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Abstract. The technology of hot-melt 3D printing has prospects for military equipment and other special
applications, provided that necessary requirements for the quality, strength and durability of plastic components
are met. However, there is a problem of insufficient accuracy and unexplored patterns of change in technological
parameters during 3D printing, which makes it necessary to manufacture critical structures using plasma
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deposition technology. The main purpose of the article is to study and evaluate the features of using the fused
deposition method in 3D printing technology for the manufacture of products that are critical special-purpose
structures and require increased strength and durability. To achieve this purpose, the technology and means
of 3D printing by fused deposition method (filament feed control system with a circular encoder) have been
improved. It has been established that the use of the filament feed control system can reduce the number of
visually detected defects on the surface of printed products by an average of 71.7%, but increase the amount
of wire consumed by 13% and the average printing time by 15-17%, which is due to the lack of supporting
structures for the resulting surfaces. The research conducted in this paper has shown an increase in delamination
strength of elements of critical structures, such as brackets for mounting a laser rangefinder to the body of an
unmanned aerial vehicle. With the help of the filament feed control system, the strength of these elements has
increased from 27.4 (tensile) and 32.1 (compressive) to 38 (tensile) and 44.3 MPa (compressive). There is also a
more than 2.7-fold increase in the number of dynamic load cycles during endurance tests. This study indicates
greater dynamic stability and less fatigue of the elements manufactured by fused 3D printing using a filament
feed control system. The results will have practical applications in various fields, including military applications

Keywords: additive technology; print quality; strength; endurance

INTRODUCTION
Gradual growth of product quality requirements is be-
coming an integral part of a competitive market. This
relevance, however, is gaining new dimensions due to
the use of non-standard technical and technological
solutions that are becoming more common in modern
manufacture of products. These non-standard solutions
cannot always be effectively implemented using tradi-
tional methods and technologies. There is a tendency
to use innovative approaches, such as 3D printing and
other advanced technologies. These methods open up
great opportunities for creating unique and complex
products, but at the same time pose new challenges for
manufacturers in terms of researching and optimising
process parameters. Despite significant progress in this
area, important patterns of change in technological pa-
rameters of the printing process and their impact on
product quality and mechanical and operational char-
acteristics remain insufficiently understood.
Traditional technologies are increasingly replaced
by additive technologies and rapid prototyping meth-
ods that can be used for mass manufacture of products
without the need for complex production planning
and specialised equipment, which greatly simplifies
the process of product formation due to more flexi-
ble approaches to production management, which has
been written about by B.A. Praveena et al. (2022) and
G. Prashar et al. (2023). Authors I. Gibson et al. (2021)
noted that 3D printing technologies are increasingly
being used in various fields of science and technology.
For example, the introduction of such technologies in
modern production allows to manufacture products of
varying complexity and configuration, including frag-
ments of various energy, aviation, rocket and space,
and military equipment (e.g., quadcopters, unmanned
vehicles, etc.) operating under high climatic and me-
chanical loads, according to T.D. Ngo et al. (2018). Ex-
isting 3D printing technologies often do not meet high
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accuracy requirements for products, especially those
that are components of critical structures. This is due
to the limited research, rapid prototyping technologies,
and lack of information on methods for controlling the
accuracy of parts during their manufacture, as pointed
out by J. Kiendl and G. Chao (2020).

In general, despite the prevalence of 3D printing
methods and tools that have been developed recent-
ly, the study of their performance in the manufacture
of critical products remains relevant to many leading
world-class scientists. For example, a team under the
guidance of J.Huang (Huang et al., 2022) proposed an
algorithm for implementing a unidirectional slicing
strategy that slices the product model in the Z-axis
direction, perpendicular to the 3D printer platform.
This algorithm, although simple to implement, re-
quires a significant amount of time to complete. Due
to the disadvantages of this algorithm, which also
include high computational complexity and inaccu-
racy, it is proposed to use a direct slicing strategy us-
ing analytical models. This strategy slices the model
without converting it from a surface model to a mesh
one. This can improve the accuracy of cut contours
and correct the shortcomings of the mesh model.
These algorithms usually require the support of a
commercial software kernel for computer modelling,
as written about in the works of such researchers as
R.P. Ferreira and A. Scotti (2021), F. Wang et al. (2021)
and S. Sagar et al. (2021).

Despite all the achievements and clear progress of
this technology, there are currently a number of prob-
lems that limit the use of 3D printing technologies for
the manufacture of high-precision and reliable prod-
ucts of critical structures. These problems include the
lack of approaches to maintaining technological quality
of moulded surfaces due to the lack of feedback in most
3D printing tools to determine the actual consumption
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of consumables, which can lead to a decrease in print-
ing quality and the emergence of a number of defects
(microcracks, non-compliance with the thickness of
product elements, etc.) and, as a result, deterioration of
mechanical performance of these products, according
to A.Jennings (2022).

For this reason, solving the issue of improving such
characteristics in critical structures of products manu-
factured by fused deposition using 3D printing technol-
ogy is an urgent task to which this article is devoted. To
achieve this goal, the article solves the following tasks:

® to analyse existing solutions among the methods
and systems of fused 3D printing of critical products
for military equipment and other special-purpose ap-
plications;

® to compare the results of the proposed method of
product printing using an improved filament feed con-
trol system and the method of traditional fused deposi-
tion by 3D printing;

e to test the products obtained using different
technologies for compliance with their mechanical
strength and endurance under dynamic loads.

The main purpose of this article was to study and
evaluate the features of applying the fused deposition
method in 3D printing technology for the manufacture
of products of critical special-purpose structures that
meet increased requirements for their high strength
and durability. Scientific novelty of this work is that
the technology and means of 3D printing by fused
deposition method, in which a filament feed control
system, including a circular encoder, is used, and the
use of which can significantly improve the quality of
3D printing of products, increase their mechanical
strength and endurance to external dynamic loads,
have been improved.

MATERIALS AND METHODS

Technological experiment to obtain prototypes of
products was carried out on a fusion 3D printer de-
veloped and improved with the participation of the
authors in the laboratory of additive technologies in
instrumentation, created on the basis of the depart-
ment of instrumentation of mechatronics and com-
puterised technologies of Cherkasy State Technolog-
ical University. Testing and verification of the results
obtained for the selected printing modes were carried
out on the Ender-3 V3 SE device (Creality, China) at the
State Scientific Research Institute of Armament and
Military Equipment Testing and Certification. Experi-
mental verification of research results with the aim of
their comparison was carried out using both proposed
technologies (traditional one and authors’ technolo-
gy using the filament feed control system). Polylactic
acid (PLA) material was used to print the products. The
average feed rate of a wire with a diameter 1.75 mm
was 3.0 (for traditional technology) and 1.8 mm/s (for
the authors’ technology), and the extruder movement

speed was 30 mm/s. The data obtained were calculat-
ed using 3D printing software, Cura (Vijay et al., 2022).
The printing was performed with a layer of 0.6 mm,
with 20% filling without supports.

Analysing the available solutions among the meth-
ods and systems for fused deposition of 3D printing,
it should be noted that methods such as FDM (Fused
Deposition Method) or FFF (Fused Filament Fabrication
Method) are very common in the additive manufac-
turing industry. This is due to their ease of equipment
modification, affordability, wide range of consuma-
bles, and the possibility of quick training, according to
T.S. Xiong et al. (2022). When manufacturing products
with a complex geometric structure or there is a need
to meet special reliability requirements (especially for
components of critical structures) using FDM method,
some defects may occur, for example, the effect of seg-
mented texture (Fig. 1). This problem manifests itself
when the angle of inclination of the surface relative to
the printing plane decreases, and the formed surface
becomes less smooth.

Figure 1. Exterior view of the product (Boeing Insitu
ScanEagle (USA) UAV compressor bushing) printed
by fused deposition using 3D printing technology

with a distinct segmented texture effect
Source: compiled by the authors

In addition to the aesthetic problem, the effect of
segmented texture also negatively affects mechanical
properties of products, such as strength, resistance
to harsh environmental conditions, aerodynamics, re-
sistance to perpendicular loads, and other aspects. To
solve this issue, a reduction in the height of the ver-
tical layer can be used, but this approach leads to an
exponential increase in printing time. Therefore, an-
other method is proposed, which is also considered
to be one of promising areas for the development of
FDM technology in general - a method of manufactur-
ing curved layers, known as Curved-Layer Manufactur-
ing (CLM) (Cao et al., 2023). Compared to the standard
fused deposition process, in which parts are manu-
factured layer by layer, curved layer method allows
to avoid the effect of segmented texture on surfaces
lying close to the horizontal by printing these areas
using continuous solid layers (Fig. 2).
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Figure 2. Exterior view of the product (Boeing Insitu ScanEagle (USA) UAV compressor bushing) printed by the
curved layer method using solid layer 3D printing technology

Source: compiled by the authors

The method of non-planar 3D printing allows to
reduce or even eliminate the need to print support-
ing structures necessary for the construction of over-
hanging parts of the product, which leads to additional
material and time consumption for the manufacture of

parts.To improve operational and mechanical (strength)
characteristics of products manufactured by the fused
deposition method using 3D printing technology, it is
proposed to use a filament feed control system, the ex-
terior view of which is shown in Figure 3.

Figure 3. Exterior view of the filament feed control system together with the extruder
Notes: 1 - filament, 2 - measuring rollers, 3 - toothed filament feed rollers, 4 - heating unit, 5 - nozzle, 6 - circular encoder

mechanism
Source: compiled by the authors

The principle of operation of the control sys-
tem is as follows: filament 1 is fed from the bay (not
shown in the figure) through special toothed roll-
ers that act as measuring elements and activate the
circular encoder mechanism 6 of the filament flow
metring unit. When a command is received to start
3D printing on the device, the filament preheated by
the heating unit 4 is directed through the nozzle 5
to the area where the 3D product is formed using
the feed motor (not shown). Simultaneously with the
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start of the feed motor, toothed filament feed roll-
ers 3 and measuring rollers 2 start feeding the fila-
ment 1 through the measuring device. If the filament
slips in feeding devices into the heating and printing
zone, a reduction in the required filament volume is
taken into account using encoder 6. In this case, the
control programme recalculates to reduce the fila-
ment feed rate, which ensures the required opera-
tional and mechanical characteristics of elements of
critical structures.
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RESULTS AND DISCUSSION

The strength and durability of the obtained products
under dynamic loading were evaluated by testing the
developed device in real conditions. For this purpose,
the consumption metring mechanism of consuma-
ble material - filament - was proposed and tested
(based on the developed automatic control system
(Andriienko et al., 2019)). This mechanism made it

possible to control the supply of consumables to
the working area with high accuracy (over 95%) and
speed (the reaction time to a change in the wire feed
rate is 250-480 ms). A comparison of the results of
the proposed method of printing the product using
the filament feed control system and the method of
traditional fused deposition by 3D printing is shown
in Table 1.

Table 1. Comparison of printing process parameters using the proposed technology
with the filament feed control system and traditional technology

Printing process settings the ﬁlaBr:’l:?\:hf:(e)clioggn::mzystem Using traditional technology
Number of samples / printed surface area, m? 12/0.34 12/0.34
Number of visually detected surface defects 61 216
Length of wire consumed, m 230.8 201
Weight of consumed material, kg 0.292 0.247
Printing time, min 128.2 111.6

Source: compiled by the authors

Table 1 shows that with the use of the control
system, the number of visually detected defects de-
creases by 71.7%, from 216 to 61. At the same time,
the amount of wasted wire increases by 13%, which
for these products amounts to 247 (for products man-
ufactured with traditional technology) and 292 grams
(for products manufactured using the technology with
a filament feed control system). Since there are no sup-
porting structures for resulting product surfaces, the to-
tal length of printing segments (and, consequently, the
wire used) also increases, which leads to an increase in
the average printing time by 15-17%.

Figure 4 shows the results of test printing of prod-
ucts of critical structures, namely mounting brack-
ets made of PLA plastic, obtained at a print speed of
60 mm/s using a 0.2 mm nozzle. When using the fila-
ment feed control system (Fig.4b) with a 0.2 mm nozzle
and a higher printing speed (80 mm/s), the quality of

the solid surface is much better, and printing artefacts
observed when using traditional technology are almost
completely eliminated. The authors suggest that ob-
taining high-quality and reliable products is possible
with a further increase in printing speed under condi-
tions of controlled filament supply and adjustment of
its operating temperature. The decrease in the quality
of printing the edges of a product with a sharply defined
geometry in 3D printing using traditional technology is
associated with the occurrence of internal mechanical
stresses due to faster cooling of the filament (associat-
ed with a lower printing speed) and, as a result, peeling
and cracking of the applied solid material. In contrast to
traditional technologies, 3D printing with the filament
feed control system, which is carried out at a 30-35%
higher speed, provides better adhesion between the
layers of the applied material and, thus, greater adhe-
sion strength and fewer internal and surface defects.

Figure 4. Exterior view of samples (brackets for mounting the laser rangefinder to the UAV body)
Notes: a - printed using traditional technology, b - printed using the technology with the filament feed control system

Source: compiled by the authors
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The authors D. Chakraborty et al. (2022) presented
a surface-based parametric tool generation method for
rapid prototyping technology, known as layer-by-layer
modelling with curved layer deposition. This method
allows the deposition of curved layers instead of tra-
ditional flat layers in FDM (Fused Deposition Method),
which can improve the quality of thin curved parts.
However, this method, according to the authors, is de-
veloped mainly for thin parts, and the algorithms pre-
sented in this paper are theoretical. Researchers Y. Li et
al. (2022) used the method of slicing with curved layers
to preserve the features of a complex surface. Genetic
algorithms that passed curved layers through clusters
of object features to reduce the number of curved lay-
ers were proposed. This method is mainly suitable for
thin parts and hollow shells, so no experiments were
conducted with products. Thus, in contrast to the ap-
plied method of 3D printing using the filament feed
control system, the use of the methods proposed above
is impractical due to practical unconfirmation of the re-
sults of the proposed solutions, as well as the lack of
information (even theoretical one) on how to improve
mechanical characteristics of parts printed using the
proposed technologies.

Mechanical characteristics of parts (in particular,
strength and endurance to dynamic mechanical loads)
manufactured using the fused deposition method
by 3D printing were investigated by N. Elmrabet and
P. Siegkas (2020), M. Algarni (2021) and M. Doshi et
al. (2022). At the same time, studies on the compliance
with tensile and compressive strength of the printed
product according to the methodology proposed by
J. Sedlak et al. (2023) showed the following. According
to classical technology, the delamination strength of
bracket samples was 27.4 (tensile) and 32.1 MPa (com-
pressive), while according to the technology using the
filament feed control system, these values were 38
and 44.3 MPa, respectively, and approached the ulti-
mate tensile and compressive strength of a solid ma-
terial (for PLA plastics, the latter are 50-70 and about
60 MPa, respectively), which was a positive result. Ex-
perimental results indicate a significant improvement
in mechanical properties of such parts compared to
parts made by layer-by-layer surfacing.

When these products were tested for endurance
under dynamic mechanical loads at load amplitude of
30MPaand cyclicfrequencyof 5 Hz,the following was es-
tablished. The first signs of fracture (local delamination
and cracking in the product) appeared on the samples
of brackets produced by traditional 3D printing technol-
ogy after 4.680 load cycles, while the samples produced
by the technology proposed in this paper withstood
12.960 cycles before the appearance of signs of fracture,
which proves greater dynamic stability and lower fa-
tigue of the products manufactured by this technology.

The hot melt technology of 3D printing opens up
opportunities for its use in military equipment and
other specialised industries, provided that it meets the
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required standards of quality, strength and durability of
plastic parts. At the same time, there is a problem of in-
sufficient accuracy and unexplored patterns of change
in technological parameters during 3D printing. This
problem can be solved by creating critical structures
using plasma deposition technology. One way to over-
come these difficulties is to conduct a detailed study
and optimise printing process parameters to achieve
the highest quality and efficiency of manufactured prod-
ucts. Such an approach will simultaneously expand the
scope of the technology and ensure its successful use
in highly demanding military and special applications.

Identified positive aspects can be applied to im-
prove technical characteristics of other products where
it is important to ensure dynamic stability and durabil-
ity. The results of the study can become the basis for
further research aimed at improving and optimising
3D printing processes to increase the productivity of
manufacturing high-quality parts. It should be borne
in mind that the implementation of the findings can
contribute to the development of innovative solutions
in manufacturing, in particular in the field of new ma-
terials and technologies. Thus, this study opens up wide
opportunities for the use of advanced approaches in
the production and development of high-tech products.

CONCLUSIONS

The article analyses the existing solutions among the
methods and systems of fused 3D printing of critical
structures for military equipment and other special-pur-
pose applications, which shows the prospects of using
this technology provided that necessary requirements
for manufacturing quality, mechanical strength, and en-
durance to external dynamic loads of elements of crit-
ical plastic structures are met. It has been established
that with the application of the technology using the
filament feed control system, the number of visually de-
tectable defects on the surface of the printed product is
reduced by an average of 71.7%. At the same time, the
amount of wire consumed increases by 13%, and due to
the lack of supporting structures for the resulting prod-
uct surfaces, the total length of printing segments (and,
accordingly, the wire consumed) also increases, which
leads to an increase in the average printing time by 15-
17%. An increase in delamination strength of critical
structural elements (for example, brackets for mount-
ing a laser rangefinder to the UAV body) from 27.4 (ten-
sile) and 32.1 MPa (compressive) when such elements
are produced using the classical technology to 38 (ten-
sile) and 44.3 MPa (compressive) when producing such
elements using the technology with the filament feed-
ing control system, as well as an increase of more than
2.7 times in dynamic load cycles (load amplitude is
30 MPa; cyclic frequency is 5 Hz) for elements of criti-
cal structures obtained using the control system during
their endurance testing are shown. This proves greater
dynamic stability and lower fatigue of such elements
and opens up the prospect of using products made by
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fused deposition by means of 3D printing technology
with the filament feed control system in critical struc-
tures, including military applications. Further promising
research in scientific direction stated in this paper may
be devoted to the study of tactical, technical and oper-
ational characteristics of the resulting products when
they are actively used under critical loads and effects of
aggressive environments.
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AHoTtauig. TexHonoria Tepmonnaskoro 3D-apyKky Ma€e nepcnekTUBK ANs BiMCbKOBOT TEXHIKM Ta iHWMX CnewianbHUX
3aCTOCYBaHb 33 YMOBM LOTPUMAHHS HEOOXiAHMX BUMOT [0 KOCTi, MiLLHOCTI T JOBrOBiYHOCTI NNACTUKOBUX AeTaNen.
OpHak icHye npobnemMa HefOCTaTHLOI TOYHOCTI Ta HELOCNIAXKEHNX 3aKOHOMIPHOCTEN 3MiHW TEXHOMOTYHUX NApaMeTpiB
nig yac 3D-apyky, Wo 3yMOB/OE HEOOXIAHICTb BUTOTOBNEHHS BiANOBIAANbHUX KOHCTPYKLIA 3 BUKOPUCTAHHSIM
TexHonOorii N1asMoBoro ocagxeHHs. OCHOBHOK METO CTaTTi € BUBYEHHS Ta OLiHKA 0COBIMBOCTEN BUKOPUCTAHHS
MeToAYy 0CaZ)KEeHHS NNABMEHHSM B TexHosnorii 3D-ApyKy Ang BUrotToBneHHsa BUpo6iB, aKi BigHOCATbCS A0
Bi4NOBIAANbHUX KOHCTPYKLiM CleuianbHOro NPU3HAYeHHs i BUMaratoTb NigBMLLEHOT MiLHOCTI Ta AOBroBivHOCTI. [ns
LLOCATHEHHSI NOCTAaBNEHOI MeT ByNo BAOCKOHANEHO TEXHOOTIi0 Ta 3acobu 3D-apyKy METOLOM MAABKOr0 OCAAKEHHS
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Features of application in critical structures of products...

(cucteMa KoHTpoOnto Nofdayi GinaMeHTy 3 KpYyroBuUM eHKofepoMm). BcTaHOBNEHO, WO BUKOPUCTAHHS CUCTEMU KOHTPOSIO
noaadi dinamMeHTy A03BONSE 3MEHLWUTU KiNbKiCTb Bi3yanbHO BUABNEHUX AedeKTiB Ha MOBEPXHi HaAPYKOBAHUX
BMpPOOiB B cepefHbOMy Ha 71,7%, ane 36inbWwnTK KiNbKiCTb BUTpayYeHoro Apoty Ha 13 % i cepepHii yac opyky Ha
15-17 %, 1,0 NOB'A3aHO 3 BiACYTHICTIO OMOPHUX KOHCTPYKLIM ANS 0Aep)KyBaHWX NOBEPXOHb. [locnigkeHHs, npoBeaeHi
B [aHil poboTi, NoKa3anu NiABULLEHHS MiLHOCTI HA PO3LWapyBaHHS eNeMEeHTIB BiANOBiAANIbHUX KOHCTPYKLM, TAKMUX K
KPOHLUTEMHM ANS KPiNaeHHs nasepHOro JanekoMipa [o Kopnyca 6e3nifnoTHoro NitanbHoOro anapary. 3a 4ONOMOrow
CMCTEMU KepyBaHHS Nojayi GinaMeHTy MiLHICTb UuX enemenTiB 3pocna 3 27,4 MlMa (npu po3tarysanHi) i 32,1 Mla
(npu cTncHeHHi) po 38 Mla (npu po3TaryBaHHi) i 44,3 Mla (Npu cTMcHeHHiI). Takox Binblu Hix y 2,7 pasu 36inblumnnacs
KiNbKiCTb LUMKNIB AMHAMIYHOTO HAaBAHTAXXEHHS Nifg Yyac BMNpobyBaHb HAa BUTPUBANicTb. Lle pocnigkeHHs cBigumTb
npo Binbluy AMHAMIYHY CTilKiCTb | MEHLUY BTOMY €/1eMEHTIB, BUTOTOBIEHUX METOA0M TepMoniaBkoro 3D-apyky 3
BMKOPUCTAHHSM CUCTEMU KePYBAHHSA NoAayi HUTKU. Pe3ynbTaT MaTUMyTb NPaKTUUYHE 3aCTOCYBAHHS B Pi3HUX ranyssx,
B TOMY YMCANi Y BINCbKOBIW cdepi

KntouoBi cnoBa: aguTMBHA TEXHONOTIA; SKICTb APYKY; MILHICTb; BUTPUBANICTb
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