additionally, eva-
luations of proposed P-Y techniques should include
a thorough analysis of their economic impact before
implementation. This economic assessment should
cover both the likelihood of mistakes reduction and the
direct and indirect costs associated with the imple-
mentation of these technigues. Conducting such eva-
luations is essential to ensure that decisions regarding
the adoption of specific P-Y solutions are econo-
mically justified and sustainable.
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Abstract

The publication presents the test method and construction of a compact VOC emission test chamber. Volatile organic
compounds (VOCs) are mainly occur in paint and construction materials containing chemical resins, bitumen, binders,
adhesives, etc., as well as residues of unreacted monomers. VOC emission testing is carried out on product samples in
environmental chambers in accordance with PN-EN ISO 16000-9. The developed chamber, together with a proprietary control
and test parameter acquisition system, allows testing at a stabilized temperature and humidity of air washing over the sample
at a specified rate. Qualitative identification and quantitative testing of compounds present in the air inside chambers is carried
out using a chromatograph, and the test results are compared with regulations on permissible chemical pollutants in the air of
buildings and in atmospheric air. The developed chamber with horizontal sample loading is another version of VOC chambers,
developed in response to market demands, offered and implemented in research laboratories by the Lukasiewicz Institute for
Sustainable Technologies in Radom.

Keywords: test methodology, VOC, health protection, building materials, control

Streszczenie

Publikacja przedstawia metode badan oraz budowe kompaktowej komory do badan emisji lotnych zwigzkow organicznych.
Lotne zwiagzki organiczne (VOC) wystepuja glownie w wyrobach malarskich oraz budowlanych zawierajacych zywice
chemoutwardzalne, bitumy, lepiszcza, kleje itp., a takze pozostato$ci nieprzereagowanych monomer6éw. Badanie emisji VOC
odbywa si¢ na probkach wyrobow w klimatyzowanych komorach zgodnie z norma PN-EN ISO 16000-9. Opracowana
komora wraz z autorskim systemem sterowania i akwizycji parametrow badan pozwala na prowadzenie badan w stabili-
zowanej temperaturze i wilgotnosci powietrza omywajacego probke z okre$lona predkoscia. Identyfikacje jakosciowa
i badanie iloSciowe zwiazkéw wystepujacych w powietrzu komor przeprowadza sie za pomocg chromatografu, a wyniki
badan porownuje z przepisami dotyczacymi dopuszczalnych zanieczyszczen chemicznych w powietrzu budynkow
i w powietrzu atmosferycznym. Opracowana komora z poziomym zatadunkiem probek jest kolejng wersjg komor VOC,
powstata w odpowiedzi na oczekiwania rynku, oferowanych i wdrazanych w laboratoriach badawczych przez L-ITEE
w Radomiu.

Stowa kluczowe: metodyka badan, VOC, ochrona zdrowia, materiaty budowlane, sterowanie

1. Introduction bitumen (Boczkaj et al., 2014), binders, adhesives, etc.

Volatil . ds (VOC il (Liu et al., 2012), as well as residues of unreacted
olatile organic compounds ( s) are mainly monomers. VOC emission testing is carried out on

found in painting products (Afshari et al., 2003). They product samples in environmental chambers in

can also be found in numerous other building products 5.0 4ance with PN-EN 1SO 16000-9, “Indoor air.
made of plastics, containing chemically cured resins,
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Part 9: Determination of the emission of volatile
organic compounds from building products and
furnishing. Emission test chamber method” (PN-EN
ISO 16000-9). Thermostatic chambers at the appro-
priate temperature and humidity, and ventilated at
a certain speed are used for testing (Koziol et al., 2019;
Wei Wenjuan et al., 2012; Zhibini et al., 2003).
Qualitative identification and quantitative testing of
compounds present in the air inside chambers is
carried out using a chromatograph (Demeestere et al.,
2008; Niestochowski, 2013; Ribes et al., 2007), and
the test results are compared with regulations on
permissible chemical pollutants in the air of buildings
and in atmospheric air (Regulation of the Minister of
Environment, 2002; Ordinance of the Ministry of
Health and Social Welfare, 1996). VOC emission tests
have become standard tests of hygienic properties of
certain building products and materials, as well as
common products (Oppl, 2014; Liu et al., 2012).

The rationale for carrying out the project is the
need for an innovative solution (Invernizzi et al., 2021)
that relies on the horizontal layout of the emission test
chamber, which facilitates the placement of test
objects inside it, especially those of higher mass.
Another innovation is the ability to carry out tests at
temperatures higher than those required by PN-EN
ISO 16000-9, which makes it possible to accelerate
tests and reproduce special conditions of use, such as
intensively heated thermal roof insulation.

The results of the task are used in the design and
manufacturing activities of the Institute's Prototyping
Center, which for a number of years has been the
developer and supplier of VOC emission test
equipment kits to scientific (Fig. 1a) and industrial
(Fig. 1b) laboratories in Poland (Koziol et al., 2019).

Fig. 1. Examples of VOV chambers implemented in: a) research centers, b) industry

2. The concept of the test chamber

The functional diagram of the VOC emission test
stand (Fig. 2) was developed based on the recommen-
dations in Annex C of PN-EN ISO 16000-9. In terms
of functionality, three main modules can be dis-
tinguished: the emission test chamber, the air prepa-
ration module and the control system.

Emission test chambers and sampling system
components in contact with emitted VOCs should be
made of polished stainless steel or glass. The design of
the chamber should provide:

o adequate tightness and strength to allow ope-

ration under positive pressure to avoid the

influence of the laboratory atmosphere on the
measurement result,

o the ability to maintain temperature and humidity

at the desired level,

o flow velocity of homogenized air over the

surface of the test sample.

The purpose of the air preparation module is
to supply the test space of the chamber with the
appropriate amount of air of the desired purity and
humidity.

The role of the control system is to maintain the set
operating parameters of the test stand and to acquire
and archive measurement data.
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Fig. 2. Functional diagram of the test stand for testing VOC emissions: 1 - emission chamber, 2 - partition, 3 - fan, 4 - heater, 5 - sample
intake valve, 6 - hydrostatic tank, 7 - compressor, 8 - pressure regulator, 9 - filter, 10 - check valve, 11 - washing bottle, 12 - pump,
13 - level gauge, 14 - buffer tank, 15 - dehumidifier, 16 - temperature and humidity sensor

Table 1. Basic parameters of the designed test chamber

Parameter Value
Capacity 225 dm3 £ 0.0045 dm?®
Maximum operating pressure 500 Pa
Air temperature in the chamber max +65°C

Relative humidity of the supplied

air max RH 50% 5% RH

Air velocity at the sample surface 0.1+0.3mfs

3. Research device design

Based on the assumptions, virtual 3D CAD mo-
dels of the complete device (Fig. 3) and all the
elements that make up its structure were developed.
The model was developed in Autodesk Inventor
Professional.

Test chamber 1 is made of stainless steel and is the o2
shape of a cuboid with a capacity of 225 liters (Fig. 4). '
It is equipped with a front door 2 with bolt locks 3. The
required tightness of the test space is provided by
a type 4 O-ring made of low-emission fluorocarbon- Fig. 3. CAD model of the VOC emissions testing device: 1 - test
-based rubber. chamber, 2 - air preparation module, 3 - control system
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Fig. 4. CAD model of the test chamber: 1 - emission chamber, 2 - front door, 3 - bolt lock, 4 - seal, 5 - heating module,
6 - fan, 7 - temperature and humidity sensor, 8 - air velocity sensor grommet, 9 - air intake port, 10 - partition,
11 - dry air inlet, 12 - humid air inlet, 13 - air outlet

The proper circulation of air in the chamber, its
homogenization and the flow of air at the appropriate
speed around the samples is provided by a fan (6) with
a drive located outside the chamber together with
a partition (10). Heating module (5) is responsible for
maintaining the set temperature during testing or
warming up at the set temperature, such as 60°C.
A temperature and humidity sensor (7) is located in the
rear wall of the chamber. At the top of the chamber
there is a grommet (8) that allows the insertion of an
air velocity sensor washing over the tested sample. On
the right side of the chamber, there is a port (9)
connected to a ball valve for drawing the air to be
analyzed. Symmetrically, on both sides of the fan are
placed air inlets for dry (11) and humid (12) air. The
flow of air through the chamber is provided by two
fittings (13) located at the top of the chamber and
connected to a water tank that provides positive
pressure in the test chamber.

The air preparation module is located at the bottom
of the test device (Fig. 5). The supporting structure is
arack (1) attached to two ball guides (2) that allow the

module to be pulled out from inside the unit for service
purposes. An oil-free compressor (3) with a minimum
output of 500 I/h is located at the rear of the rack.
Compressed air flows through pressure regulator (4)
and carbon filter (5). Pre-cleaned air is directed to two
flow regulators (6). The first regulates the value of the
air flow through three washing bottles connected in
series, filled with demineralized water. The second
regulates the value of the air flow through the
dehumidifier (7) filled with silica gel. The ratio of the
values of the humid and dry air streams is responsible
for the humidity of the air supplied to the emission
chamber, while the sum of the streams determines the
air flow rate through the chamber.

Each washing bottle, which cleans and humidifies
air, is equipped with an optical level gauge (8) and
a water level sensor (13). The water level in the
washing bottles is topped up automatically with
peristaltic pumps (9) drawing water from a buffer tank
(12). The dehumidifier is equipped with a sight glass
that allows to visually assess the moisture level in the
silica gel and decide whether it needs to be dried.
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Fig. 5. Air preparation module: 1 - rack, 2 - ball guides, 3 - compressor, 4 - pressure regulator, 5 - carbon filter,
6 - air flow regulators, 7 - washing bottle, 8 - level gauge, 9 - peristaltic pump, 10 - dehumidifier,
11 - sight glass, 12 - buffer tank, 13 - level sensor

Modern equipment, and especially research
equipment, is characterized by the integration of
mechanical systems with advanced control systems.
The designed control system (Fig. 6) provides the
following functions:

o controlling the temperature of the air in the

chamber,

e controlling the humidity of the air in the
chamber,

e adjusting the amount of airflow through the
chamber,

e adjusting the air velocity over the sample

e automatic replenishment of demineralized
water level.

Regardless of the parameter settings, the control

system will enable:

e writing a data record to the device memory
every 2hor 1 h,

e erasing device memory,

e pbrowsing stored data records using the control
panel,

o adjusting time and date displayed on the device
(the set date and time are used to save the data
record),

o adjusting the contrast of the control panel,
operation in Polish and English.

The developed user interface will include
graphical visualizations of the test processes carried
out by the device. The use of mnemonic icons for the
control panel interface (Fig. 7) is envisioned to
facilitate menu navigation and simplify operation.

Fig. 6. VOC emission test chamber control system components:
1 - START-STOP button, 2 - control panel, 3 - RJ
communication connection, 4 - PLC controller

Technologia i Automatyzacja Montazu, Volume 124, 2024, Pages 29-37

ISSN 2450-8217



34 T. Samborski et. al.

Tee pra

Chamber parameters 225 dm3

RH

Average air flow

Humidity A
20.9

m Average temperature
33.8 %

Temperature

Tk
ON

H | BB0E

BERE

Water level Engine Save data
Air flow

e | bel | =

- |

ir Tlow

88.21/h

nnnnnn

Fig. 7. Control panel screen design

4. Prototype verification T i

On the basis of the assumptions made and the 1
model and technical documentation developed, a pro-
totype VOC emission test stand with a horizontal
emission chamber was built (Fig. 8).

The sampling port for air contaminated by the
VOC emitted by the tested product (Fig. 9), is located
in a recess in which a tank of water is placed to
establish the positive air pressure in the chamber
during testing.

In the process of verifying the prototype, test and
operational studies were conducted under operating
conditions consistent with the real ones.

The following inspection procedures were im-
plemented to check the compliance of the device's
operating parameters with normative requirements:
checking cleanliness, tightness, airflow, temperature
and humidity.

Fig. 8. Prototype of the test stand: 1 - emission chamber,
2 - control panel, 3 - air sampling port and water tank,
4 - pull-out shelf, 5 - air preparation module
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b)

Fig. 9. Prototype of the test stand: a) view with the emission chamber open, b) control panel

4.1. Checking cleanliness of the air in the emission
chamber

In accordance with the standard PN-EN 1SO
16000-9: Part 9, Section 8.2, the quality of the supply
air should meet the following criteria:

e the concentration of total volatile organic
compounds (TVOCs) in the chamber should be
less than 20 pg/m3,

e The concentration of a single targeted VOC in
the chamber should be less than2 pg/m®.

Air samples for testing were taken in accordance
with 1SO 16000-6:2021 (3 dm?, flow rate of 6 dm®/h).
For adsorption of organic compounds, steel sorption
tubes filled with 200 mg of Perkin Elmer Tenax TA
were used and conditioned at 300°C before each
analysis.

Determination of the concentration of VOCs was
performed in accordance with PN-EN ISO 16017-

1:2006. A Perkin Elmer Clarus 680 gas chromatograph
equipped with a Clarus 680C MS mass detector and
TurboMatrix 650 ATD thermal desorber was used for
the analysis. Certified reference material — VOC-Mix
12 from Restek was used for quantitative analysis.
Concentrations of other organic compounds were
obtained using the equivalent method for toluene. The
list of identified compounds is shown in Table 2.

The chromatogram obtained by analyzing the air
sample from the test chamber and by analyzing the
standard solution is shown in Fig. 10.

The resulting sum VOC concentration does not
exceed the concentration of the maximum allowable
concentration of volatile organic compounds accord-
ing to ISO 16000-6 “Determination of volatile organic
compounds in indoor and test chamber air by active
sampling on Tenax TA sorbent, thermal desorption
and gas chromatography using MS or MS-FID”.

Table 2. List of identified compounds

Identified compound Concentration on tube [pg] PEIE conce3ntration
[ng/m’]

1,2-dichlorobenzene 0.004589 1.481
Cis-3,3,5-trimethylcyclohexanol 0.000210 0.068
Benzyl alcohol 0.000358 0.115
Butoxyethoxy ethanol 0.000126 0.041
3,3,5-trimethylcyclohexyl methacrylate 0.000112 0.036

TOTAL VOC [ug/m?] 1.741
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b)

Fig. 10. Chromatogram obtained from the analysis of: a) air sample from the test chamber, b) standard solution

4.2. Tightness and airflow measurement

In accordance with EN 1SO 16000-9: Part 9,
Section 6.4 emission test chamber is considered air
tight if the air loss is less than 5% of the air inlet folw.
Two rotameters were used for testing. The first was
connected between the output of the air preparation
module supplying air to the chamber and its input. The
other was connected to an open air sampling valve
from the emission test chamber. A summary of the
results of the airflow measurements is shown in
Table 3.

Table 3. Airflow measurement results.

Flow o
[dmé/h] 2E |8 ,E
No: Set Inlet Outlet | — 5 ‘=% =K
stream | stream | stream <
1 50 £1 50 £1 49 +1 1 25
2 100 +1 98 +1 95 +1 3 5
3 150 +1 148 +1 143 +1 5 7.5
4 200 +1 198 £1 190 +1 8 10
5 250 +1 248 +1 238 +1 10 125

4.3. Temperature and humidity measurements

In accordance with EN ISO 16000-9: Part 9,
Section 8.1 products intended for use in Europe should
be tested at 23 °C + 2 °C and RH 50% = 5% during
emission testing (ISO 554). The results of comparative
measurements made with the chamber's instrumen-
tation (thermohygrometer) and a reference gauge are
shown in Tables 4 and 5.

Table 4. Temperature measurement results.

Temperature _ -
[°C] S 2
o [)
oo | L
No. thermo- reference | 5P | 28
set | hygrometer gauge 2 E:
reading reading < <
1 23 23.3+0.5 23.3+0.2 0.0 +2
2 24 24.0 £0.5 24.04 £0.2 0.04 +2
3 25 25.2+0.5 25.3+0.2 0.1 +2
4 50 52.4+0.5 50.5+0.2 1.9 +2
Table 5. Relative humidity measurement results.
No. = -
Humidity [%RH] S 2
ST | T
set thermo- reference 2 x| sc
hygrometer gauge R S M
reading reading < z
1 20 21.1+£2 21.6 =1 0.5 +5
2 40 40.4 2 41.7 £1 1.3 +5
3 45 46.3 +2 48 +1 1.7 +5
4 50 50.7 £2 53.1 £1 24 +5

The results of the tests confirmed the readiness of
the completed prototype to carry out standard tests of
VOC emissions from samples of building materials,
wood-based materials and other products emitting
VOCs hazardous to health. Verification of the control
system was also carried out towards the realization of
the established test procedures. The tests confirmed
the correct operation of the measurement and control
system.
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5. Conclusions

At the Lukasiewicz Institute for Sustainable
Technologies in Radom, a prototype compact VOC
emission test chamber has been developed and created,
and has undergone comprehensive verification tests.
The functional tests carried out confirmed the
possibility of appropriate adjustment of the physical
parameters of the implementation of emission tests
while maintaining the air quality of purity required by
the normative provisions for testing VOC emissions
using the emission test chamber method. The design
solution developed in the course of the work in the
form of a horizontal VOC emission test chamber was
used to fulfill an order for the supply of two test kits
(Fig. 11) for a company producing wood-based
insulation materials for the construction industry.

—

Fig. 11. View of implemented VOC emission
test chambers

The original design solutions developed at Lu-
kasiewicz - ITEE have been protected by industrial
design registration (Rp.XXxxx).
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Abstract

This paper presents the concept of an automotive battery assembly line. The line includes in its structure fully and semi-
automated assembly sockets, as well as manual assembly sockets. The transport between the sockets is carried out using an
AGV autonomous trolley system. The selection of the assembly process execution method was based on an analysis of the
technical feasibility of the process as well as an analysis of the occupation time of individual assembly stations. The resulting
line structure indicates to what extent the automation of the assembly process contributes to a change in material flow and
influences the way the process is carried out, including a variety of technical means used. The paper presents an analysis of
the use of particular workstations. As a criterion for optimization, the occupation time was taken in relation to the cycle time,
which translates into the optimal use of resources involved in the production process.

Keywords: automation, transport, assembly

Streszczenie

W artykule przedstawiono koncepcje linii montazu baterii samochodowych. Linia ta zawiera w swojej strukturze gniazda
montazowe w pelni zautomatyzowane, czgsciowo zautomatyzowane oraz gniazda montazu raczego. Transport pomigdzy
gniazdami realizowany jest z wykorzystaniem systemu wozkow autonomicznych AGV. Wybor sposobu realizacji procesu
montazu zostal oparty na analizie mozliwosci technicznych realizacji procesu jak rowniez analizie czasu zajgcia
poszczegdlnych stanowisk montazowych. Otrzymana struktura linii wskazuje w jakim stopniu automatyzacja procesu
montazu przyczynia si¢ do zmiany przeplywu materiatéw i wptywa na sposob realizacji procesu, w tym na réznorodnosc
zastosowanych $rodkow technicznych. W pracy zaprezentowano analize wykorzystania poszczegélnych stanowisk
roboczych. Analiza ta postuzyta do przeprowadzenia optymalizacji przebiegu linii montazu komponentow. Jako kryterium
optymalizacji przyjeto czas zajecia stanowiska w stosunku do czasu cyklu co przektada si¢ na optymalne wykorzystanie
zasobOw zaangazowanych w proces produkcyjny.

Stowa kluczowe: automatyzacja, transport, montaz

1. Introduction

Every manufacturing company aims to achieve
maximum production efficiency at the lowest possible
cost (Wiecek-Janka, Pawlicki i Walkowski, 2018). In
an era of constant market volatility, technology
development and strong competition, the product
manufacturing process requires continuous improve-

ment. Each improvement can affect the success
or failure of a company. This means that the
production process should be constantly analysed in
order to eliminate imperfections and increase
production efficiency and quality (Stadnicka, Lean
manufacturing, 2021). It is therefore important for the
proper functioning of a production enterprise to
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optimally design individual operations, i.e. production
activities, into an appropriate sequence. Improper
planning of the sequence of operations leads to
unnecessary costs and increased production time.
Attempts to sequence manufacturing processes have
been made for a long time and are reflected in many
methods e.g. Gantt charts, network planning methods,
etc. (Brzozowska & Gola, 2021).

The issue of streamlining production preparation
processes appears to be very important as companies
strive for ever shorter production cycles. The
streamlining of processes is forced not only by the
desire to reduce production costs, but above all by the
need to operate competitively in the market. The use
of modern tools in all phases of product design,
preparation and production is helpful in creating
such conditions (Stadnicka, Problemy w obszarach
produkcyjnych, 2021).

The end of the production preparation cycle is
organisational preparation. The type of production
depends on the degree of specialisation and workload
of individual workstations (Gola, 2021). We can cate-
gorise basic types of production as mass production,
batch production and unit production. Depending on
the type of production, workstations are classified as:

e universal - operations and parts are not strictly
assigned; universal equipment and tools,

e specialised - having a specific group of parts and
operations assigned, together with the possibi-
lity of limited changeovers,

e special - strict allocation of parts and operations
without the possibility of changeovers.

The manufacture of parts and their assembly
are components of the production process. In the
manufacturing process, a semi-finished product
undergoes changes in shape, dimensions and other
functional characteristics, and is then transformed into
a finished part. In the assembly process, parts are
joined together to form sub-assemblies or directly into
a finished product. Fig. 1. shows the relationship
between the manufacturing and assembly processes
against the background of the production process.
Assembly, in the sense of product and material flow,
is related to the manufacturing process, while in the
sense of information flow it is integrated with
production control, process and production planning,
product development and indirectly with marketing
and product planning (Koch, 2006).

| Marketing and product planning

| Product development

[ Process planning ]
T 1 ¥
l Production control ‘ J
Information_______ | I I _I ____________
Materials | Product components 1: g:::g::ts
- " . - — L -
T |Cornponcnts Manufac, Il i l Assembly } !
—_— - ) Production process !
Energy """ 777° e
. Subassembly 1 Subassembly n Output
Materials ; = products
——  Pre assembly }—-[ Pre assembly +——————
i — Subassemblies and materials — S
- h QOutput
Materials products

[ Adjusting |

Fig. 1. Assembly as an element of the production process (Koch, 2006)

The main determinants for the selection of an
appropriate assembly method at the assembly system
design stage are, on one hand, the products to be
assembled, the process and production characteristics,
and, on the other hand, economic criteria such as
manufacturing costs, the number of production shifts,

etc. Based on these principles, assembly methods can
be divided into six types (Koch, 2006):

e manual assembly,

¢ manual assembly with technical tool support,

o mechanical assembly with universal devices,
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o mechanical assembly using specialised equip-
ment,

e automatic assembly using programmable
feeding systems (Dominczuk i Gatat, 2023),

e automatic assembly using industrial robots.

The analysis of a product requires the cha-
racteristics of the parts that it is composed of and the
features of the connections between these parts. These
characteristics affect the complexity of the assembly
process and the required execution time. The design
rules are based on two characteristics: shortening the
number of assembly operations and simplifying them.
Reducing the number of operations can be achieved,
among other things, by designing modular con-
struction of products and eliminating an excessive
number of components, according to the criterion of
the purpose of their presence. Assembly operations
can be simplified as a result of the analysis of design
rules, e.g. the main direction of assembly, the system
of feeding, manipulating and consociating of objects,
or good accessibility to individual components
(Rudawska i inni, 2023).

A robotic assembly system is defined as a structure
consisting of personnel, one or more assembly robots
and flexible peripheral equipment for assembling
individual objects or components into a finished
product. The personnel perform functions to support
and supervise assembly work, e.g. related to system
implementation, pallet stock replenishment, super-
vision, programming and system management.
Assembly robots perform operations connected with
manipulation of objects in the system (Kaczmarek i
Panasiuk, 2018). The peripheral equipment is res-
ponsible for the automation of the feeding of parts to
the assembly, the use of appropriate tools, sensors,
control systems, as well as safety (Lapczynska, 2023).

Robotic assembly systems are built in two basic
configurations (Koch, 2006):

o robotic assembly sockets; they require the use of
independent units consisting of one or more
robots and peripheral equipment to carry out the
assembly of a product; the characteristics of this
structure are a relatively long work cycle and
a large number of different objects assembled
by a single robot,

o robotic assembly lines; this system combines
several workstations installed in a line; the
characteristics of this structure are a short work
cycle, a limited number of assembly of different
objects by each robot and the need to transport
the product between different workstations;
a robotic line may also consist of several
sockets, connected by a transport system, with
the possibility of using buffers between them.

The choice of the degree of mechanisation and
automation is primarily related to the production
programme. It is obvious that it is totally different to
design a technological process for a few pieces of
a product and quite different for a large series or
mass production. The degree of mechanisation and
automation is also influenced by the requirement for
quality and repeatability of the product. It is known
that in order to achieve high quality and repeatability
of the product, special machines or devices will most
often be needed, and it will be necessary to follow
certain principles of repetitive basing and fixing of
individual elements of the often complex product.

The purpose of this study is to present the
possibility of assembling automotive batteries using
automated workstations. The achieved efficiency of
these workstations means that they can be used
repeatedly during the assembly process at different
stages. The result is a reduction in the amount of
technical means used, which reduces production costs.
The paper presents the concept of a technical solution
that allows the use of technical means used in battery
assembly in such a way as to minimize production
costs. The presented solution is designed to increase
production efficiency by combining automated
stations with manually operated stations in a single
assembly line. The proposed solution was developed
for an actual car battery. Due to commercial
confidentiality, the details of the battery assembly
process are not provided in the study.

2. Design requirements

A car battery is to undergo the assembly process
(Jones, 2024). A general structure of an electric car
battery is shown in Fig. 2. This is an illustrative
scheme. The battery consists of a number of
components that need to be assembled together to form
a finished product (Warner, 2015). The assembly
process involves various assembly methods appro-
priate for the task being performed.

Fig. 3. shows a block diagram of the assembly of
the battery components. It takes into account the
assembly of both the elements constituting the battery
enclosure, a cooling system, power modules, control
and power management elements and additional
battery equipment. It was assumed that transport
between sockets would be carried out using an AGV
autonomous trolley system. Due to the quality requi-
rements of the process, the execution of some
assembly operations must be carried out automati-
cally. This applies, for example, to the thermal com-
pound application operation. The requirement here is
to maintain a constant cross-section of the applied
bend of the compound. This operation can only be
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carried out using a robotic workstation additionally
equipped with a process control system (Fig. 4.). This
requires that the battery assembly time does not exceed
226 seconds. As can be seen from the presented
diagram of operations included in the assembly
process, both fully-automated, semi-automated and

EIE box, battery disconnect umt

4,

Coolant
infoutlet

manual assembly workstations should be used to
complete the task. The use of manual assembly is
mainly related to the need to execute the assembly of
flexible cables, which are not adapted to the automatic
assembly process.

Top lid
HV busbars

Serviceable lean module
(small tailored cells)

Housing
(aluminum extrusion)

Venting strategy

Single cooling plate (brazing)

Underbody protection

Fig. 2. Components of the electric car battery (Rudolph, Teuber, Beykirch i Lobberding, 2023)
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Fig. 3. Diagram of battery assembly
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Fig. 4. Process of application of thermal compound (E-mobility engineering, 2024)

In order to optimise the course of the assembly
process, a time analysis of the individual tasks was
carried out (Fig. 5.). This analysis made it possible to

define the course of the assembly process, taking into
account the optimum use of the assumed technical
resources.
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Fig. 5. Analysis of occupation time of assembly sockets (in [s])

3. Assembly line design

The analysis of the possibility of executing the
battery assembly, taking into account the optimum
time of use of technical means, made it possible to
develop a diagram of the assembly line (Fig. 6.). In the
solution, it was assumed that the base component for
the first stage of assembly will be placed on an AGV
trolley on a stand with manual operation (Fig. 7.). At

stands 2, 3 and 4, the assembly process will be fully
automatic and will involve all the steps connected with
assembling the battery modules on both the bottom
and top sides of the battery (Fig. 8.). Stations 5 and 6
are manually operated due to the execution of
operations that are difficult to automate. Stations 7, 8
and 9 are fully automated and the concept of their
operation is based on cooperation with station 6
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resulting in a partially automated socket (Fig. 9.). At work at these stations will be carried out by operators
the subsequent stations up to station 14, the assembly from the preceding stations. This is done to minimise
process is carried out manually. Stations 15 and 16 interruptions in or er to make optimal use of resources.

(Fig. 10.) are automated. Stations 17 and 18 (Fig. 11.)
are manually operated with the assumption that the

Il Workstation 17,18
N
h

| I
=

Fig. 6. Diagram of assembly line
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Equal distribution of tasks between positions
allows to maintain a constant work tact. At the same
time, it should be noted that positions in which manual
labor predominates should have additional time. This
time is needed to compensate for differences in
employee productivity.

4. Summary

The solution for the electric car battery assembly
line presented in this paper allows to obtain optimal
conditions for the process to be achieved while
minimising the technical resources involved. Works
that are difficult and costly to automate were left to be
performed in a manual system. Those that are
susceptible to automation and at the same time
important in terms of the quality of the assembly
process are to be carried out in automated assembly
sockets. Due to the high cost of automation, the
product flow was planned so as to make maximum use
of the possibilities of the technical solutions used,
including robots. Attention was paid to the need to use
a minimum of transport means as well as tooling for
moving the product along the assembly line. Thanks to
the division of operations used, it was possible to
separate two transport lines with independent means of
transport. This division makes it much easier to
manage the mobile robots and also to respond to
abnormal situations.

The presented solution is an innovative solution
aimed at minimising the cost of implementing a new
product in the assembly process. This solution meets
the expectations of Industry 4.0 (Stadnicka, et al.,
2022) (Kolberg & Zuhlke, 2015) (Brzozowska &
Gola, 2021). The presented solution is the result of
searching for optimal conditions of process execution,
which is one of the basic activities during the design
of robotic production systems (Cha, Vogel-Heuser
i Fischer, 2020).

The presented assembly system is based on
a modular design, which makes it easily adaptable to
other industrial applications. It can be scaled and
adapted to new application needs. All these factors
make the system concept versatile and universally
applicable for a wide range of required performance
variants including full automation.

The presented solution combines two assembly
methods: automatic and manual. The increase in the
degree of automation changes the way products flow.
Due to the higher efficiency of the automated process,
there is an opportunity to use robotic stations to
perform repetitive activities. This results in the
possibility of directing products to repetitive activities
on the line. Thanks to such an assembly run, automated
stations are optimally loaded in terms of their working

time. In order to implement such a run, the use of
AGVs is recommended. The use of mobile robots
makes the presented concept a flexible solution. It can
be adapted to specific applications by merely changing
the product flow path. The occupation time of the
workstation was adopted here as an evaluation
criterion, aimed at minimizing the interruption time in
the overall assembly time of 226 s. This approach
provides an opportunity to reduce the amount of
technical resources involved in the production process.
When configuring the layout, special attention was
paid to minimizing the number of workers required to
operate the line. They carried out tasks that are
difficult to complete in an automated process. All
repetitive activities were carried out at automated
stations.

The presented solution can be used during the
development of car battery assembly lines. Increasing
the degree of automation of the assembly process will
be possible after eliminating from the battery design
elements that are not susceptible to automatic
assembly. This will make the assembly process more
efficient. It is therefore expedient to look for design
solutions for increasing the degree of automation of
the process.
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Abstract

Rapid development of Artificial Intelligence (Al) technologies in recent years has created new opportunities to address the
growing challenges in the aviation industry. Machine learning and Deep Learning, particularly through Convolutional Neural
Networks (CNNs), have advanced image recognition capabilities, enhancing inspection processes possibilities. This paper
explores the integration of Al with drones to improve the precision, efficiency, and speed of inspections of airframe
emphasizing the necessity of accurate equipment preparation and precise operational planning. The study demonstrates how
Al algorithms can process high-resolution images and sensor data to identify and classify defects. The motivation for this
paper is to address the critical need for more efficient inspection methods in aviation, driven by the industry's increasing
demand for higher repair process throughput and stringent safety standards.

Keywords: artificial intelligence, image recognition, drones, defects detection

Streszczenie

Szybki rozwdj technologii sztucznej inteligencji (SI) w ostatnich latach stworzyt nowe mozliwosci radzenia sobie z rosnacymi
wyzwaniami w przemysle lotniczym. Metody uczenia maszynowego i glebokiego uczenia, szczegélnie za pomoca
konwolucyjnych sieci neuronowych (CNN), poprawity zdolnosci rozpoznawania obrazdéw, usprawniajac mozliwosci
procesow inspekcji. Niniejszy artykut opisuje propozycje integracji SI z dronami i w celu poprawy precyzji, efektywnosci i
szybkos$ci inspekeji ptatowcow podkreslajac koniecznos¢ doktadnego przygotowania sprzgtu i precyzyjnego planowania
operacji. Tekst omawia przetwarzanie obrazow wysokiej rozdzielczos$ci i danych z czujnikow, identyfikujac i klasyfikujac
uszkodzenia. Motywacja do omowienia danego tematu jest konieczno$¢é opracowania bardziej efektywnych metod inspekcji
w lotnictwie, co wynika z rosnacego zapotrzebowania na wigksza przepustowo$¢ proceséw napraw i rygorystyczne standardy
bezpieczenstwa w branzy.

Stowa kluczowe: sztuczna inteligencja, rozpoznawanie obrazow, drony, wykrywanie uszkodzen

1. Introduction

In recent years, there has been observed
a tremendous development in technologies related to
Acrtificial Intelligence. This revolution has not
bypassed aviation sector, which has been facing

numerous industry challenges, such as decreasing
availability of raw materials and tightening legal
requirements. The aircraft manufacturing, assembly
and inspection industry is extremely complex within
the meaning of its smooth and accuracy operation level
requirements. Therefore, there is the demand for
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significant involvement of modern solutions that
facilitate and speed up the work.

The need to accelerate and improve maintenance
processes in aviation can be observed by looking at
current forecasts related to aircrafts production
volume, which clearly indicate the necessity to
increase the capacity of service units (Zachariah,
Sharma, Kumar, 2023). Currently, problems arising in
aviation companies also require quick and reliable
solutions. Recent issues with geared turbofan (GTF)
engines produced by Pratt & Whitney have signi-
ficantly impacted the operations of many airlines. As
a result, European carrier WizzAir had to ground over
40 aircraft (Garbuno, 2024). Following a shocking
incident during a Boeing 737 Max 9 flight, where
evacuation doors were torn off shortly after take-off,
investigation discovered anomalies in how they were
attached to the fuselage (National Transport Safety
Board, 2024).

Acrtificial Intelligence has an untapped potential to
execute and speed up maintenance processes by using
algorithms and machine learning techniques enabling
workers to complement traditional quality control
methods and increase the precision and efficiency of
supervision operations. Al-based systems can analyse
vast amounts of data in real-time, enabling proactive
identification of potential defects and anomalies
during the process. This approach not only reduces the
risk of errors, but also ensures that aircraft meet
rigorous safety standards.

Moreover, combining data analysis with algo-
rithms and delivering images from cameras mounted
on drones or virtual reality (VR) goggles could result
in significantly facilitating maintenance processes in
service organisations, thereby leading to increase of
the industry's development pace.

The next part of the paper presents the goal of
the work and the applied methodology. The third
section describes the capabilities and limitations of Al
systems focusing on data processing. The following
chapter covers image recognition technologies de-
velopment considering latest technological advan-
cements. Subsequently, the paper discusses types of
data collected and industry sectors actively utilising
drones while the sixth section of the work shows
current solutions based on image recognition algo-
rithms in aviation manufacturing. The final chapters
describe the proposed concept of a System Assessing
Damage in Aircraft Assembly Joints and provide the
summary of Al usage in process of assessing structural
damages.

Based on current literature, the proposed system
allows for combining capabilities of these techno-
logies in the aviation industry, leading to further

enhancement of the efficiency and accuracy of
processes in the aircraft production and inspection.
The work focuses on applications in detecting cracks
in the airframe structure as well as damaged rivets.

2. Goal and work methodology

Rapidly advancing technology significantly faci-
litates the accomplishment of complex Al systems into
existing solutions. Market needs and trends in aviation
clearly indicate the necessity of a new solution
development that support maintenance processes.

The aim of this work is to propose the integrated
system that could meet those needs. To achieve this
goal, literature review is conducted regarding
Artificial Intelligence, its construction and abilities in
data processing (Step 1). Then the focus changes to
Image Recognition where possibilities regarding
current technologies and Al implementation in this
field are discussed (Step 2). Additionally, drones’
employment for the real time image collection is
analysed (Step 3), as well as current Al technologies
used in aviation are reviewed (Step 4). This is to
expand and combine existing solutions into a system
with new capabilities (Step 5).

The work methodology is summarized in the
Table 1 containing each step, method conducted, and
output received.

Table 1. Methodology and received output

Step Method Output
Exploration of Al Literature Data_
1 P - processing
capabilities Review o
capabilities
Research OT _Image Literature Deep learning
2 Recognition -
. Review models
technologies
AnaIySIS,of Review of Technological
3 drones current o
o possibilities
deployment applications
Review o_f A_I Rese_arf:h of Current Al
4 | technologies in existing . .
L - implementations
aviation solutions
Analvzin A new concept of
Development of a yzing a System Assessing
5 needs and Mg
new concept capabilities Damage in Aircraft
P Assembly Joints

After examining the limitations and possibilities of
existing solutions, an integrated multifunctional
system is proposed, combining various technologies to
facilitate daily work in construction inspection. The
work includes a conceptual description of how such
system operates, highlighting the use of existing
systems and the associated limitations.
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3. Artificial Intelligence — Capabilities
and limitations

Artificial Intelligence (Al) offers a wide range
of possibilities that significantly impact society,
economy and transformation of many fields. One of
the most promising aspects of Al is its ability to
automate routine tasks by machine learning techniques
utilisation and automatization. Al may take over many
repetitive jobs, such as quality control in manu-
facturing, data management or customer service
(Kuittinen, 2024). This results in increased efficiency,
cost reduction and may free employees' time up for
more creative and strategic work.

Artificial Intelligence enables quick and effective
analysis of vast amounts of data, which can be used in
the identification of significant patterns, trends and
relationships (Milson, Bruce, 2024). One significant
limitation is its dependence on the quality and quantity
of presented data. Poor data quality or insufficient
data can lead to inaccurate and biased outcomes.
Additionally, Al systems often require substantial
computational power and resources, which can be
costly. Another limitation is the lack of contextual
understanding, which means processing information
and making predictions based only on known patterns
without any of the nuanced perception humans have.
Furthermore, ethical concerns arise among the society
(e.g. data privacy), security and the potential per-
petuation or even exacerbation existing biases.
Therefore, cautious approach, ensuring reliable ethical
standards and addressing limitations, is necessary in
the development and implementation processes,
despite comprehensive potential of Artificial Intelli-
gence (Kaushikkumar, 2024).

4. Image recognition

Image recognition is one of the oldest areas of
Acrtificial Intelligence development, which beginning
is dated back to the 1950s and has grown to today's
advanced technologies. In 1950, British computer
scientist Alan Turing proposed the concept of
a "learning machine", which initiated research into
Acrtificial Intelligence (Copeland, Proudfoot, 2007).
The first attempts at image recognition were made in
the 1960s, focusing on simple tasks such as identifying
handwritten characters using rule-based methods and
simple shape analysis (Andreopoulos, Tsotsos, 2013).
At the end of the 20th century, Yann LeCun and his
team introduced Convolutional Neural Networks
(CNN) through the LeNet model, which succeeded in
recognizing handwritten digits (LeCun et al., 1998).
The increase in computing power and the availability
of larger datasets enabled the development of more
advanced algorithms. A breakthrough appeared in

2006 when Geoffrey Hinton and his team introduced
Deep Neural Networks, making deep learning possible
to be achieved (Hinton, Osindero and Teh, 2006). This
resulted in revolutionary achievements in compe-
titions like ImageNet, where Neural Networks began
to show the potential of deep learning in image
recognition tasks (Deng et al., 2009).

Image recognition is an intelligent technique for
identifying and detecting objects or features in a digital
image. The process assigns labels to objects extracted
from a scene, which means that image recognition
assumes that objects in the scene have been extracted
as individual elements. Extraction of characteristic
features is possible for Artificial Intelligence by using
various visual techniques such as edge detection,
image segmentation and feature extraction (Javidi,
2002). Edge detection allows algorithms to identify the
boundaries of object, while image segmentation
divides it into more understandable parts. Feature
extraction involves identifying significant characte-
ristics of objects which help in their identification
process. Typical image recognition algorithms are
used in operations such as optical character reco-
gnition, pattern matching, face recognition, license
plate matching, scene identification, and detecting
changes in scenes (Javidi, 2002).

Machine Learning and Deep Learning methods
are useful approaches to image recognition (Bagheri,
Akbari and Mirbagheri, 2019). In the Machine
Learning approach, key features of the image, which
are identified and extracted, are used as inputs to the
model. On the other hand, Deep Learning focuses
on models based on the structure and function of
the brain, known as Neural Networks. The most
commonly used models are Convolutional Neural
Networks (Long, Shelhamer and Darrell, 2015). These
are used to learn significant patterns from image
samples and identify those features in newly processed
images.

Despite significant progress in the field of image
recognition, there are certain challenges that limit and
complicate the operation of such models. Image
recognition often requires taking context into account
and dealing with dynamically changing conditions, for
example distinguishing between a cat sitting on a table
and a cat sitting on the floor can be difficult for such
systems. Artificial Intelligence may struggle to
recognize images under variable conditions, such as
changing lighting, perspective or weather. This phe-
nomenon can occur particularly in video surveillance
structure or autonomous systems, where conditions
are unpredictable (Javidi, 2002). Furthermore, the
effectiveness of Machine Learning algorithms mostly
depends on the quality and diversity of the training
data set. An absence of data variety can lead to
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overfitting or underfitting of models, which affects
ability to properly recognize images (Javidi, 2002).
However, continuous development and advances in
sensory technologies (high-resolution cameras, 3D
scanners) are facilitating collecting increasingly
detailed image data.

5. Employing drones for data acquisition

Drones are capable of gathering a variety of data
types such as aerial imagery, videography, thermal
imaging, multispectral and hyperspectral imaging,
photogrammetry, environmental sensor data and geo-
physical sensor data. Aerial imagery and videography
are based on capturing high-resolution photos and
videos, which are used in mapping, surveying, and
monitoring processes (Pargieta, 2023). Moreover,
images can be captured by using thermal imaging
which detects heat differences. This solution is making
invaluable support for applications like search and
rescue operations or inspecting infrastructure looking
for heat loss or other issues. Multispectral and
hyperspectral imaging capture data across various
wavelengths, which is particularly useful for
agricultural analysis, environmental monitoring, and
detecting specific material properties (Yao, Qin and
Chen, 2019).

Furthermore, drones play a significant role in
agriculture supporting controlling process. Unmanned
Aerial Vehicle (UAV) can enhance effectiveness of
crop monitoring, identifying pest infestations and
managing irrigation. Drones are used in the con-
struction and infrastructure sectors for site surveying,
conducting topographic maps and monitoring con-
struction work progress (Nex, Remondino, 2014).
They are also crucial for inspecting infrastructure such
as bridges, buildings, power lines, which enhance
maintenance and safety by providing detailed and
current information (Yao, Qin and Chen, 2019).

Another field where drones have made a remar-
kable impact is environmental monitoring. They are
used in wildlife conservation to track animal
movements, monitor habitats and assess biodiversity.
In forestry, drones support management of forest
health, monitoring illegal logging activities and
conducting fire appraisal (Sun et al., 2023). Disaster
management efforts also benefit from UAV techno-
logy by involving drones in search and rescue missions
to locate missing people and assess deterioration in
disaster-stricken areas (Zweglinski, 2020).

The advantages of using drones for data
acquisition are considered because UAV missions are
cost-effective, reducing the need for expensive
manned aircraft or extensive ground surveys. They
enhance safety by allowing data collection in

hazardous or inaccessible areas without risking human
beings. Providing high-end sensors can result in
precision, delivering superior images and accurate
measurements. Furthermore, various sensors can be
carried to collect different types of data depending on
the specific needs of a project.

6. The utilization of image recognition
technologies and Artificial Intelligence
in aviation

Current literature positions indicate the usage of
image recognition in the process of identifying aircraft
airframe damage, including various types of structural
element joints. The work (Brandoli et al., 2021)
discusses the application of Artificial Intelligence to
detect corrosion on aircraft fuselages. The authors
present a methodology for utilizing Machine Learning
algorithms to analyse image and sensor data, providing
the automatic identification of corroded areas. Portable
Data Acquisition and Integration System (DAIS) for
non-destructive testing is used to capture images of the
airframe. Solution contains charge-coupled device
(CCD) camera and a double pass retroreflection pro-
jected onto the screen. The study employs advanced
image processing techniques, Neural Networks, and
classification models, which have been tested on real
data collected during aircraft inspections. The results
show that the application of Al significantly improves
the accuracy and efficiency of corrosion detection
compared to traditional inspection methods.

Another notable paper (Amosov, Amosova and
lochkov, 2022) explores usage of Deep Neural
Networks for recognizing defects in rivet joints during
the manufacturing processes of aircraft parts. The
authors describe a methodology for employing
advanced Atrtificial Intelligence algorithms to analyse
and recognize images of rivet joints, enabling the
automatic and accurate detection of defects. The image
is captured by a manipulator arm moving along a pre-
planned path according to the design documentation.
The manipulator arm is equipped with video cameras
positioned at various angles, laser rangefinders, and
Light Emitting Diode (LED) lights. The accuracy of
defect detection is influenced by several external
factors: lighting direction, flickering, reflections, sha-
dows, and image angle. The LEDs create directional
lighting to mitigate external influences on the
examined surface. The obtained data undergoes
preliminary information processing and a detection
and classification system, after which the final
information is transmitted to the operator's monitor
with recommendations for defect removal. The study
includes training Neural Network models on image
data sets and testing them on real-world examples,
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demonstrating high effectiveness in defect identi-
fication.

7. Concept of a System Assessing Damage
in Aircraft Assembly Joints

Combining the capabilities of systems listed above
with the practicality of drones and VR can signi-
ficantly improve precision, efficiency and speed
of inspections. The authors of this work propose
a concept of a System Assessing Damage in Aircraft
Assembly Joints. Schematic principle of operation of
the system is presented in Fig. 1.

Data « airframe mapping
collected » infrared cameras
by drone « ultrasonic sensors

4
« initial filtering
Data

 removing inaccurate data

preprocessing * prepare data to relay

A4

« comparing data with pattern
« identify anomalies
» indicate damages

Algorithm assesing
structural damage

h 4

A4

« images with deteriorations
» diagnosis recommendation
= visual presentation in VR

Final report

A 4

Fig. 1. Schematic principle of operation of the proposed System
for Assessing Damage in Aircraft Assembly Joints

To proceed appropriately for this process, it is
essential to accurately prepare the equipment before
use by completing given checklist, e.g. checking the
functionality of sensors, cameras and the drone's
control surfaces. The operation should be thoroughly
planned and defined in advance, establishing exact
flight path covering all inspection-required areas. The
paths could be predefined which may advantage in
allowing the usage of multiple drones simultaneously
while avoiding potential collisions.

During inspection, the drone follows the esta-
blished path using sensors designed for this purpose,
which ensure safe movement around the aircraft
structure.

Furthermore, a certain safety margin would be set
so that the appropriate distance would be maintained
even in the event of measurement inaccuracies or
sensor failure. The drone should collect high-reso-
lution images and data from other sensors analysing

the structure's condition, such as infrared cameras or
ultrasonic sensors. Moreover, it is crucial to ensure
proper lighting of the inspected object due to the
potential inaccuracies in poorly illuminated parts of
the aircraft. Adequate directional lighting (e.g. LED
diode) and advanced imaging technologies are
essential to achieve precise and reliable detection
results, minimizing the risk of overlooking critical
defects. Additionally, infrared cameras and ultrasonic
sensors might help eliminate some imprecise measu-
rements caused by possible shadows. The inspection
process can be significantly enhanced by employing
a combination of directional lighting, infrared ima-
ging, and ultrasonic sensing, which leads to more
accurate assessments and improved time need in this
process. Special attention should be given to the Light
Detection and Ranging (LiDAR) system, which could
be used in this case for precise mapping of the airframe
(Kaartinen, Dunphy and Sadhu, 2022). LiDAR is
a remote sensing technology that uses distance
measurements to a target. It operates on the principle
of sending out laser beams and measuring the time it
takes for the light to bounce back, thus determining the
distance to objects in its path. In the context of aircraft
inspection and maintenance, LIiDAR systems offer
a non-contact method for assessing the structural
integrity of aircraft components.

The data collected during the inspection under-
goes preliminary analysis and filtration to remove
low-quality images. The remaining data is transmitted
to central data analysis systems using appropriate
servers.

An example of aircraft fuselage inspection
performed by drone is presented in Fig. 2.

Fig. 2. Example of aircraft fuselage inspection performed
by drone

Once the data passes the preliminary filtration, it is
fed into Artificial Intelligence algorithms trained to
analyse this type of information. This process begins
with cleaning and preparing the data, reducing image
noise and enhancing the quality of data set. After
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initial analysis and sorting, CNN detect cracks,
corrosion and other anomalies previously defined in
the network's database. Deep Learning models classify
the types of damage and assess their severity along
with significance determining the potential threat to
the durability of the structure.

A detailed inspection report containing images
with marked damage locations, sensor data summa-
ries, and diagnostic conclusions, is generated after the
analysis. Additionally, by integrating LiDAR into
aircraft inspection processes, maintenance teams can
streamline their workflows, reduce inspection times
and improve overall safety by identifying potential
issues. Such a report can create an image of the aircraft
with highlighted sensitive areas, which allows for
early detection of failures or structural problems. In
addition, such information may initiate optimalization
process of the structure in case of regularly occurring
defects. It also provides a visual representation of
damage locations using Augmented Reality techno-
logies for real-time visualization of structural damage
areas.

Al systems send automatic alerts to maintenance
teams when critical issues are detected, allowing for
the planning of maintenance tasks based on previously
generated priority lists. Comparative analysis of
historical data with current inspections enables the
identification of trends and recurring problems.

8. Summary

Usage of drones and Artificial Intelligence to
assess damage in aircraft assembly joints offers
benefits such as increased precision, efficiency and
inspection speed, which impacts on improvement of
reliability and safety of aircraft. As the analysed
literature shows, the proposed technologies yield
satisfactory results with an adequate number of
training examples. The Neural Network is capable of
detecting all defects on the airframe with high
probability. Additionally, continuous advancements in
Machine Learning algorithms further enhance the
accuracy and trustworthiness of these systems. By
integrating the advanced algorithms with real-time
data processing capabilities, the inspection process
becomes more efficient and cost-effective, ultimately
leading to increase in productivity protocols in the
aviation industry.

This project involves technical challenges, such as
ensuring high-quality data despite environmental
conditions, continuously training and validating Al
models to maintain sufficient accuracy level. The
highest level of technological expertise is required to
ensure adequate data. It is also crucial to comply with
aviation authority regulations and guidelines con-

cerning drone operations. By extension, implementing
strict safety protocols for drone operations is needed to
prevent accidents. Furthermore, protection of the data
and communication channels is required to prevent
potential cyber threats.

Future development directions for the project
point enhancing Al capabilities, such as developing
self-learning systems which could continually learn
from new data and improve their performance, and
implementing Al systems that collaborate with
inspectors in decision-making process.

Moreover, integrating advanced data analytics and
machine learning techniques could further optimize
inspection processes and predictive maintenance
strategies, leading to greater efficiency in aircraft
maintenance operations.
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