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3 Gabriela Kotseva

Introduction

A primary concern of modern industry and society is the development and continuous
improvement of energy-efficient technologies. For society as a whole, this contributes to the
preservation of natural resources and minimizes the negative environmental impact caused by
excessive fuel consumption. For industry, it ensures compliance with consumer and regulatory
demands, thereby maintaining competitiveness. The science of tribology lies at the heart of this
pursuit of energy-efficient technologies on many different levels.

Tribology plays a role in the development of energy-efficient technologies at various levels—for
example, in manufacturing, by enabling components to operate with long service life and low friction,
and in the creation of practical, innovative, energy-saving engines and transmissions. Five specific
areas are considered in which tribology faces challenges posed by the development of energy
efficiency. These range from reducing friction in components and the resulting difficulties involving
very thin hydrodynamic films, to tribological issues inherent in the development of high-temperature
adiabatic engines. In all these areas, as well as in many others, it is concluded that tribology plays a
key role in the implementation of energy-efficient technologies.

The present dissertation is structured as follows:

Chapter 1 provides an overview and analysis of tribology as a science and engineering discipline.
The historical development of tribology worldwide and in Bulgaria is traced, along with its industrial
significance. Fundamental principles and applications are presented, together with classical theories
of friction and methods for determining the friction force. Mechanical properties (hardness,
deformation, fatigue), chemical properties (adsorption, boundary lubrication, surface films), and
physical properties (adhesion, thermal conductivity, etc.) are reviewed. Various forms of wear are
analyzed, as well as 3D printing technologies, materials (polymers, composites), and their properties.

Chapter 2 describes existing methods for tribological studies of polymers and composites, along
with various types of experimental devices. Instruments for measuring microhardness, wear, and
friction under different operating conditions are presented, as well as specific testing methodologies.
Modern 3D printing techniques and their role in producing test components are also examined.

Chapter 3 outlines methodologies for conducting research on the physico-mechanical and
tribological properties of 3D-printed polymers and composites. Procedures for analyzing
microhardness, wear, and friction (sliding, rolling, restitution) are defined. Methodologies for using
simulation software (EDEM), which enables process modeling, are also included.

Chapter 4 presents experimental results from studies on 3D-printed materials, including composites.
Coefficients of restitution and simulation results obtained with EDEM software are analyzed.
Comparisons and generalizations are made regarding the influence of different materials and
parameters on their tribological characteristics.

Chapter 5 discusses future directions for the development of the dissertation. The obtained
experimental results allow for expanding the research aimed at improving 3D-printed components.
Another possible aspect is the extension of tribological studies in the field of 3D printing and its
applications. Accurate determination of key properties enables the creation of more precise simulation
models.
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Chapter 1

Literature Review and Analysis. Fundamental Principles and Applications of Tribology.
Technologies, Devices, and Methods for Studying 3D-Printed Polymers

1.1. Engineering Tribology. Tribology as a Science

Tribology is an interdisciplinary field that studies friction, wear, and lubrication of contacting
surfaces in relative motion. It plays a crucial role in engineering—from the automotive and aerospace
industries to mechanical engineering—by contributing to extended service life and reduced energy
losses of mechanical systems [1-3].

The advancement of tribology supports the development of new materials and technologies with
improved characteristics, and losses caused by friction and wear may reach 5-7% of a nation’s GDP,
which highlights its economic and technological significance [4].

1.1.1. Historical Development of Tribology

Tribology examines friction, lubrication, and wear of interacting surfaces. The term originates
from the Greek word #ribos, meaning “rubbing” or “friction” [1-3].

Friction has been applied since ancient times—from fire making and tool crafting to the use of
natural bitumen as a lubricant. Archaeological evidence from Egypt shows an early use of bearings
in potter’s wheels (Fig. 1.1), as well as the application of liquid lubricants during the transportation
of massive stone blocks (Fig. 1.2).
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Fig. 1.1. Wooden bearing Fig. 1.2. Transporting an Egyptian statue,
for stone wheels, Ancient Egypt. El Bersheh, around 1900 BCE.

1.1.2. Brief Overview of Tribology in Bulgaria

Targeted research in the field of tribology in Bulgaria began in 1963 with the establishment of the
Laboratory of “Contact Mechanics” at the Technical University of Sofia, founded by Prof. Dr. Georgi
Danov [5]. In 1974, the laboratory was reorganized into the “Tribology Laboratory” under the
leadership of Prof. Nyagol Manolov [6], and later developed into a National Coordination Centre.
Since 1984, Bulgaria has been a regular member of the International Council of Tribology.

In 1993, the Society of Tribologists in Bulgaria (STB) and the Balkan Tribological Association
(BTA) were established, with Prof. DSc N. Manolov as the first chairman. The BTA, which includes
six Balkan countries, organizes regular scientific conferences. In 2008, the VI Anniversary
Conference “Balkantrib’08” was held in Sozopol (Assenova, Kandeva, 2008) [7], featuring around
130 papers across nine scientific sections.

Today, the Tribology Laboratory continues its active research, educational, and applied activities.
A modern concept for the development of tribology has been formulated (Manolov et al., 2007) [8],
included in the national scientific classification under No. 01.02.02 (State Gazette, Issue 34/1990)
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5 Gabriela Kotseva

[9]. An annual seminar “Tribology and Interdisciplinarity” is held, and a National Expert Council on
Tribology operates within INGA. The journal Kontakt, with Editor-in-Chief Prof. DSc¢ N. Manolov,
presents new scientific contributions in the field of contact interactions [10]. Tribological research
groups also function within the Bulgarian Academy of Sciences and several universities across the
country.

1.1.3. Development of Tribology Worldwide

Tribology is well developed in leading industrial countries, where it plays a key role in optimizing
mechanical systems and enabling technological innovation.

In the United States, extensive research is carried out in universities, national laboratories, and
industry, particularly in the automotive, aerospace, and energy sectors, which widely implement
tribological technologies [11].

Germany is a global leader due to its strong automotive and mechanical engineering industries,
supported by advanced research institutions [12].

In Japan, tribology is integral to the development of high-performance components in the
automotive, electronics, and robotics industries [13].

The United Kingdom has long-standing traditions in tribology, and the Institute of Tribology at
the University of Leeds is internationally recognized as one of the leading scientific centres [11].

In recent decades, China has significantly increased its research activity, focusing on improving
manufacturing technologies and expanding industrial applications [14].

These countries invest substantial resources in tribology, resulting in major technological
advances and increased efficiency across multiple sectors.

1.1.4. Industrial and Economic Importance of Tribology

The industrial revolutions have introduced new tribological challenges related to friction, wear,
and lubrication of interacting surfaces. The main objective of tribology is to reduce energy and
material losses through optimized lubrication, surface modification, and the development of
improved materials [15,16].

Approximately 23% of global energy consumption is directly related to tribological contacts and
friction losses [17], highlighting the significant economic potential of tribological improvements.

For example, in the United States, optimizing the lubrication of about 3 million worm gears (7.5
kW each) increases their efficiency by 5%, saving 9.8 billion kWh of energy and about 0.6 billion
USD. Globally, modern tribological technologies can reduce energy losses by 40% over 15 years and
by 18% over 8 years, equivalent to about 1.4% of global GDP [18§].

In the United Kingdom, modern tribological solutions can reduce wear-related maintenance costs
by up to 95% within a 10-year period, consistent with the predictions of the Jost Report [19].

1.2. Fundamental Principles and Applications of Tribology

Although the term tribology may be unfamiliar to non-specialists, its principles are present in
nearly all everyday and industrial processes. From bearing operation and automotive components to
the behaviour of biological tissues, tribological phenomena determine efficiency, reliability, and
durability in engineering systems and natural structures.

Figure 1.4 presents a classification scheme summarizing the significance of tribology, its
fundamental principles, applications, general theories, classical methods, and the characteristic forces
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and coefficients involved in contact interactions. The figure also outlines the industrial and economic
relevance of tribology and its importance in modern technological development.

Basic principles, applications, general theories, classical methods, forces,
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Fig. 1.4. Diagram — Classification of the Fundamental Principles of Tribology

1.2.1. Introduction to Tribology

Currently, tribology, a relatively new scientific field, is defined in many dictionaries as “the
science of interacting surfaces in relative motion” or “the study of friction, wear, and lubrication, as
well as the design of bearings” [20]. Figure 1.5 illustrates the tribology triangle.

Lubrication

Fig. 1.5. The Tribology Triangle

1. Friction — Friction is a natural phenomenon with an important role in everyday life. In tribology,
however, it is primarily considered as a source of wear and energy loss. Two regimes of friction
are distinguished: static and kinetic (dynamic). In both cases, friction represents a force acting
opposite to the direction of motion or potential motion between surfaces [21].

2. Wear — Wear is a fundamental process involving the loss of material or surface deformation,
which can lead to the failure of mechanical components. In tribology, it is viewed as the gradual
removal of material due to mechanical and/or chemical interactions between surfaces [22], and is
defined as the progressive loss of substance during relative motion [23-25].

3. Lubrication — Lubrication is a key method for reducing friction and controlling wear. The term
derives from the Latin lubricatus (“to make slippery”) and refers to a substance that modifies the
interaction between contacting surfaces. Lubricants may be liquids, greases, solid lubricants, or
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7 Gabriela Kotseva

gases. Their primary function is to reduce friction, wear, and thermal stress; without them, direct
contact occurs, increasing the risk of damage [21].
e Lubricant Types — Lubricants are classified as liquids, greases, solids, and gases.
e Oil Characteristics — Industrial lubricating oils are available in various types, and proper
selection is critical for specific applications. Depending on their origin, oils may be mineral,
synthetic, or blended.

1.2.2. Parameters Characterizing Surface Interactions

To analyze processes related to friction, various theories have been developed that reflect the
characteristics of different materials, surface roughness, and applied pressure. These include: the
theory of mechanical interlocking, the theory of electrostatic interaction, and the theory based on the
potential for surface “welding.”

Tables 1.1 and 1.2 are taken from Coefficients of Friction in Theoretical Mechanics, Bozhidar
Toshev, Technika, 1973 [26].

Table 1.1. Interaction of Tribo-Pairs under Sliding

Neokka (Nnpw nak3rade) MNpu nokor Mpw perxeHne
CTomana - HyryH 0.15 0.1
Cromana - Nep 0.017 0.014
CromaHa - Qupeo 0.55 0.4
Nwpeo - Jspeo 0.65 0.35
Avpao - KaMbK 0.7 0.3
Komxa - Metan 0.6 0.25

Table 1.2. Interaction of Tribo-Pairs under Rolling

Neoika (Npu ThpransHe) [mm)
BarovHo koneno - Penca 0.6
NupeeHo Koneno - Aupeo 15.0
AsTomobunHa ryma - Acchant 45.0
AsToMoBunHa ryma - MNasax 25.0

1.2.3. Existing Standard Methods for Testing Friction, Wear, Adhesion, and

Restitution

Standardized methods for testing the main mechanical parameters—such as sliding friction,
rolling friction, coefficient of restitution—as well as additional characteristics like adhesion, wear
(wear coefficient), and abrasion, according to internationally recognized standards, are presented in

Tables 1.3—-1.6:

Table 1.3. Sliding Friction

Standard

Application Area

Notes

ISO 8295:1995

Static and kinetic friction coefficient
for plastic films and sheets (<0.5 mm)

Mainly for quality control

ASTM D1894-24

Plastic films

American counterpart; results
not fully comparable with ISO
8295

ISO 6601:2002

General standard for sliding friction

and wear testing

Defines conditions such as load,
speed, and contact parameters

ASTM E1911-19

Dynamic Friction Tester

Allows evaluation of friction as
a function of speed; applicable
in lab and field conditions

Abstracts of Dissertations 2026 (2) 3-50




MECHANICAL AND TRIBOLOGICAL STUDIES OF POLYMERS AND COMPOSITES ... 8

Table 1.4. Rolling Friction
Standard Application Area Notes
Rolling resistance of new
ISO 18164:2005 pneumatic tires (cars, buses,
motorcycles)

Measurement under free-rolling
and controlled conditions

ISO 18164:2005/DAM Uses time—distance dependency

Deceleration approach

1 to calculate resistance
) ) . ) Modern method, potentially
ISO 28580:2018 Rolling resistance of road tires replacing ISO 18164
Table 1.5. Coefficient of Restitution (COR)
Standard Application Area
ASTM F1887 Vertical drop of a ball onto a hard surface
ISO 10545-5 COR measurement for ceramic tiles

Impact behavior and restitution of low-density materials,
including polymer composites

ASTM C203

1.3. Mechanical Properties

The classification of mechanical properties and the chemistry of tribo-surfaces is presented in Fig.
1.12. The mechanical section includes hardness (indentation and scratch), deformation (elastic and
plastic, including slip and failure), fatigue, and durability as key indicators of long-term performance
under load.

The chemical section considers processes such as adsorption, boundary lubrication formation, and
surface film development, as well as diffusion. Adhesion and corrosion are also included, along with
specific phenomena in microelectromechanical systems (MEMS), where surface interactions are

critically important.

Mechanical properties Chemistry of tribo-surfaces
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Fig. 1.12. Diagram — Classification of Components in Tribology: Mechanical Properties and
Chemistry of Tribo-Surfaces
1.3.1. Hardness
Hardness describes a material’s ability to resist permanent deformation or penetration, with higher
hardness indicating greater resistance to applied loads. The main types of hardness are: indentation
hardness, scratch hardness, and rebound hardness.

1.3.2. Deformation

1. Elastic Deformation
This is an instantaneous and recoverable change in shape or size that occurs only under applied
normal stress and disappears once the load is removed [27]. Elastic deformation is determined by
the Young’s modulus (E). Exceeding a certain threshold leads to plastic, i.e., permanent,
deformation [28].
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9 Gabriela Kotseva

2. Plastic Deformation
In a stress—strain curve, when a material specimen is subjected to increasing stress beyond the
yield point (Y), it no longer returns to its original shape after unloading. Deformation beyond the
yield point is time-independent and is referred to as plastic deformation [29].

3. Creep Deformation
Creep is the gradual change in the shape of a material under constant stress and elevated
temperature, potentially leading to failure. Creep strength depends on both stress and time, and
under cyclic loading, fatigue accelerates due to the interaction between creep and fatigue [30, 31].
The typical creep curve includes three stages:
e Primary (transient) stage: elastic and partially plastic deformation
e Secondary (steady-state) stage: gradual nearly constant increase in deformation
e Tertiary stage: accelerated deformation leading to failure

1.3.3. Fatigue
Fatigue is a critical factor in engineering design, responsible for over 80% of mechanical failures
[29]. As early as the 1800s, it was observed that cyclic loads caused cracking in bridges and railway
structures.
1. Fatigue Failure — Under cyclic loading, microcracks can initiate on surfaces, gradually
grow to a critical size, and lead to failure.
2. Fatigue Life — Typically considered in two stages: (1) crack initiation, and (2) crack
propagation [29].

1.4. Chemistry of Tribo-Surfaces

The chemistry of tribo-surfaces examines processes occurring at the contact interface between
surfaces and their interactions with the environment (liquids, gases, vacuum). Surface phenomena
include adsorption, diffusion, adhesion, surface forces, and chemical reactions. Since surface atoms
have different chemical states compared to bulk atoms, they are more reactive, and adsorption is
often a key step in these processes [32, 33].

1.4.1. Adsorption
Adsorption is the attachment of atoms, ions, or molecules to a material surface (adsorbent),
differing from absorption, where particles penetrate the bulk. Two main types are distinguished:
o Physisorption — via weak Van der Waals forces
e Chemisorption — via chemical bonds between adsorbate and adsorbent

In tribology, particularly under boundary lubrication, adsorption and subsequent surface reactions
play a key role in the effectiveness of lubricants and additives [34].

1.4.2. Boundary Lubrication
Boundary lubrication occurs under extreme conditions—high loads and/or low sliding speeds—
where the lubricating film is very thin (a few molecular layers). Its formation is primarily based on
adsorption, and tribochemical reactions determine the film’s composition and protective properties
on the tribo-surfaces [35]. According to monolayer theory, adsorbed and oriented molecules prevent
direct contact between surfaces and reduce friction due to their low shear strength, as illustrated in
Fig. 1.15 [36]

Fig. 1.15. Illustration of boundary lubrication showing a monolayer of lubricant molecules
adsorbed and oriented on the contacting surfaces.
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1.4.3. Surface Film

Most metals and alloys form natural oxide films in air, and under various conditions, sulfide,
nitride, or chloride coatings may also form [25]. Their thickness is typically on the nanoscale and
depends on the chemical reactivity of the metal; for example, the oxide film on stainless steel is only
a few nanometers thick [37]. These films influence tribological behavior according to their chemical
and mechanical properties: soft, adherent films act as lubricating layers that separate contacting
surfaces, while hard and brittle films crack easily and are less effective.

1.4.4. Diffusion
In chemistry, diffusion refers to the movement of fluid molecules within solids, typically porous
materials. In tribology, diffusion treatment (or the Diffusion Annealing Process, DAP) refers to the
modification of a surface by introducing interstitial or substitutional atoms from an external source
[38—40]. Annealing is often used to regulate the microstructure and properties of materials by heating
above the recrystallization temperature, holding, and slow cooling.

1.4.5. Surface Chemistry of MEMS
Surface properties of microelectromechanical systems (MEMS) are critical due to their extremely
high surface-to-volume ratio. It is well established that controlling surface forces—particularly
adhesion between contacting surfaces—is a key challenge in the operation and maintenance of
MEMS devices [41-44].

1.5. Physical Properties

In tribology, the physical properties of materials and surfaces determine friction, wear, and
lubrication. They affect contacts at the atomic, micro-, and macro-scale. Key parameters include
adhesion, roughness, hardness, thermal and electrical conductivity, viscosity, and others, which
control the effectiveness of lubricating films and the accuracy of contact mechanics.

Adhesion is described through normal and adhesive forces, the coefficient of cohesion, surface
energy, environmental conditions, oxidation, friction, and material transfer. Wettability is
characterized by surface tension and the contact angle, considering complete and partial wetting and
the dynamics of the process under different surface states.

Figure 1.16 systematizes these properties and their interrelationships through formulas and

dependencies that characterize material behavior under contact.
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Fig. 1.16. Diagram — Classification of Physical Properties in Tribology
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1.6. Forms of Wear

Wear by abrasion, erosion, and cavitation occurs due to interactions between solid particles or
fluids and the material surface.

These processes are among the most aggressive wear mechanisms, and differences in their
micromechanisms determine the selection of materials and methods for improving wear resistance
[45].

Forms of wear
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Fig. 1.19. Diagram — Classification of Wear Forms in Tribology

1.6.1. Abrasive Wear
Abrasive wear occurs whenever a hard object is pressed against particles of a material that have
equal or greater hardness. A common example is the wear of excavator blades. The degree of abrasive
wear is often much higher than expected. Any material, even if most of it is very soft, can cause
abrasive wear. For instance, an organic material such as sugarcane is associated with abrasive wear
on cane cutters and shredders due to the small fraction of silicon dioxide present in the plant fibers
[45].

1.6.2. Erosive Wear
Erosive wear is caused by the impact of solid particles or liquids on a surface. It occurs in a wide
variety of machinery; typical examples include damage to gas turbine blades when an aircraft flies
through dust clouds, and wear of pump impellers in systems handling mineral suspensions. Similar
to other forms of wear, mechanical strength alone does not guarantee wear resistance, and detailed
material characterization is required to minimize wear. Known mechanisms of erosive wear are
illustrated in Fig. 1.21.
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Fig. 1.21. Possible Erosion Mechanisms: a) Abrasion at low impact angles; b) Surface fatigue from
low-speed, high-angle impacts, c) Brittle fracture or repeated plastic deformation from medium-
speed, high-angle impacts, d) Surface melting at high impact velocities, e) Macroscopic erosion

with secondary effects; f) Degradation of the crystal lattice from atomic impacts.

1.6.3. Cavitation Wear

Cavitation wear is known to damage equipment such as impellers or turbine blades operating in
wet steam, as well as valve seats. The wear progresses through the formation of a series of pits or
cavities on the surface exposed to cavitation. This process can lead to the complete destruction of the
machine component. The operation of equipment, for example an impeller, is often limited by severe
vibrations caused by cavitation damage.

1.7. Conclusion

From the analysis of tribology as an interdisciplinary science, it is evident that it plays a key role
in modern industry and the economy. By optimizing friction, wear, and lubrication, tribology
contributes to the improvement of manufacturing processes, sustainable resource usage, and the
reduction of negative environmental impacts. Investments in tribological research and technologies
provide long-term benefits, supporting more environmentally friendly and cost-effective solutions.

The classification of tribology according to fundamental principles, applications, mechanical and
physical properties, chemical interactions of tribo-surfaces, and forms of wear provides an essential
foundation for optimizing industrial systems. Studying forces and friction coefficients enables
increased efficiency, reduced maintenance costs, and the development of innovative solutions.
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Chapter 2

Tribological Research Technology: Devices and Experimental Equipment

Experimental tribological research consists of a set of methods, devices, and procedures used to
evaluate the primary parameters of friction, wear, and lubrication. Such research is essential not only
for the development of new materials and surface coatings but also for optimizing existing
engineering solutions in mechanical engineering, energy, the automotive industry, and biomedicine.

2.1. Existing Methods and Types of Tribological Research on Polymers and

Composites

Tribological studies investigate friction, wear, and lubrication between surfaces to assess material
durability and optimize systems. They are conducted in laboratories using tribometers and specialized
setups that control load, speed, and environmental conditions.

2.2. Devices for Testing Microhardness of Polymer Materials

The hardness of plastics indicates their resistance to indentation and quantitatively reflects their
softness or stiffness. Although it does not directly correspond to other mechanical properties, hardness
is an important indicator for quality control. The most commonly used methods are Shore and
Rockwell, with the Shore method being widely applied in the rubber and plastics industries. Other
popular methods include Vickers, Knoop, Brinell, and Mohs, with the choice depending on the
specific material application [46].

Devices used for testing the hardness of polymers and composites in this dissertation include:

o Instruction Manual Digital Shore Hardness Tester SAUTER HD — The digital Shore
hardness tester SAUTER HD (Fig. 2.3) is an electronic instrument for determining the surface
hardness of elastomers, rubber, plastics, soft polymers, and other non-rigid materials. It
measures the depth of penetration of an indenter under a given force, displaying the result on
a digital screen in Shore units (A or D depending on the model).
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Fig. 2.3. Front Panel Description: 3-1 Display, 3-2 Number of measurements in average mode,
3-3 Average value indicator; 3-4 RS-232 interface; 3-5 Max HOLD button, 3-6 CAL button; 3-7
Battery cover, 3-8 Wrist strap ring; 3-9 Average value status, 3-10 Power button; 3-11 N/Average
button; 3-12 Reset button; 3-13 Sensor (indenter)

e Hardness Tester EBP BRV-187.5T — For hardness testing, a digital universal hardness tester
EBP BRV-187.5T was used, shown in Fig. 2.4. It is capable of performing tests according to
Brinell, Rockwell, and Vickers methods. The device operates with a testing force range from
5 kgf to 187.5 kgf, applying a closed-loop system with a high-precision load cell, which
ensures accurate load application without the need for physical weights.
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Fig. 2.4 Hardness Tester EBP BRV-187.5T [47]

The device is operated and the results are recorded via an 8-inch touchscreen. The optical system
includes a microscope with 2.5% and 5 objectives (optional: 10x, 20x) and a 15% eyepiece, providing
up to 75x magnification and a minimum resolution of 0.1 um. The tester complies with ISO 6508,
ASTM E-18, ISO 6506, ASTM E10, ISO 6507, and ASTM E92 standards, allowing measurements
in the ranges of 8—650 HBW, 20-100 HR, and 8-2900 HV.

2.3. Equipment for Measuring the Coefficient of Restitution — High-Speed
Camera NAC MEMRECAM HX6

In the study to determine the parameters of the coefficient of restitution, a high-speed camera and
specialized accompanying software are used. This setup enables the measurement of all rebound
parameters of a 9 mm diameter sphere dropped onto a 60 X 60 x 10 mm plate, as described in the
dissertation. Figure 2.7 shows the high-speed camera NAC MEMRECAM HXG6 [48].

JTY
s ,
o] ©
Fig. 2.7. High-Speed Camera NAC MEMRECAM HX6
The camera is equipped with 32 GB of internal memory, a CMOS sensor with a maximum
resolution of 2560x1920 px at 1000 fps, external synchronization, three interchangeable lenses
(including a vario lens), temperature calibration, and additional illumination from two 1 kW
spotlights. It is controlled via specialized software and supports USB and Ethernet interfaces, remote
control, and local playback.
Some of the fields and applications for which the NAC MEMRECAM HX-6 is used include:
ballistics and projectile testing; explosive and pyrotechnic tests; material and deformation testing;
flow visualization (e.g., PIV — Particle Image Velocimetry); optical synchronization and high-

precision time measurements; and segmented recording — the camera can record in two different
segments with different settings simultaneously.

2.4. 3D Technologies, Materials, and Printing Devices

Additive manufacturing is a process for creating three-dimensional objects from a digital model
by sequentially depositing material layer by layer. With layer thicknesses of 16—180 pum, this
technology allows fast and cost-effective production of parts, prototypes, and molds, replacing
traditional methods such as turning and casting.

The quality of the part mainly depends on: layer thickness, fill pattern and angle, and printing
orientation. By optimizing these parameters, higher accuracy, strength, and a better surface finish of
the part are achieved [49, 50].

The most widely used 3D printing processes for plastics are:
» FDM (Fused Deposition Modelling) — extrusion of molten thermoplastic filament layer by
layer.
» SLA (Stereolithography) — curing of liquid resin through laser photopolymerization.
» SLS (Selective Laser Sintering) — laser sintering of thermoplastic powder.
The technological processes are schematically presented in Fig. 2.8.
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Fig. 2.8. Diagram of the 3D printing processes
2.4.1. Deposition of Melted Material (FDM or FFF)

3D printers operating on the Fused Deposition Modelling (FDM) principle melt and extrude a
thermoplastic filament, which the nozzle deposits layer by layer in the build area [49,51]. The
technology is illustrated in Fig. 2.9.

Poaka ¢ puaasent

Croopream/
MOLTHKAI MATCpHAd

—IIINIT"D Aerae
Fig. 2.9. FDM — Layer-by-Layer Printing Diagram

2.4.2. Photopolymerization — Stereolithography (SLA), DLP (Digital Light
Processing), and PolyJet Printing Process

Stereolithography (SLA) is a high-precision 3D printing technology in which a UV laser cures a
photopolymer resin layer by layer through photopolymerization. The 3D models are prepared using
CAD and converted into STL/OBJ files. The resins contain monomers, oligomers, and photo-
initiators, which form a cross-linked structure when exposed to UV light [50-51].

The layer thickness is approximately 100 um, with a curing time of 3—15 seconds. After printing,
the parts are cleaned and subjected to additional UV curing [52]. SLA is used in medicine, tissue
engineering, and industrial prototyping [53, 54].

Limitations include the use of epoxy/acrylate resins with a high carbon footprint and their difficult
recyclability, which has driven the development of biodegradable alternatives [52—55].

PolyJet — Polylet is a high-precision 3D photopolymerization technology with a resolution of up to
0.014 mm, allowing the combination of different materials [56]. It is used to produce smooth and

detailed prototypes, medical models, and functional parts. The process is schematically shown in
Figure 2.10.
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Fig. 2.10. Illustration of 3D printing using PolyJet technology

2.4.3. Selective Laser Processes

Selective Laser Sintering (SLS) is a 3D printing technology in which a laser sinters a powdered
material—most commonly nylon—Ilayer by layer according to a 3D model [57]. Each powder layer
is spread over a heated platform and sintered in the designated areas, with the process repeating until
the entire object is built [57, 58].Figure 2.11 illustrates the general workflow of the selective laser
sintering process: 1 — Model being built;2 — Powdered material; 3 — Powder feed hoppers; 4 — Roller
for even distribution of the powder; 5 — Laser beam; 6 — Build chamber; 7 — Pistons moving along
the Z-axis; 8 — Laser source; 9 — Lenses; 10 — Mirror guiding the beam along X and Y axes.

Fig. 2.11. General view of the technological process in Selective Laser Sintering (SLS)

2.4.4. Direct Metal Deposition (DMD)

Direct Metal Deposition (DMD), also known as Direct Metal Deposition, is an additive
manufacturing technology used for fabricating and repairing metal components by precisely feeding
metal powder or wire into a melt pool created by a high-energy laser or electron beam source [59].
This technique includes several variants under the umbrella of Direct Energy Deposition (DED), such
as Laser Metal Deposition (LMD), Laser Engineered Net Shaping (LENS), and others [60]. Figure
2.13 presents a general overview of the DMD technological process.

| ‘ Q\_/y

; E— z
Fig. 2.13. General view of the technological process in Direct Metal Deposition (DMD)

2.4.5. Three-Dimensional Printing (3DP)

Three-dimensional printing (3DP) is an additive manufacturing technology developed at the
Massachusetts Institute of Technology (MIT) in the USA in the early 1990s [61]. The method is based
on the principle of inkjet binding, where a binding agent is jetted onto layers of powder material
through a nozzle, similar to inkjet printers. Once the binder is applied, the particles bond together,
while the unbound material remains as a filler and can be reused [62].

Figure 2.14 shows the technological scheme of the process. After the model is built, it is removed
from the powder bed, cleaned of excess powder, and sintered in a furnace. This improves the
mechanical properties of the part.

This method does not require support structures, as the unbound powder itself serves that function.
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Fig. 2.14 Technological scheme of the 3DP process
2.4.6. Inkjet Technology

In this method, an extruding head with two nozzles is used—one for the main material and one for
the support material [63]. The main material, often a wax-like polymer, is heated to a liquid state and
deposited as fine droplets onto the substrate, where it immediately solidifies. The support material is
deposited in the same way. Each layer is milled to the desired thickness, after which the build platform
is lowered by the layer height, and the process repeats until the object is complete.

Fig. 2.15 Technological scheme of the inkjet (3D printing) process

2.4.7. Laminated Object Manufacturing (LOM)
The Laminated Object Manufacturing (LOM) method involves the sequential layering of sheet
materials (e.g., paper) using a bonding agent. In this process, each layer is cut and shaped with a laser
beam. The thickness of each layer depends on the thickness of the sheet material used. In addition to
cutting the layer contours, the laser beam slices the excess material into square shapes [64]. The
technological scheme of the LOM process is shown in Figure 2.16.

Fig. 2.16 Technological scheme of the LOM process [152]

2.4.8. 3D Technologies Used in the Research

In this dissertation, the following 3D printing technologies were used:
e 3D printers with FDM technology: TEVO Tornado (Fig. 2.17); Ultimaker S5 (Fig. 2.18);
Bambu Lab P1S (Fig. 2.19).

Fig. 2.17 TEVO Tornado Fig. 2.18 Ultimaker S5 Fig. 2.19 Bambu Lab P1S
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Table 2.1 presents the specifications of the printers used in this study.

Printer TEVO Tornado Ultimaker S5 Bambu Lab P1S
Overall dimensions 560 x 600 x 620 mm | W 495 x D 585 x H 780 mm 389 x 389 x 458 mm
Number of extruders 1 2 1
Print bed size 300 x 300 x 400 mm 330 x 240 x 300 mm 256 x 256 x 256 mm
Maximum print area 300 x 300 x 400 mm 330 x 240 x 300 mm 256 x 256 x 256 mm
Maximum print speed 150 mm/sec <24 mm®/s (build speed) 500 mm/sec
0.25 mm nozzle: 60—150
Layer resolution 50 pum (0.05 mm) %Hé’ r(x)lr‘r‘ln;(r)l—f 8(; i(r)r(l), %né’ 0.08-0.28 mm
mm: 20-600 um
Filament diameter 1.75 mm 2.85 mm 1.75 mm
0.4 mm (standard),
Nozzle diameter 0.4 mm 0.25,0.4, 0.6, 0.8 mm options 0.2/0.6/0.8
mm
Max extruder temperature 260 °C 180-280 °C 300 °C
Heated bed temperature 60-110 °C 20-140 °C 100 °C
Connectivity TF card or USB Wi-Fi (2.4 IGJI;;), Ethernet, mlclr;;lslgc’)x}i_ﬁ’
UltiMaker Cura: STL, OBJ .
’ ’ G-code (via Bambu
File formats STL, G-code I)’(I\?GD;’ gi\ﬂ;gz/[%’(}élé (J)I];(]}E” Studio ar}d supported
GCODE.gz, UFP slicers)
PLA, PETG, TPU, ABS,
ASA, PA (Nylon), PC,
PLA, Tough PLA, Nylon, PVA, PET;
Compatibility / Materials Windows, Linux, Mac g?iz SII:, EP’\(]: AI:’ Eg;eglfévsz reco?é?f;%ii}g;gjoo
etc. filaments not
recommended without
extruder upgrade

e PolyJet Printing Technology — Stratasys Objet260 Connex3
The 3D printer Stratasys Objet260 Connex3 operates using PolyJet technology, which is
distinguished by extremely high precision and the ability to combine different materials and colors in
a single printing process [65]. Table 2.2 presents the main parameters and characteristics of the
Stratasys Objet260 Connex3 [66-70].

Table 2.2 Parameters of the 3D printer Stratasys Objet260 Connex3.

Parameter Value
Build Volume 255 x 252 x 200 mm
Minimum Top Layer Thickness Horizontal layers down to ~16 microns (0.016 mm)
Resolution / DPI per Axis X-axis: 600 dpi; Y-axis: 600 dpi; Z-axis: 1600 dpi
~20-85 pm for features under 50 mm; up to 200 um for entire models
Accuracy . . .
(depending on geometry, orientation, and set parameters)
- Model photopolymers: Vero series (rigid, transparent, colored), Tango /
. Agilus (rubber-like), Digital ABS, simulated polypropylene (Rigur, Durus),
Materials . . . .
high-temperature and biocompatible materials
- Support material: SUP705 (removed via water jet) and SUP706 (soluble)
High Quality — minimum layer (~16 pm)
Printing Modes Digital Material and High Speed — thicker layers (~30 um) depending on
need for speed or quality
. . . Printer: ~87 x 120 x 73.5 cm; ~264 k
Machine Size / Weight Material Cabinet: ~33 x 117 X 64 cm; ~7g6 kg
Power Supply 110-240 VAC, 50-60 Hz (~1.5 kW)
Operating Conditions Temperature: 18-25 °C; Relative Humidity: 30-70%, non-condensing

The Objet260 Connex3 printer features a print head that allows the simultaneous use of up to three

Abstracts of Dissertations 2026 (2) 3-50




19 Gabriela Kotseva

materials in a single object, providing different mechanical properties, transparency, and full-color
printing. Model photopolymers (Vero, Tango, Digital ABS) are used for the object, and support
material (SUP705/706) is removed after printing.

e Anycubic Photon M3 Max — MSLA (Masked Stereolithography Apparatus) printing
technology
The 3D printer Anycubic Photon M3 Max uses MSLA technology (Masked Stereolithography
Apparatus), also known as LCD-based stereolithography printing [71-75]. Table 2.3 presents the
parameters of the 3D printer.
Table 2.3 Parameters of the Anycubic Photon M3 Max
Parameter Value

Printing Technology

LCD / MSLA (Masked Stereolithography)

Screen Size

13.6" monochrome LCD

Screen Resolution

6480 x 3600 pixels (7K)

XY Resolution 46 pm

7-Axis Accuracy 10 pm

Printing Area Size 300 x 298 x 164 mm (H x D x W)
Print Volume 14.7 liters

Printing Speed up to 60 mm/h

Lighting System Anycubic LightTurbo with 84 LED elements
Control Panel 4.3" color touchscreen LCD

Input USB-A 2.0

Rated Power 120 W

Print Platform Laser-engraved for better adhesion
Slicing Software Anycubic Photon Workshop
Additional Features Smart resin refill, screen protection with anti-scratch film

MSLA technology is particularly suitable for printing high-resolution parts with smooth surfaces
using photopolymer resins (UV resins). The Anycubic Photon M3 Max (Fig. 2,20) is equipped with
a 13.6-inch monochrome 7K LCD display and an advanced UV light matrix (Light Matrix 3.0),
providing uniform illumination and high detail accuracy [71].

Fig.2.20 Anycubic Photon M3 Max 3D printer
2.5. Polymers and Composites for 3D Printing

3D printing using FFF allows the fabrication of polymer and composite materials with complex
geometries and functional details unattainable with conventional methods. PLA, ABS, PA, PEEK and
their composites with carbon fibers, graphite, graphene or natural fillers are commonly used, which
increase the elastic modulus, compressive strength and stiffness, but at >15wt.% agglomeration and
poor interlayer adhesion are observed. Mechanical properties depend strongly on the printing
parameters (temperature, layer thickness, filament orientation, speed), as the materials are anisotropic
and the strength along the Z axis is lower than that along the XY. Tribological characteristics include
the coefficient of friction, wear (abrasive, adhesive, fretting, fatigue) and the influence of the structure
from 3D printing [76-78].
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2.5.1. Types of Plastics for 3D Printing

There are two main types of plastics used in 3D printing — thermoplastics and thermosets [50].

1. Thermosets are the most commonly used type of plastic [50]. The main characteristic that
distinguishes them from thermosets is their ability to undergo multiple cycles of melting and
solidification.

2. Thermosets (also called thermosets) remain in a permanent solid state after solidification.

Table 2.4 summarizes data from manufacturers [79] and calculated values used in this study.

a)
b)

©)
d)

e)
f)

2
h)

PLA [(C3H402)n] easy to print, most widely used polymer; low printing temperature and low
tendency to warp [50].

ABS - stronger than PLA, but more difficult to print; requires a heated bed due to tendency to
warp [50].

PETG - modified PET; strong, durable, easy to print and often used instead of PLA/ABS.

TPE, TPU, TPC - Thermoplastic elastomers (TPE) are flexible, elastic materials. TPU is harder
and easier to print than TPE; TPC offers better UV/chemical/heat resistance (up to ~150°C).
Nylon - (polyamide) very strong, flexible and impact resistant; hygroscopic, can be painted; used
for functional parts.

PC (polycarbonate) is very strong, transparent and heat resistant (up to ~110°C); suitable for
technical and automotive parts.

Exotic 3D printing filaments (Hybrid materials) - mixtures of a base polymer (usually PLA) and
additives such as metal, wood, ceramic, carbon/glass fibers; give specific properties and surfaces.
Composites - they increase strength at low weight. Reinforcement is achieved through short or
continuous fibers, most often carbon, as well as glass or Kevlar.

Table 2.4 Characteristics of the filaments used

Marepraa | Tesuoepary | T"wamewar | T ma Speed | cooling | Aoy | Hkoct | Flexural | Hardness | ILisrH0CT TLILTHOCT HA MATEPHATA HA NPOEA - CRCOEPAMEHTAIHD
pa HA HA LIABE paboTea [F] Ha modulus HA IlnanETsp - ILoua [L1owa 60/G0/10 Cpepa Fmm
ToneHE nozzle 00 ONLH | BrbBARE MATEPHATA 100% 120060710 - - 0% AEL AN - 2% ankTBane
Laer - JANBIBARC 0%
bed JANBIBANE
i o C s o [MPa] | [MPa] MPa [gem’] [kg/m"] [kg/m*] [kg/'m*] [kg'm]
PLA {sitver) - 200- 230°C | 45600 | 40- 100 - ] ™ 1573 . 1.24 1145.91550
JIMAKE . 230250 6050 | 20:200 | 1525 61 [ 2050 . 1.29 1145.91559 - . 85789
PETG
ColorFabb = 190-210 50-60 40-80 On 3 kL 30400 = 313 2800127 = = 2786.84
SteelFill
Carbon Fil - + 230 - 265 525 - £ 4600 10 119 1062.25361 - - 1134.21
IDJAKE 190 £ 10 200 - 230 60-50 15-25° 55 - 2303 95A 120 - - snm 636.84
TPUASS
EasyFirr = 180 - + 330 - 260 060 - - n 23512 - 104 - - - 56526
HIPS (blue) 260" C
EasyFi™ |« 180260 | 220 -260° | 060 . . 2| enz | enm . 104 . . 116,666 0518
HIPS (Wack)
ABS 23510 | 235-285 + 80 - 1525 | 436 - - - L1

In Table 2.5, the most commonly used filaments and their characteristics are presented.

Table 2.5 Types of filaments for 3D printing
Bux
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s '3 n.g = _g = 2 E 2% & E g 3
: i |38 REE.[faf|3ap5|fs [2F [§pd
] & o ~EEE|cRE|RBER | =7 “z (B8R
PLA Bucoxa Hucks Cpeana Hucxa 180°- 20°-60° Mismaneatso | He Viassus 23 notpedurens ‘
230
ABS Bucoka Cpeana Bucoxa Cpexia 210°- 80°-110° 3wawrremio | B He
250° ectep,
KeTOHR
n
aweToR
PETG Bacoka Cpexna Bucoxa Hucxa 220°- 50°-75% Minpnaamo | He Viasasus 22 norpedirens |
250°
TPE, Cpexso Msoro Msoro Cpeaen 210°- 300 - 60° Mumuneaio | He He
TPU, BNC0K3 BICOKO (TPE 230
TPC °C)
Hacko
(TPY)
| HAHTOH | Bucora Bucoxa Bucoxa Cpexna 240°- 70°-100° Suagrrenso | He Viasamus #a notpeGurens
260°
PC Msoro cpera Msoro Cpexma 270 °-| 50°-110° Jmamiresio | He He
BRCOKE BRCOK 310°
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2.5.2. Types of Resins for 3D Printing

Resin is a UV-curable photopolymer liquid used primarily in SLA, DLP, and PolyJet 3D printing.
Under exposure to light, it solidifies layer by layer, producing models with high detail and smooth
surface finish. A wide variety of resins is available, offering different properties: standard, rigid,
water-washable, dental, flexible, castable, heat-resistant, as well as dyes and auxiliary additives for
tuning material behavior.

2.6. EDEM Software

EDEM is a simulation software package specifically designed for modeling discrete elements and
is widely used in engineering and scientific applications. It is particularly effective for analyzing
mechanical systems involving particle dynamics. The software is suitable for simulating 3D-printed
samples and calculating sliding friction, rolling friction, and restitution coefficients [80-85].

For the simulation modeling in this dissertation, the EDEM Software package (Discrete Element
Method) was used. The suite includes several modules:

o EDEM Creator — for building object models,

o EDEM Simulator — for simulating interactions between multiple bodies,

o« EDEM Analyst — for analyzing results, generating graphs, evaluating angles, number of
grinding media, wear, and additional performance indicators [80-85].

2.7. Conclusion

Tribological testing provides essential data for the design, optimization of materials, surface
treatments, and extending the lifetime of components. Rockwell hardness testing is especially
important for assessing mechanical properties of soft materials while complying with international
standards. Modern tribology is increasingly linked to 3D printing of polymers and composites,
enabling rapid prototyping and more accurate prediction of material behavior under real operating
conditions.
Different 3D printing technologies offer specific advantages:

» FDM (Fused Deposition Modeling) — the most accessible and widely used technology,
suitable for prototypes and functional parts made of thermoplastic polymers. It enables fast
production but has limitations in accuracy and surface finish.

> PolyJet — a high-resolution technology allowing the combination of multiple materials and
hardness levels in a single printed part. Ideal for detailed models, medical applications, and
components requiring elastic properties.

» SLA (Stereolithography) and DLP (Digital Light Processing) — provide exceptional
accuracy and smooth surfaces through curing of photopolymer resins. Widely applied in
dental medicine, prosthetics, and visually demanding parts.

> SLS (Selective Laser Sintering) — uses polymer powders to create strong and functional
components suitable for industrial applications. Does not require support structures.

» SLM (Selective Laser Melting) and DMLS (Direct Metal Laser Sintering) — metal 3D
printing technologies enabling the fabrication of complex and highly durable components for
aerospace, automotive, and medical implants.

» MJF (Multi Jet Fusion) — offers high printing speed, good detail resolution, and excellent
mechanical properties, making it suitable for series production of plastic parts.

> Binder Jetting — applies a liquid binder onto powder materials, allowing cost-efficient
production of complex shapes and detailed geometries.

Combining tribological research with these advanced manufacturing technologies is crucial for
proper evaluation of new materials—particularly polymers and composites, which are gaining
increasing importance in industry. This integration enables not only process optimization but also
prediction of durability and material performance under real operating conditions.
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Chapter 3.

Development of Methodologies for Conducting the Research

This chapter presents the development and justification of the methodologies used in the experimental
studies of 3D-printed polymer and composite materials. The aim is to ensure precise, reproducible,
and scientifically grounded results. Each methodology is tailored to the characteristics of the
materials, the objectives of the study, and the technical capabilities of the equipment described in
Chapter 2.

3.1. Methodologies for 3D Printing

The methodologies for 3D printing are adapted according to the type of printer, the printing
technology, the geometry and features of the specimen, as well as the purpose of fabrication [198].
1. FDM Printing Technology

The methodology for FDM 3D printing begins with creating a CAD model, exported in STL
format, which is then sliced in software that generates G-code. Depending on the series, the G-code
is transferred to the printer via SD card (Tevo Tornado) or via network connection (Ultimaker S5).
Before printing, the build plates are leveled and the nozzles are cleaned. The printing process proceeds
layer by layer through material extrusion. Upon completion, the model is removed, post-processed,
and inspected for defects and conformity to the specifications.

11. Stratasys Objet260 Connex3 — PolyJet Technology

Fabrication of the specimens using PolyJet technology (Stratasys) involved the following steps:
The 3D models were created in CAD and exported in STL format, checked for correctness, and
oriented for optimal accuracy. The files were prepared in GrabCAD Print/Objet Studio by selecting
the photopolymer (Vero/Tango/Digital ABS), the High Quality mode, and automatic generation of
support material. The printer was configured, the material cartridges and print heads were inspected,
and printing was performed layer by layer (16-30 um) with UV curing. The support material was
removed mechanically or using an alkaline solution with ultrasound, followed by rinsing and drying.
1I1. Anycubic Photon M3 Max — LCD/SLA Technology

Specimens fabricated with the Anycubic Photon M3 Max (LCD/SLA) were prepared as follows:
The 3D models were created in CAD and exported in STL. In the Anycubic Photon Workshop
software, the orientation, layer quality, and supporting structures were defined. Printing was carried
out layer by layer through UV curing of the photopolymer. After printing, the models were cleaned
with isopropyl alcohol and post-cured with UV light using the Anycubic Wash and Cure 3 Plus.

3.1.1. Development of a Methodology for 3D Printing of Plates
The geometric plates were created in 3D Builder (Microsoft) as rectangular parallelepipeds with

dimensions 120 x 60 x 10 mm and 60 x 60 x 10 mm (Fig. 3.1 and Fig. 3.2), after which they were
processed for printing and manufactured using the selected 3D printing technology.

Ultimaker ﬁ Ultimaker

L_( y e—=

=

Fig. 3.1. Modeling of a plate with dimensions 120/60/10 mm.
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Fig. 3.2. Modeling of a plate with dimensions 60/60/10 mm.

The geometric plates (120x60x10 mm and 60x60x10 mm) were created in 3D Builder and
exported as STL files. In Ultimaker Cura, the models were positioned horizontally with a layer height
of 0.2 mm, 20% infill, a “Zig-Zag” or “Triangles” pattern, appropriate nozzle and bed temperature, a
printing speed of ~50 mm/s, and Brim/Skirt enabled. After the settings were finalized, G-code was
generated for the printer.

3.1.2. Development of a methodology for 3D printing cylinders

For the study of the tribological properties of the used filaments, cylindrical samples with
dimensions h =20 mm and r = 5 mm were prepared (Fig. 3.3).

Fig. 3.3 Modeling of cylinders in a software environment

The methodology for 3D printing cylindrical specimens includes creating a CAD model,
converting it into STL format for slicing. The materials used are PLA, SteelFeel, or CarbonFill with
optimized parameters—Ilayer thickness of 0.1-0.2 mm, appropriate nozzle and bed temperature,
100% infill, and a base (brim or raft). Due to the simple geometry of the cylinder, no supports are
required. The experimental specimen has a height of 20 mm and a radius of 5 mm.

3.1.3. Development of a methodology for 3D printing spherical bodies

The methodology for 3D printing spherical specimens includes creating a CAD model, converting
it into STL format, and printing via FDM using optimized parameters—layer thickness, temperature,
and object orientation. Due to the stepping effect and the limited support area, support structures are
used, and in some cases SLA technology is applied. The materials used are PLA, SteelFeel, and
CarbonFill with 100% infill. The spheres, with a diameter of 9 mm, are printed three at a time. After
printing, the supports are removed and the objects may undergo additional post-processing. Figures
3.4 and 3.5 show the spheres with five types of bases—none, Brim, Raft, Skirt + Support, and Raft +
Support, while the data for material consumption and printing time are summarized in Table 3.1.

Table 3.1. Amount of material used and printing time

Tevo Tornado Ultimaker S5
Tun Bpewme, K-Bo Bpewme, K-Bo
WO KR min CYPORHHA,E min CVPORHHA,E
None 19 1 10 1
Brim 20 2 13 ]
Raft 27 3 18 2
Raft 30 3 20 2
support
Skirt 20 2 12 1
support
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bt
Figure 3.4. Modeling of spheres with Figure 3.5. Printed spheres with
different build plates: A) without a build different build plates: A) without a build

plate; B) with a Brim; C) with a Raft; D) with  plate; B) with a Brim; C) with a Rafi; D)
Skirt + Support; E) with Raft + Support used  with Skirt + Support; E) with Raft +
for printing. Support.

3.2. Methodology for Microhardness Analysis of Polymers and Composites

Three methodologies were developed for the investigations, using the equipment described in
Chapter 2, Section 2.2. The testing was conducted with the EBP BRV-187.5T hardness tester,
followed by measurement of the indentations using the Olympus BX53M + DP23 system.

e Instruction Manual Digital Shore Hardness Tester SAUTER HD
Shore microhardness measures the hardness of polymers and elastomers by evaluating the
material’s resistance to penetration by a rigid indenter. The measurement is performed using a
digital durometer Sauter HD on 3D-printed specimens and is reported in Shore units (Shore A, D,
etc.). The method is suitable for thin and highly elastic materials.

Figure 3.6. Shore microhardness measurement device (described in Chapter 2).

e Hardness Tester EBP BRV-187.5T (described in Chapter 2)
Prior to testing, calibration and verification of the device are performed. The load and the indenter
of the hardness tester are checked using certified reference blocks (steel, nickel, or polymer) to
confirm proper load-cell functioning and closed-loop operation. The optical system is calibrated
using a stage micrometer, and for each objective (10%, 20x%, 50x, etc.), a corresponding conversion
factor (um/px) is determined and recorded.
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For the test, the Rockwell method is selected, using an HRR/60/12.7 indenter, a test force of
F = 60 kgf, and a loading time of 1 s. The EBP BRV-187.5T is set to the appropriate mode,
the workspace is isolated from vibrations, and the specimen is leveled horizontally to ensure
uniform loading during indentation.

3.3. Methodology for Investigating Tribological Properties of Polymers and
Composites Produced by 3D Printing

For the purposes of this dissertation, polymer and composite specimens produced by 3D printing
were examined using newly developed methodologies for studying the following tribological
properties:

o sliding friction coefficient,
o rolling friction coefficient,
e coefficient of restitution.

The investigation includes:

1) Sliding friction:

Kinetic friction is the contact force resisting the sliding motion between an object and a surface. It is
typically lower than static friction, which facilitates movement once motion has already begun [86].
The kinetic friction force is determined by:

Fk = uk.N 3.1)
Where:

Fk is the kinetic friction force;
pk is the coefficient of kinetic friction;
N is the normal force.

When a force is applied to a block on an inclined plane, its acceleration depends on the relationship
between the external force and the kinetic friction force. The block accelerates if the external force
exceeds the friction force, stops or decelerates if friction is greater, and moves at constant velocity
when the two forces are equal, according to Newton’s first law. The principle is illustrated in Fig. 3.7
by a free-body diagram.

Figure 3.7 Free-body diagram of a block sub}ected to friction while sliding on an inclined surface
[87]
The component of gravity along the incline is given by:
Fg=mgsinf (3.2)

Where:
m is the mass of the block,
g is the gravitational acceleration,
0 is the angle of inclination.
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The normal force (perpendicular to the surface) is given by:
N =mgcos6 3.3)
Therefore, since the friction force opposes the motion of the block:
Fk =pk .mgcos6 (3.4)
The coefficient of kinetic friction on an inclined plane is determined when the component of the

force parallel to the surface acting on the block is equal to the perpendicular force. This occurs at a
specific angle 0 at which the block moves at constant velocity:

YF=ma=0 (3.5)
Fk =Fg or pkmgcos6 = mgsinf 3.6)

From the above equations it follows that:
Xuk = mgsinf/mgcosb = tanb (3.7)

Where 0 is the angle at which the block begins to move with constant velocity [88].

2) Rolling friction
Rolling friction occurs when an object moves over a surface and encounters resistance due to
kinetic friction at the contact point. The weight, roughness, and elasticity of both the object and the
surface can cause deformations that generate the friction force [89].
Figure 3.8 illustrates rolling friction on an inclined plane, where the normal force depends on the
cosine of the angle between the weight and the direction perpendicular to the surface (equation 3.8):

Fro =fWcos8 (3.9)

Where:

Fr is the rolling friction force at angle 6;
0 is the angle of inclination.

Figure 3.8 Rolling friction [90]

3) Coefficient of restitution

To investigate the influence of friction and the coefficient of restitution, a methodology was
developed in which 3D-printed spheres are dropped freely onto flat specimens. The goal is to
determine the restitution coefficient, calculated as the ratio between the rebound height and the drop
height. The spheres (@ 9 mm) were manufactured from HIPS, TPU, PLA, PETG, Carbon, Vero
White, and others, with a steel sphere used for comparison. Corresponding plates with dimensions 60
% 60 x 10 mm were printed for each material.
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The samples are released from a height of 650 mm using a guiding tube, and the impact is recorded
with a high-speed camera NAC MEMRECAM HX-6 at 500 fps. Using Vicasso 2009 software, the
height of the first rebound is determined, with three repetitions performed for each combination and
the results averaged.

The obtained values of the restitution coefficient are presented in tabular form (Chapter 4, Section
4.1.3) and are used as input data for simulations of the motion of grinding bodies in mills. This enables
more accurate modelling of key parameters and optimization of the energy efficiency of the process.

3.4. Methodology for creating a simulation in EDEM Software

In the Creator module of EDEM Software, the input parameters for simulation modelling are
defined, as shown in Figure 3.9. The process begins with specifying the particle material (Bulk
material), including friction and rolling friction coefficients, restitution, density, and size. Next, a
material is created for the equipment (Equipment material). In the Geometries section, geometries
can be generated directly in the software or imported as existing CAD models [80—85], with assigned
actions such as translation, rotation, velocity, acceleration, and action time.

This is followed by creating a Factory for generating the particles with predefined properties and
quantity (number, mass, or unlimited), as well as parameters such as production time, start time,
contact limits, and more. For the simulations, the standard Hertz—Mindlin contact model was selected.

Creator Tree & x

[Project
v Bulk Material

Figure 3.9 Input parameters for simulation modeling

For the purposes of simulation modeling with EDEM Software, the following methodology was
established: defining the goal and task; defining particles — type, size, physical properties; defining
and positioning geometry — type, size, physical properties, file format selection; defining and
positioning a Factory for particle generation; creating a trajectory; and creating models for analyzing
the simulation output data.

The goal of the simulation modeling is to create a unified model to study various types of polymers
and composites obtained via 3D printing, focusing on the restitution coefficient. The tasks to be
completed include: particle creation, geometry positioning, trajectory creation, and analysis of data
obtained from the simulation modeling.

3.5 Conclusion

The tribological properties of 3D-printed polymers require further investigation and optimization
of manufacturing parameters for applications in industries such as automotive, aerospace, medical,
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and construction. The conducted studies demonstrate the potential of 3D-printed polymers, and
further technological development will improve their tribological performance.

This chapter systematizes methodologies for experimental studies of 3D-printed polymeric and
composite materials. The developed approaches ensure reproducibility, consistency, and high
reliability of data, allowing a comprehensive assessment of the tribological and mechanical properties
of the specimens.

The 3D printing methodology guarantees high geometric accuracy and structural uniformity of the
samples, while microhardness analysis via Brinell and Shore provides precise evaluation of local
mechanical properties. The methodology for tribological studies allows determination of friction
coefficients under sliding, rolling, and restitution, providing a reliable basis for validating simulation
models.

Simulation modeling in EDEM Software complements the experimental studies, enabling virtual
experiments, prediction, and optimization of technological parameters.

In summary, the developed methodologies form an integrated experimental-analytical system that
ensures comparability between experimental and simulation results and provides a methodological
foundation for data analysis and interpretation, as well as for optimization of technological processes
in 3D printing of polymers and composites.
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Chapter 4

Experimental Results and Investigations of 3D-Printed Polymer Materials, Including
Composites

This chapter summarizes the results of experimental studies on 3D-printed polymer and composite
materials with different geometries — flat tiles, cylinders, and spheres. The aim is to evaluate the
influence of shape, technological parameters, and composition on the tribological and mechanical
properties of the materials.

4.1 Results of Friction Coefficient Studies of 3D-Printed
Samples

Within the experimental studies, the mechanical and tribological properties of 3D-printed polymer
and composite materials were analyzed. Samples from different materials were compared, prepared

with parameters ensuring high geometric reproducibility and structural homogeneity. Figures 4.1 and
4.2 show samples of HIPS (High Impact Polystyrene) and TPU (Thermoplastic Polyurethane).

A° fe

Figure 4.1 Samples for HIPS testing Figure 4.2 Samples for TPU testing

The results of tribological studies on EasyFil HIPS (Dark Blue) during 3D printing are presented,
including comparative analysis with other filaments [91]. The interaction of HIPS with PLA, PETG,
CARBON, Steel Fil, TPU, Flex, and Vero White was investigated by measuring sliding friction,
rolling friction, and the restitution coefficient. Based on the experimental data for TPU and HIPS,
simulation models were created for verification and the development of more accurate models of
interactions between milling media and the grinding environment.

4.1.1 Coefficient of Sliding Friction

This section presents the results of experimental studies according to the methodology described
in Chapter 3, aimed at analyzing the influence of various parameters on the measured values for
polymers and composites produced via 3D printing.

First, the kinetic friction data were processed using equations (3.1)—(3.7). The obtained
coefficients of kinetic friction for different inclinations and surfaces are summarized in a table
showing the dependence between the slope angle and block movement. Figure 4.3 illustrates the six
measurements used to determine the sliding ang

ol
I
y

Figure 4.3. Images from the experzment to determine the coeﬁp cient of sliding friction
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Table 4.1 contains the measured angles in degrees and radians, as well as the calculated coefficient
of sliding friction for the material EasyFil HIPS (Dark Blue) in contact with itself (HIPS+HIPS). In
addition, a comparative analysis was performed with two other widely used 3D-printed materials —
PLA+PLA and PETG+PETG - to evaluate differences in tribological behavior during sliding.

Table 4.1. Coefficient of sliding friction for HIPS+HIPS and comparative analysis with PLA+PLA
and PETG+PETG

Material (plate 120%60x10 Friction angle, 6° Friction angle, Coefficient of sliding friction,
mm + plate 60x60x10 mm) ’ 0 rad tg 6°
Hips+Hips (1) 25,01 0,436507 0,46652
Hips+Hips (2) 22,06 0,38502 0,405245
Hips+Hips (3) 23,68 0,413294 0,438553
Hips+Hips (4) 19,98 0,348717 0,363575
Hips+Hips (5) 23,64 0,412596 0,437721
Hips+Hips (6) 24,23 0,422893 0,450047
Hips+Hips avg 23,1 0,403171 0,426536
PLA+PLA (1) 15,850 0,277 0,284
PLA+PLA (2) 19,610 0,342 0,356
PLA+PLA (3) 22,590 0,394 0,416
PLA+PLA avg 19,350 0,338 0,351
PETG+PETG (1) 21,300 0,372 0,390
PETG+PETG (2) 20,810 0,363 0,380
PETG+PETG (3) 24,430 0,426 0,454

Within the study, the interaction of EasyFil HIPS with various commonly used 3D-printed
materials—PLA, PETG, CARBON, Steel Fil, TPU, Flex, and Vero White—was evaluated. Figure
4.4 shows photos from the experiment to determine the coefficient of sliding friction. Eight samples
(60x60x10 mm) of different materials (HIPS, PLA, PETG, Carbon, Steel Fill, Vero White, Flex,
TPU) were slid over a 120x60x10 mm HIPS plate.

% g { %

v

Figure 4.4. Photos from the experiment to determine the coefficient of sliding friction.

Table 4.2 presents the results of the study for determining the sliding friction coefficient of the
materials HIPS, PLA, PETG, Carbon, Steel Fill, Vero White, Flex, and TPU.

Table 4.2. Experimental results for the coefficient of sliding friction for HIPS (120%60%10 mm) +
material (60x60x%10 mm — HIPS, PLA, PETG, Carbon, Steel Fill, Vero White, Flex, TPU).

Material (plate 120x60x10 mm + | Friction angle, Friction angle, Coefﬁi‘iti!:tti(())lfl sliding

plate 60x60x10 mm) 0° 0 rad tg 0° ’

Hips 1 25,61 0,446979 0,479334

Hips 2 2491 0,434762 0,464397

Hips 3 23,01 0,4016 0,424681

avg 24,51 0,42778 0,455937

PLA1 26,04 0,454484 0,488597

PLA2 28,2 0,492183 0,536195

PLA3 31,41 0,548208 0,610642

avg 28,55 0,498292 0,544086
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Material (plate 120x60x10 mm + | Friction angle, Friction angle, Coefﬁcfiei::igrfl sliding
plate 60x60x10 mm) 0° 0 rad tg 0° ’
PETG 1 24,07 0,420101 0,446693
PETG 2 21,78 0,380133 0,399567
PETG 3 20,92 0,365123 0,382263
avg 22,25667 0,388452 0,409247
Carbon 1 25,38 0,442965 0,474407
Carbon 2 28,41 0,495848 0,540924
Carbon 3 26,48 0,462163 0,498146
avg 26,75667 0,466992 0,504187
Steel fill 1 21,98 0,383623 0,40362
Steel fill 2 27,79 0,485027 0,527017
Steel fill 3 31,28 0,545939 0,607532
avg 27,01667 0,47153 0,509892
Vero white 1 30,35 0,529707 0,585524
Vero white 2 31,01 0,541227 0,601098
Vero white 3 29,03 0,506669 0,554994
avg 30,13 0,525868 0,580379
Flex 1 46,49 0,811404 1,053412
Flex 2 47,27 0,825017 1,082552
Flex 3 50,38 0,879297 1,207934
avg 48,04667 0,838573 1,112433
TPU 20% 1 24,43 0,426384 0,454252
TPU 20% 2 25,63 0,447328 0,479764
TPU 20% 3 25,57 0,446281 0,478476
avg 25,21 0,439998 0,470777

—

Figure 4.5 Photo from the experiment for determin’ing the coefficient of sliding friction TPU+HIPS.

Table 4.3 Coefficient of sliding friction for TPU + materials (60%60*10 mm — HIPS, PLA, PETG,
Carbon, Steel Fill, Vero White, Flex, TPU).

Material (plate 120%60%10 mm + Friction Friction angle, Coefﬁcfn?ntt‘ of sliding

plate 60x60x10 mm) angle, 0° 0 rad rifg gf,“’
Hips 1 25.61 0.446979 0.479334

Hips 2 2491 0.434762 0.464397

Hips 3 23.01 0.4016 0.424681

avg 24.51 0.42778 0.455937

PLA 1 26.04 0.454484 0.488597

PLA 2 28.2 0.492183 0.536195

PLA3 31.41 0.548208 0.610642

avg 28.55 0.498292 0.544086

PETG 1 24.07 0.420101 0.446693
PETG 2 21.78 0.380133 0.399567
PETG 3 20.92 0.365123 0.382263

avg 22.25667 0.388452 0.409247
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Material (plate 120%60%10 mm + Friction Friction angle, Coefﬁcfle‘ntt‘ of sliding
plate 60x60x10 mm) angle, 0° 0 rad ricg :;n,
Carbon 1 25.38 0.442965 0.474407
Carbon 2 28.41 0.495848 0.540924
Carbon 3 26.48 0.462163 0.498146
avg 26.75667 0.466992 0.504187
Steel fill 1 21.98 0.383623 0.40362
Steel fill 2 27.79 0.485027 0.527017
Steel fill 3 31.28 0.545939 0.607532
avg 27.01667 0.47153 0.509892
Vero white 1 30.35 0.529707 0.585524
Vero white 2 31.01 0.541227 0.601098
Vero white 3 29.03 0.506669 0.554994
avg 30.13 0.525868 0.580379
Flex 1 46.49 0.811404 1.053412
Flex 2 47.27 0.825017 1.082552
Flex 3 50.38 0.879297 1.207934
avg 48.04667 0.838573 1.112433
TPU 20% 1 2443 0.426384 0.454252
TPU 20% 2 25.63 0.447328 0.479764
TPU 20% 3 25.57 0.446281 0.478476
avg 25.21 0.439998 0.470777

4.1.2. Coefficient of Rolling Friction

The results of the experimental determination of the rolling friction coefficient on an inclined
surface are presented. Measurements were carried out at different incline angles 6\thetaf, and for each
series of tests, the corresponding friction force was recorded and calculated using formula (3.8).
Based on the obtained data, the rolling friction coefficient was determined, and the results are
summarized in Table 4.4 and shown in Figure 4.6.

Figure 4.6: Photos from the experiment for determining the rolling friction coefficient.

Figure 4.6 shows images from the experiment for each material - PLA, PETG, Carbon, Steel Fill,
Vero White, and Steel. Table 4.4 presents the results of the study, where three trials were conducted
for each material, and the average rolling friction coefficient is reported. It was found that the
interaction of HIPS with PETG produced the highest rolling friction coefficient (0.31344), while the
lowest was observed with Steel (0.179604).

Table 4.4 Results of rolling friction coefficient measurements for HIPS plate + sphere of the listed
materials.

Material L. L. Rolling friction coefficient,
(HIPS plate + sphere of | Friction angle, 0° | Friction angle, 0 rad sin 0°
materials)
Hips 1 6,33 0,110479 0,110255
Hips 2 7,94 0,138579 0,138136
Hips 3 17,21 0,300371 0,295875
avg 10,49333 0,183143 0,182121
PLA1 11,95 0,208567 0,207058
PLA2 15,51 0,270701 0,267407
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PLA3 18,04 0,314857 0,309681
avg 15,16667 0,264708 0,261628
PETG 1 16,53 0,288503 0,284517
PETG 2 18,29 0,319221 0,313827
PETG 3 19,98 0,348717 0,341692
avg 18,26667 0,318813 0,31344
Carbon 1 10,59 0,18483 0,18378
Carbon 2 15,19 0,265116 0,262021
Carbon 3 17,63 0,307702 0,302869
avg 14,47 0,252549 0,249873
Steel fill 1 13,74 0,239808 0,237516
Steel fill 2 21,64 0,377689 0,368774
Steel fill 3 10,45 0,182387 0,181377
avg 15,27667 0,266628 0,26348
Vero white 1 14,06 0,245393 0,242938
Vero white 2 6,99 0,121999 0,121696
Vero white 3 12,15 0,212058 0,210472
avg 11,06667 0,19315 0,191951
Steel 1 8,16 0,142419 0,141938
Steel 2 9,21 0,160745 0,160053
Steel 3 13,67 0,238587 0,236329
avg 10,34667 0,180583 0,179604

4.1.3. Coefficient of Restitution

To determine the coefficient of restitution, three experiments are conducted for each material, and
the average value is taken. The experimental results are presented in Table 4.5. The coefficient of
restitution is calculated using the formula [91]:

1
2

== () o

Where:

e - coefficient of restitution;
v, - velocity after rebound;
v,- velocity before rebound;
h,- height before rebound;
h,- height after rebound.
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Figure 4.7 Photos from the experiment to determine the coefficient of restitution
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Table 4.5 Coefficient of restitution for HIPS plate + spheres made of the specified materials

e — Coefficient of
Material Initial height Rebound height restitution
(Base/Sphere) Ne [mm] [mm] D/C SQRT D/C
1 650 320,41 0,492938 0,702096
— 2 650 94.47 0,145338 0,381233
3 650 67,65 0,104077 0,32261
avg 650 160,8433 0,247451 0,497445
1 650 281,9 0,433692 0,658553
Hips/Carbon 2 650 250,34 0,385138 0,620595
3 650 238,13 0,366354 0,605272
avg 650 256,79 0,395062 0,628539
1 650 180,97 0,278415 0,527651
. 2 650 234,41 0,360631 0,600525
Hips/PETG 3 650 369,51 0,568477 0,753974
ave 650 261,63 0,402508 0,634435
1 650 255,67 0,393338 0,627167
. 650 293,08 0,450892 0,671485
Hips/PLA 3 650 315,73 0,485738 0,696949
ave 650 288,16 0,443323 0,665825
! 650 354,57 0,545492 0,738575
. 650 313,39 0,482138 0,694362
Hips/Steel

3 650 339,75 0,522692 0,722975

avg 650 335,9033 0,516774 0,71887
! 650 277,17 0,426415 0,653005
Hips/Steel fill 2 650 313,43 0,4822 0,694406
3 650 248.4 0,382154 0,618186
avg 650 279,6667 0,430256 0,655939
| 650 208,98 0,321508 0,567016
. . 2 650 268,56 0,413169 0,642782
Hips/Vero White = 650 171,42 0263723 0.51354
ave 650 216,32 0,3328 0,576888

4.1.4. Investigation and Application of Tribological Characteristics of 3D Printed
Materials for Tactile Perception of Visually Impaired People

3D technologies create new opportunities to improve access for visually impaired individuals to
information and cultural heritage through the production of tactile objects, Braille inscriptions, and
educational models [92].

Tribological factors such as surface roughness, durability, and layer height were studied on 3D
printed PLA and Visijet PXL Core materials. The results indicate that high resolution (0.06 mm) and
contour widths around 1 mm provide the best tactile perception.

The developed models have been implemented at Sofia University “St. Kliment Ohridski” [93].

Results:

» Surface smoothness and low roughness are critical for positive tactile perception. Objects
printed with PLA at high resolution (0.06 mm) are evaluated as the smoothest and easiest to
recognize.

» Contour reliefs with a width of about 1 mm provide the best tactile durability and shape
recognition. Thinner contours (0.5 mm) are too fine, while thicker ones (1.2 mm) are
perceived as coarse and hinder detail recognition.
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» For Braille inscriptions, optimal perception corresponds to standard font sizes. Larger sizes

are suitable for people who rarely read Braille.

» Some objects of cultural and historical heritage (Sphinx, Isis) are difficult to recognize for

blind participants, whereas simpler shapes (animals, house, car) are more easily identified.

» Tribological surface properties (touch friction force, uniformity, roughness) directly affect the

ease and speed of recognition.

The tactile suitability of 3D printed materials for visually impaired individuals was examined.
Materials were produced using FDM (PLA) and ColorJet (gypsum material with various coatings)
technologies.

Various 3D models were created, including Egyptian symbols, animals, cars, Braille alphabet, and
educational and game objects (Fig. 4.8). Five blind participants and four visually impaired individuals
evaluated the models by touch. The results helped determine suitable materials and technologies for
creating tactile educational and cultural models.

Details from Fig. 4.8 a) to f) were printed using FDM technology, while Fig. 4.8 g) was printed
using CJP technology.

PLA material was 3D printed via FDM under the following parameters: 20% infill, 3 external
walls, bed temperature 60 °C, nozzle temperature 215 °C, speed 60 mm/s, and layer height 0.06 mm
or 0.2 mm.

Details such as the goddess Isis, the Braille alphabet, and the globe were printed at high resolution
(0.06 mm), while the Sphinx, owl, and animal models were printed at 0.2 mm.

The object in Fig. 4.8 g was produced in 6 variants, treated with a different number of Color
Bond™ 30 coatings (from 2 to 6 layers), with one left untreated.

Two groups of young visually impaired participants took part in the experiment — one with
progressive vision loss, and the other congenitally blind. During the tests, some models were
described, some were not, and others were given incorrect instructions to assess recognition ability.

f) g
Figure 4.8. 3D Printed Samples
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Studies aimed at understanding how to “read” a picture were conducted by exploring a real 3D
model by touch (Fig. 4.9 a), after which the model was converted into a tactile image (Fig. 4.9 b).

Tribological factors such as material roughness and layer height of 3D printed objects were
investigated, as the specialized literature contains extensive research on the influence of these factors,
particularly in relation to works of art.

For the tactile plate, the following object factors were observed: contour height, contour width, and
perception.

a) 3D model of a house b) 2D tactile version
Figure 4.9. 3D model of a house

The aim of the study is to determine which details, fonts, and line thicknesses are most suitable
for tactile perception. The figures of the goddess Isis (Fig. 4.8 a) and the Sphinx (Fig. 4.8 b) were
recognized by visually impaired individuals but not by those who are completely blind. The owl
figure (Fig. 4.8 g) was successfully identified by both partially sighted and blind participants with the
aid of a verbal cue; the larger model was found to be more convenient for tactile orientation.

Minimal differences in surface texture were observed between details printed at different
resolutions (0.06-0.2 mm), with all models being recognizable, and the finest figure being the
smoothest. Defects at the bottom were associated with the support material used during printing.
Egyptian figures were not recognized by blind participants, whereas Braille letters (Fig. 4.8 c) were
clear and easy to read. The most suitable size for experienced readers is 18 pt, while beginners benefit
from 20-22 pt.

Figure 4.10. 3D printed Braille text
4.2. Results from the Study of Material Microhardness

For measuring microhardness using the Shore method, flat samples were 3D printed and then
pressed with a hardness tester (Instruction Manual Digital Shore Hardness Tester SAUTER HD) on
the test stand. Table 4.6 presents the results for density and Shore A hardness of the tested materials
as the arithmetic mean of three measurements.

Table 4.6. Results of density and Shore A hardness for the tested 3D materials

Material Density, g/cm? Shore A Hardness
PLA 1.1459 94.4
PETG 1.1459 79.3
HIPS 0.9563 71.7

Figure 4.11 presents a diagram of Shore hardness based on the data from Table 4.6. The highest
hardness is observed for the PLA material, while the lowest is for HIPS, which also has the lowest
density.

Abstracts of Dissertations 2026 (2) 3-50



37 Gabriela Kotseva

120
100 M4
@ 79,3
5 & .7
E 50
3 40
-
-
=
0
PLA PETG HIPS

Marepean

Figure 4.11 Diagram of hardness of the tested materials

For the microhardness study using the EBP BRV-187.5T durometer, two types of test specimens
were modeled — plates (Figure 4.12) and cylinders (Figure 4.13), designed in Anycubic Photon
Workshop. The software allows optimization of 3D models for photopolymer printing and control
over geometry and orientation during printing.

The plates, with small thickness and a uniform surface, are used to evaluate surface hardening,
while the cylinders, with a larger volume, allow analysis of the effect of UV treatment on bulk
structures. All specimens were printed and processed under identical parameters, ensuring
comparability and reliability of the results.

|
-
Figure 4.12 Modeled plate with dimensions Figure 4.13 Modeled cylinder with height
2020 mm and thickness 1 mm 20 mm and diameter 10 mm

The choice of these two geometries was made for two main reasons:

1) The different shapes and sizes allow investigation of the influence of UV treatment on surface
hardness for objects with varying thickness and volume, thus assessing the effect of geometry on
the degree of hardening.

2) The shapes were selected with practical applications in mind — the plates (Figure 4.14 a) resemble
tactile navigation tiles, while the cylinders (Figure 4.14 b) can be used to create tactile elements
for visually impaired people [94].

The aim of the experiments is to achieve higher surface hardness to increase the wear resistance and
durability of these elements in real use.

A) B)
Figure 4.14 Tested samples of Resin 3D material, A) plates, B) cylinders.

The hardness tester described in Chapter 2, EBP BRV-187.5T, was used to obtain the results. For
the purposes of the study and the conducted experiments, the Rockwell scale HRR 60 with a 12.7
mm diameter indenter (Figure 4.15) was selected.

Figure 4.15 Indenter with a diameter of 12.7 mm
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Figure 4.16 shows the screen of the control panel of the EBP BRV-187.5T hardness tester during
the setup of testing parameters. The display allows input of key data — sample number, radius of
curvature, measurement range, selected hardness scale, conversion type, and dwell time. After
configuring the parameters, the test is started with the Start button. The intuitive interface provides
precise control over measurement conditions and ensures high accuracy and repeatability of the

results.

Figure 4.16 Control panel of the EBP BRV-187.5T hardness tester

Figure 4.17 shows the EBP BRV-187.5T hardness tester used to determine the surface hardness
of the samples. The device is equipped with an indenter and a digital display with an intuitive
interface, allowing the selection of the appropriate Rockwell scale (HRA, HRB, HRC, etc.) depending

on the material and geometry of the samples.

—

Figure 4.17 EBP BRV-187.5T hardness tester with mounted indenter used in the study.

Table 4.7 and Figure 4.18 present the results of surface hardness testing of photopolymer tiles
measuring 20 x 20 x I mm (Figure 4.14 a), printed with an Anycubic printer and exposed to UV light.
It was found that hardness increases with UV curing time, with the optimal result achieved after 15
minutes. Longer exposure does not lead to significant changes, making the 15-minute treatment the
most effective in terms of time, energy, and surface quality.

Table 4.7 Hardness testing of a resin tile with dimensions 30 % 30 mm and thickness 1 mm.

Resin UV Time [min] Rockwell HRR 60 (12.7 mm) ball
0 30.2
1 53.1
2 62.3
3 69.6
4 73.4
5 81.3
10 87.6
15 90.5
20 92.6
25 92.7
30 93.8
35 93.3
40 92.1
45 93.5
50 93.4
55 94.3
60 94.4
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Resin hardness

Figure 4.18 Hardness testing of a resin tile with dz.'m.ens.ions 20 x 20 mm and thickness 1 mm from
Table 1, presented graphically.

For cylindrical samples with a height of 20 mm and diameter of 10 mm (Figure 4.14 b), significant
differences compared to flat samples are observed. The data (Table 4.8, Figure 4.19) show that
prolonging UV exposure does not significantly increase surface hardness, which remains stable.

The reason is the limited penetration of UV light into massive structures — the inner layers remain
partially polymerized, and the overall hardness does not increase substantially. These results
emphasize the need to adjust UV curing parameters according to the geometry and thickness of the
parts, as the effect is strong for thin objects but limited for bulkier ones, potentially leading to uneven

mechanical properties.

Table 4.8 Hardness testing of a cylinder with height 20 mm and diameter 10 mm, made of resin.

Resin UV Time [min] Rockwell HRR 60 (12.7 mm) ball
0 87.7
1 93.3
2 92.4
3 84.3
4 99.4
5 90.2
10 99.7
15 99.3
20 100.8
25 101.8
30 95.1
35 99.7
40 98.9
45 103.6

Resin hardness

V0 R and

|HRR Hardn

Curing time [min

Figure 4.19 Hardness testing of a cylinder with a height of 20 mm and a diameter of 10 mm, made
of resin, presented in graphical form.
UV treatment increases only the surface hardness of the resin samples, without affecting their
internal structure. Analysis with a 3D computer tomograph Nikon XT-H 225 shows uniformity and
consistent layer thickness (Figure 4.20).
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Figure 4.20 Cross-sections of four cylinders with 3D reconstruction via computer tomography: a)
No. 0, b) No. 5, ¢) No. 10, d) No. 15 (all from Figure 4.19 b).

4.3. Simulation studies of 3D-printed samples using EDEM software

The experimental setup used for the tests is shown in Figure 4.21. The 3D-printed sphere (1) is
placed in a chute (2) and then positioned on a plate (3). When the plate (3) is removed, the sphere
(1) falls freely from a height of h1 = 540 mm onto the 3D-printed plate (4).

©

9,
O

by

L 4o

Figure 4.21 Diagram of the experimental setup

The purpose of the simulation modeling is to verify the maximum rebound height of the sphere
relative to the experimental results used to determine the coefficient of restitution. The software tracks
the movement of the sphere in XYZ coordinates from the starting point (center of the sphere at a
distance of 544.5 mm from the plate, Figure 4.22) to the end point, defined on the top surface of the
plate (X =60 mm, Y =30 mm, Z = 10 mm).

The maximum rebound height is 167.3 mm, at which the sphere comes to rest (Figures 4.23—4.24).
The maximum velocity during motion is 3.19 m/s (Figure 4.25), and the dynamics of the bounces and
damping are shown in Figure 4.26.

l el _“ - | _[-'
—ne EDEM =0 EDEM nw EDEM

Figure 4.22 Initial Figure 4.23 Bounce distance Figure 4.24 Velocity at the
moment of the simulation. at the moment before moment before the sphere
the sphere changes direction. changes direction.
Figure 4.25 Velocity during free Figure 4.26 Bounce dynamics during
fall of the sphere. free fall of the sphere.

The results from the simulation modeling are close to the experimental ones: the average rebound
height from the experimental study is h2 = 163,7 mm, and in the simulation it is h2 = 162,8 mm (after
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correction for the sphere radius of 4.5 mm). The coefficient of restitution experimentally is e = 0.5495,
while from the simulation modeling it is e = 0.5490, confirming the validity of the model.

Study of Easy Fil HIPS and TPU materials for 3D printing:
The data obtained from the physical testing are presented in Table 4.9 and Table 4.10, and the data
from simulation modeling using EDEM software are presented in Tables 4.11 and 4.12.

Table 4.9 Coefficient of restitution of EasyFil HIPS with other materials

Initial height € Coe‘fﬁc?ent of
Plate/Sphere [mm] D/C restitution
SQRT D/C
Easy Fil HIPS (dark)/ Easy Fil HIPS (dark)/ 293,36 0,451323 0,279382
Easy Fil HIPS (dark) / TPU 264,8767 0,407503 0,245082
Easy Fil HIPS (dark) / Easy Fil HIPS (blue) 353,2133 0,543405 0,30431
Easy Fil HIPS (dark) / PLA 344,1533 0,529467 0,287751
Easy Fil HIPS (dark) / PETG 338,2267 0,520349 0,255446
Easy Fil HIPS (dark) / Carbon 307,7933 0,473528 0,272056
Easy Fil HIPS (dark) / Steel fill 254,2767 0,391195 0,180176
Easy Fil HIPS (dark) / Vero White 296,92 0,4568 0,225801
Table 4.10 Coefficient of restitution of TPU material with other materials
Initial height ¢ - Coefficient of
Plate/Sphere [mm] D/C restitution
SQRT D/C
TPU / Easy Fil HIPS (dark) 206,7067 0,31801 0,563924
TPU /TPU 197,0167 0,303103 0,550548
TPU / Easy Fil HIPS (blue) 168,72 0,259569 0,509479
TPU /PLA 238,1467 0,366379 0,605293
TPU/PETG 197,1767 0,303349 0,550771
TPU /Carbon 254,1467 0,390995 0,625296
TPU /Steel fill 253,7167 0,390333 0,624767
TPU /Vero White 241,9667 0,372256 0,610128

Table 4.11 Simulation modeling of the coefficient of restitution with 3D printed material — EasyFil
HIPS

Initial e — Coefficient of
Plate/Sphere height D/C restitution
[mm] SQRT D/C
Easy Fil HIPS / Easy Fil HIPS (dark) 308,1 0,474 0,688477
Easy Fil HIPS /TPU 2624 0,403692 0,635368
Easy Fil HIPS / Easy Fil HIPS (blue) 351,1 0,540154 0,734952
Easy Fil HIPS /PLA 352,6 0,542462 0,73652
Easy Fil HIPS /PETG 3494 0,537538 0,73317
Easy Fil HIPS /Carbon 306,7 0,471846 0,686911
Easy Fil HIPS /Steel fill 256,1 0,394 0,627694
Easy Fil HIPS /Vero White 340 0,523077 0,723241
Table 4.12 Simulation modeling of the coefficient of restitution with TPU-based 3D printed material
Initial e — Coefficient of restitution

Plate/Sphere height [mm] D/C SORT D/C
TPU / Easy Fil HIPS (dark) 200,2 0,308 0,554977
TPU /TPU 193,9 0,298308 0,546176
TPU / Easy Fil HIPS (blue) 167,5 0,257692 0,507634
TPU /PLA 245,2 0,377231 0,614191
TPU/PETG 196,3 0,302 0,549545
TPU /Carbon 2528 0,388923 0,623637
TPU /Steel fill 254,7 0,391846 0,625976
TPU /Vero White 2384 0,366769 0,605615
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Two graphs were created for each type of material to present the results more clearly and
comparatively, facilitating comparison with the laboratory experimental data. Figure 4.27 shows a
comparative graph of the experimental and simulation data for the EasyFil HIPS material, while
Figure 4.28 shows a comparative graph of the experimental and simulation data for the TPU material.

HIPS plate with spheres from other materials TPU plate with spheres from other materials
08 0,7
0,7 0,6
0,6 0,5
05 04
04 0,3
03
02 0,2
0,1 0,1
0 0
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
coefficient of restitution obtained from laboratary expetiments coefficient of restitution obtained from laboratory experiments
coefficient of restitution obtained from computer simulation coefficient of restitution obtained from computer simulation
Figure 4.27 Experimental results for Figure 4.28 Experimental results for
HIPS compared with simulated results; TPU compared with simulated results.

4.4. Conclusion

Experimental studies on 3D-printed polymer and composite materials showed that sample
geometry, process parameters, and material composition have a significant impact on tribological
and mechanical properties, including sliding and rolling friction coefficients and the restitution
coefficient. Microhardness measurements confirmed the relationship between structural
homogeneity and resistance under localized loading, while metallographic observations revealed
morphological features and defects important for optimizing 3D printing.

Comparison between experimental data and simulation results showed good agreement
(deviations 0.19-7.01%), confirming the validity of the methodology and allowing calibration of
models for contact interaction analysis. Special attention was given to Rockwell hardness
measurements for soft samples, where correct scale selection and strict adherence to standards
ensured reliable results.

UV treatment of resin samples after 3D printing increased surface hardness without affecting
the internal structure, with an optimal photopolymerization time of 2—4 minutes for tactile
applications. For flat samples, a minimum thickness of 2-3 mm is required for mechanical strength
and to prevent breakage during use.
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Chapter 5

Directions for Future Research

Based on the experiments and results obtained, the following directions can be outlined for further
research on the tribological and mechanical properties of 3D-printed polymer and composite
materials.

5.1. Improvement of 3D Printing Methodologies

Experiments are needed to optimize printing parameters (temperature, layer thickness, orientation)
and compare different technologies (FFF, SLA, SLS, PolyJet). The use of recycled and biodegradable
materials for sustainable production and new composites with improved properties is promising.

5.2. Expansion of Mechanical and Tribological Studies

Research should include different temperatures, humidity levels, dynamic loading, and surface
treatments (UV, plasma, nanocoatings). Micro- and nanoscale measurements (nanoindentation,
micro-CT) will enhance understanding of how structure affects material behavior.

5.3. Enhancement of Simulation Models

Development and calibration of DEM/FEM models against experimental data for friction and
restitution. Combined simulations enable the creation of digital twins for tribological systems.

5.4. Applications in Engineering and Social Practice

The results support the design of functional and wear-resistant components for industry, medicine,
and assistive devices for visually impaired individuals. Creating composites with self-lubricating or
self-healing properties is a promising direction.

5.5. Development of Scientific and Applied Knowledge Base

Introducing automated measurement systems and online monitoring will increase experimental
accuracy. An expanded database will allow the creation of predictive models and algorithms at the
design stage.

5.6. Conclusion

The proposed future steps outline a strategic direction for research that combines experimental,
numerical, and applied approaches. Continuing this work will contribute to the development of high-
tech solutions in additive manufacturing, optimization of tribological systems, and implementation
of smart materials in real engineering applications.
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Overall Conclusion

This dissertation presents a systematic study of the tribological and mechanical properties of
polymer and composite materials produced using 3D printing technologies. The main objective was
to develop, apply, and analyze methodologies for experimental and simulation-based evaluation of
material behavior under various loading conditions, examining the relationship between additive
manufacturing parameters, sample geometry, and functional performance.

The first chapter provides a literature review and analysis of current advancements in tribology
and additive manufacturing, including classification, principles, physical-mechanical dependencies,
and factors influencing friction, wear, and restitution.

The second chapter describes the tribological testing technologies, devices, measurement systems,
and experimental equipment. Detailed descriptions of apparatus construction, characteristics, and
operating principles, along with experimental organization, ensure reproducibility and reliability of
results. Main 3D printing technologies and their applications in research and functional material
development are analyzed.

Chapter three focuses on the development of research methodologies, including approaches for
3D printing of samples, microhardness analysis, tribological testing (sliding, rolling, restitution
coefficients), and simulation using EDEM software. These methodologies form an integrated
experimental-analytical system allowing comparison between real and simulated results.

Chapter four presents experimental results and analyses of 3D-printed samples of various
materials and geometries, showing clear dependencies between manufacturing parameters, geometry,
and mechanical behavior. Optimizing process conditions was shown to improve tribological
properties of polymers and composites. Experimental results were compared with simulations, with
deviations ranging from 0.19% to 7.01%, confirming the reliability and validity of the proposed
models.

Chapter five outlines future research directions, emphasizing improvement of 3D printing
methodologies, extrusion parameter optimization, and exploration of new materials, including
biodegradable and recycled polymers. Expanding the research database and integrating new analysis
technologies will support the creation of more sustainable and functional materials suitable for diverse
engineering applications.

In summary, the research advances knowledge in tribology of 3D-printed materials and provides
a practical foundation for improving simulation models and experimental methodologies.
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SCIENTIFIC AND APPLIED CONTRIBUTIONS

This dissertation makes significant contributions both to the scientific field of tribology of polymer
and composite materials and to the practical application of additive manufacturing technologies. The
main scientific and applied contributions can be summarized as follows:

1.

Classification of Tribological Processes — The basic principles, applications, general
theories, classical methods, forces, and coefficients in the field of tribology have been
analyzed. Based on this analysis, a classification of tribological processes was developed,
considering the main principles, applications, general theories, and mechanical, chemical, and
physical properties.

Development of Methodologies for Investigating Tribological Properties of 3D-Printed
Materials — Experimental procedures were developed and validated for determining sliding
and rolling friction coefficients as well as the restitution coefficient. These methodologies
ensure reproducibility and measurement accuracy and can be applied in future studies of new
polymers and composites.

Development of Methodologies for Mechanical Properties and Microhardness Analysis
— Using hardness testers (EBP BRV-187.5T) and metallographic observations with Olympus
BX53M and digital camera DP23, a precise approach for quantitative determination of
material hardness and homogeneity was established. This provides a scientifically grounded
basis for evaluating the durability and quality of 3D-printed samples.

Comparison Between Experimental Data and Simulations — Models developed in EDEM
Software allow numerical reproduction of tribological processes and validation of
experimental results. Agreements within deviations up to 7% demonstrate the applicability of
simulation models for predicting material behavior under contact loading.

Scientific Insights on the Influence of 3D Printing Parameters — The studies demonstrate
the impact of sample geometry, layer thickness, printing orientation, and material composition
on tribological and mechanical properties. This knowledge enables optimization of production
processes in industrial practice.

Opportunities for Environmentally Sustainable Production — Approaches for using
recycled and biodegradable polymers were developed, laying the foundation for sustainable
and eco-oriented production of functional components using additive technologies.

Applied Aspects in Engineering and Social Practice — The results can be applied in the
design of wear-resistant components for mechanical engineering, medical devices, and
consumer products, as well as in the development of tactile products for visually impaired
individuals, ensuring an optimal balance of hardness, wear resistance, and safety.

In summary, the scientific and applied contribution of this dissertation lies in the creation of an
integrated experimental—-simulation system for evaluating and optimizing the properties of 3D-printed
polymer and composite materials, which finds application both in scientific research and in
engineering practice.
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Approbation of the Results

The results included in the dissertation have been presented at international conferences both in
Bulgaria and abroad.
Part of the findings has been reported at the following conferences:

List of Publications Related to the Dissertation
At International Conferences Abroad

1.

Kotseva, G. & Stoimenov, N. (2025). Overview of tribology as an interdisciplinary science.
In: 19th International Conference on Tribology — SERBIATRIB °25. Kragujevac: Faculty of
Engineering, University of Kragujevac. ISBN 978-86-6335-128-8.

Stoimenov, N., Gyoshev, S. & Kotseva, G. (2025). 4 Study of the Hardness of 3D-Printed
Materials for Blind Applications. 3rd International Conference on Computers in Natural
Sciences, Biomedicine and Engineering (COMCONF), accepted for publication.

. Kotseva, G., Stoimenov, N., Gyoshev, S., Georgieva, V. (2025). Tribological Processes in

TPU and HIPS 3D Printing Materials. 18th International Conference on Control, Automation,
Robotics and Vision (ICARCV 2024), published by IEEE, pp. 1136-1141.

Kotseva, G., Stoimenov, N., Kandeva, M. (2023). Tribological processes in the material for
3D printing filament HIPS. 12th International Conference on Mechanical Technologies and
Structural Materials (MTSM 2023), Croatian Society for Mechanical Technologies, Croatia,
ISSN 1847-7917, pp. 137-144.

At International Conferences in Bulgaria

1.

Kotseva, G., Stoimenov, N., Klochkov, L. (2023). Tribological Studies of 3D Printed
Filaments: An Overview. XXXII International Scientific and Technical Conference ADP —
2023, Sozopol, Bulgaria. Publishing House of TU-Sofia, Department “Automation of Discrete
Production Engineering”, ISSN 2682-9584, pp. 150-154.

Kotseva, G., Georgieva, V., Gyoshev, S. (2023). Investigation of Tribological Parameters of
3D Printed Samples. International Scientific Journal Machines. Technologies. Materials,
19(8), Scientific and Technical Union of Mechanical Engineering, ISSN (Print) 2535-0153,
ISSN (Online) 2535-0161, pp. 255-259.

Stoimenov, N., Kotseva, G., Georgieva, V. (2025). Classification of 3D Print Technologies.
34th International Scientific and Technical Conference Automation of Discrete Production
Engineering 2025, ISBN 978-619-7667-74-5, DOI: 10.53656/adpe-2025, Publisher: Az-buki
National Publishing House, pp. 40-53.
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51 I'abpuena Komesa

YBoa

OcHOBHA Tpm)ka Ha CBBPEMEHHATa HHIYCTPHS M OOIIECTBOTO € pa3pabOTBaHETO U
HCIIPCKBCHATOTO HO,I[O6p${BaHe Ha eHeerﬁHo C(beKTI/IBHI/I TEXHOJIOTUHU. 3a O6H.[€CTBOTO KaTo 1IJ10
TOBA IIoOMara 3a 3ara3BaHCTO Ha MMPUPOIHUTE PECYPCH U MUHUMU3HUPA OTPHUIATCIHOTO B’b3IIeI7[CTBI/I€
BBPXY OKOJIHATa cpeaa oT HeoOy3/1aHoTo noTpedienne Ha ropuBo. Lo ce oTHacs 1o MHIYCTpUsITA,
TS  yIOBIETBOpsiIBA  TOTpeOHMTENs] ©  peryjatopa W 1O TO3M HAYMH  TOATBPKA
KOHKypeHTOCHOCO6HOCTTa. HayKaTa TpI/I6OJ'IOFI/I${ € B OCHOBaTra Ha TOBa THPCCHC Ha eHeerfIHO
e(beKTI/IBHa TCXHOJOI'UA HAa MHOT'O pa3.HI/I‘-IHI/I HHUBA.

Tpubonorusta urpae poJis B pa3pab0TBaHETO HA CHEPTUHHO e(DEKTUBHH TEXHOJIOTHH HA MHOTO
pa3HHqHH HHXBa Kato HaHpI/IMep B HpOI/I3BO[[CTBOTO, B ITIO3BOJIIBAHCTO HA KOMIIOHCHTUTC Aa pa6OT$IT
C IBJBI )KUBOT U HUCKO TPUCHE 110 BPEME Ha yHOTpe6a H B Cb3J1aBAHCTO HA IIPAKTUYHHU MHOBATHBHU,
eHeprocnecmBamH JOABUTATCIIN N TpaHCMI/ICI/II/I. Pa3FJIe)KI[aT CC IICT KOHerTHI/I O6HaCTI/I, B KOUTO
TpuOOJIOTHATA € TPEIU3BHKAHA OT Pa3BUTHETO Ha eHepruiiHata e(eKTUBHOCT. Te Bapupar OT
HaMaJIsZIBAHCTO Ha TpI/IeHCTO B KOMIIOHCHTHUTC MW IIOCJICABAIINUTC HpO6JIeMHI/I MHOI'O TBHKH
XUAPOJUHAMHUYHHA (1)I/IJ'IMI/I a0 TpI/I6OHOFI/I‘lHI/ITC nocjacauny, IMprucbioy HA pa3pa60TBaHeTo Ha MHOTI'O
BI/ICOKOTGMHepaTypHI/I aIII/Ia6aTHI/I JIBUTATCIIN. B"I)B BCHUYKH TC3U O6HaCTI/I, KAaKTO U B MHOT'O [[pyrI/I, Cce
3aKJII0YaBa, Y€ TPUOOJIOTHATA UTpae KIIF0YOBA POJISl PU BHBEXKIAHETO HA CHEPTUHHO ePEeKTHBHU
TCXHOJIOI'HN.

Hacrosmara nuceprannoHHa paboTta € CTpyKTypHpaHa KakTo Clie/iBa:

B I'JIABA 1 e nampaBeH 0030p U aHaiu3 Ha TPUOOJIOTHATA KaTo HayKa W WH)KEHEpHA
mucuuiuinHa. IlpocneneHo € MCTOpUYECKOTO M pa3BUTHE B CBETa W B bbiarapus, Kakro u
MHIYCTPUAIHOTO M 3HadyeHue. lIpeacraBeHn ca OCHOBHM IPHUHLIMIIM U IPUIIOKEHUS, KIACUYECKU
TEOpUHU 3a TPUEHETO M METOJM 3a ONpEJEsHE Ha cuiara Ha TpueHe. Pasrienanu ca MexaHWYHU
(TBBpIOCT, nedopmanms, ymopa), XHUMUYHU (aacopOIusi, TPaHUYHO CMa3BaHE, MOBBPXHOCTHHU
¢bunmu) u U3MYHM CBOWCTBA (aaXe3Us, TOTUIONPOBOJHOCT U Jp.). AHaTU3UpaHu ca GOopMUTE Ha
M3HOCBaHe, KakTo M TexHosoruute 3a 3D neuar, marepuanure (IoJMMEpH, KOMIO3UTH) U TEXHUTE
CBOMCTBA.

B T'JIABA 2 ca onucaHu ChUIECTBYBAIlM METOAM 3a TPUOOJOTMYHM HU3CIENBAHMS Ha
IIOJINMEPH U KOMIIO3UTH, KAKTO ¥ BUI0BE EKCIIEPUMEHTAIHU ycTpoiicTBa. [IpencraBenu ca ypenu 3a
U3MepBaHe Ha MUKPOTBBPAOCT, H3HOCBAHE M TPUEHE NPU PA3IUUYHU PEXKUMHU, KAKTO U crielu(pUIHI
METOJMKH 3a M3NUTBaHe. Pasrienanu ca cbBpeMeHHM 3D TeXHMKM 3a medar M TAXHaATa pois 3a
Ch3/laBaHe Ha JETalu 3a U3IUTBAHE.

B TJIABA 3 ca cbhCTaBeHM METOIMKM 3a IPOBEXJAaHE HA M3CIEIBaHUS Ha (U3UKO-
MEXaHUYHU U TpUOOJIOTUYHU cBOMcTBa Ha 3D oTneuaTanu noaumepu U komnozutu. O6ocodeHu ca
Ipoleypd 3a aHaJIW3 Ha MHUKPOTBBPAOCT, M3HOCBAaHE M TpHeHe (IUIb3raHe, TbpKaJsHE,
Bb3CTaHOBsIBaHE). Bximouenun ca meroauku 3a paborta cbc cumynanuoneH codryep (EDEM),
OCHTYpsIBall] MOJEIINPAHE HA IIPOLIECUTE.

B TJTABA 4 ca npencrtaBeHH €KCHEPUMEHTAIHM peE3yJTaTH OT u3cieaBaHus Ha 3D
OTIIEYaTaHW MaTepUaNd, BKIIOYUTEIHO KOMIIO3UTHHU. AHAIU3UPaHU ca KoeDUIMEHTH Ha
BB3CTaHOBsIBaHE U pe3ydaTtatu oT cumynauuu ¢ EDEM codtyep. HampaBenu ca cpaBHeHUs u
0000I1IeHUs 32 BIMSHUETO Ha PAa3UYHU MaTepUalld U MapaMeTpu BBPXY TEXHHUTE TPHUOOIOTHUHHU
XapaKTePUCTUKH.

B TJIABA 5 ca pasrienanu OBACHIM CTHIKK 32 Pa3BUTHE HA JUCEPTAIMOHHUS TPYI.
[TonydyeHuTe eKCriepUMEHTANTHU PE3YyJITaTH 1aBaT Bb3MOXKHOCT 3a pa3lliMpsiBaHEe Ha M3CJIeIBAHUATA,
ype3 KOUTO Aa Obaar momoOpenu nerainure npu 3D mpunTHpane. Jpyr BB3MOXKEH acHeKT €
pasumpsBaHe Ha TPUOOJIOrMYHUTE U3cieABaHus B 00iacTTa Ha 3D NpUHTHPAHETO U MPHIIOKEHUETO.
TouHoTO oOmIpenensHe Ha KJIOYOBH CBOMCTBA JaBa BB3MOXKHOCT 32 Cbh3JaBaHE HA IO-TOYHU
CUMYJIALIMOHHU MOJIEIIH.
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Tnasa 1

Jluteparypen 0030p n anaan3. OCHOBHY NPUHIIAIH ¥ MPUJI0KEHUS HA
TpuboIorusaTa. TexHos0rum, ycTpoiicTBa 1 MeTOAM 32 U3CJIeIBaHe HA MOJTUMEPH
¢ 3D neuar

1.1.Mnxenepua tpudosiorusi. Tpudosiorusita KaTo Hayka

Tpubonorusra e UHTEpAUCUUIUIMHAPHA HAaYKa, U3CIIE/IBAIla TPUEHETO, N3HOCBAHETO U CMa3BaHETO
Ha KOHTAKTHM TIOBBPXHOCTH B OTHOCHUTEJIHO JBWXKEHHE. Ts HMMa KIIOUOBO 3HAYCHHE B
WH)KEHEPCTBOTO - OT aBTOMOOMWJIHATA M aBHALMOHHATA WHAYCTPHUS 10 MAIIMHOCTPOEHETO - KaTo
criomara 3a yJIbJDKaBaHE Ha €KCIJIOATAIlMOHHMS JKMBOT M HaMaJIsiBaHE Ha eHepruitHuTe 3aryou [1—
3].

PazButnero Ha TpubOMOrMATAa MOANOMAra Chb3JJaBaHETO Ha HOBHM MAaTEPUAIH M TEXHOJOTHH C
oI0OOPEHN XapaKTEPUCTHKH, a 3aTryOUTe OT TPHEHE W M3HOCBAaHE MOTAaT Jia AOCTHTHAT 10 5—7% OT
BBII, koero noguepraBa HEMHOTO UKOHOMUYECKO M TEXHOJIOTUYHO 3HaUeHUE [4].

1.1.1. Hcmopuuecko pazeumue na mpuooiozuama
TpI/I6OJ'IOFI/I$ITa HU3CjIcBa TPHUCHCTO, CMA3BAHCTO KW H3HOCBAHCTO Ha BSaHMOZ[CfICTBaIHH

MOBBPXHOCTU. TEPMUHBT MPOU3IH3A OT TPBIKOTO tribos — ,,rpuene [1-3]. Omie B ApeBHOCTTA -
TPUEHETO HaMHpa MPUIOKEHHE — OT 3alajBaHe Ha OrbH WU M3paboTKa HA UHCTPYMEHTH 0
M3IOJI3BaHE Ha €CTECTBEH OUTYM KaTO cMa3Ka. ApXeoJIOTMYeCKU CBUIETENCTBa OT Erumner noka3sar
paHHO MpuiaraHe Ha Jjarepu mpu rpbHYapcku konena (Pur. 1.1), KakTO U U3MOI3BaHE HA TEUHHU
CMa3KH MPHU TPaHCTIOPTHpPAHE HA MACUBHU KaMeHHU Onokose (Dwur. 1.2).

= o
W U R e L E T e

(W oS pdaARAAS
N R
g S i

5

f

Due. 1.1. /[vpsen nacep 3a kamerHu Kojeld, @Due. 1.2. Tpancnopmupane Ha ecunemcka
cmamys, opegen Ecunem. El Bersheh, okono 1900 2. np.n.e.

1.1.2. Kpamvk npezned na mpubonocuama é bvacapus

[lenenacouenure u3ciaenBaHus B 00JacTTa Ha TpubosorusaTta B bbirapus 3anousat npe3 1963 r.
B JIabopatopusirta no ,,KoHntakTHa MexaHuka“, ocHoBaHa ot npod. 1-p ['eopru lanos B Texuuueckus
yuuBepcuteT — Codus [5]. IIpe3 1974 r. s ce mpeoOpa3sysa B ,,JlJabopaTopust 1o TpuOOIOTHSA" IO
pbKoBO/icTBOTO Ha npod. Hsrom ManonoB [6], a mo-kbcHO — B HarmoHaneH KOOpAWHAIlMOHEH
ueHTbp. OT 1984 r. buarapus e peoBeH wieH Ha MeXIyHapoIHUs ChBET 110 TPUOOJIOTHUSI.

IIpe3 1993 r. ce cp3maBat OOmecTBoTo Ha Tpubono3ute B buarapus (OTH) u bankanckara
tpubonoruuna acouuanus (bTA) ¢ mbpBu pprkoBoauten npod. ntH H. Manonos. bTA, BkitouBaiia
ecT OaJIKaHCKU IbPKaBH, IPOBExXIa peryisipau kondepenuuu. [1pes 2008 r. B Co3omon ce cbCTou
V1 ro6uneitna kondepenus ,,baakantpu6d 08 (Assenova, Kandeva, 2008) [7] ¢ okono 130 noknanga
B JIEBET CEKIIHH.

B momenTa JlaGopatopusita mo TpuOOJIOTHS MPOABIDKAaBa CBOSITA Hay4yHa, oOpa3oBaTeiHa U
npuoXkHa JeiHocT. PazpaboreHa e chbBpeMeHHa KOHLEMIMS 3a pa3BUTHE Ha TPUOOIOTHSATA
(ManomoB u ap., 2007) [8], BkiroueHa B HayuHata HoMeHKIaTypa moa Ne 01.02.02 (JIB, 6p. 34/1990)
[9]. [IpoBexkna ce cemunap ,, TpuOOIOTUS U UHTEPAUCHHUILTMHAPHOCT® U € ch3lafeH Hamnonanexn
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excriepTeH cbBeT 1o Tpubonorus kpM MHI'A. Criucanue ,,Korraktu®, ¢ ri. penaktop mpod. ara H.
MaHoJoB, IpeIcTaBs HOBYU HJIEH B 00JIaCTTa HA KOHTaKTHUTE B3auMoaercTus [10]. Tpubonornyau
U3CcleI0BaTeNICKH rpymnu Aeiictear u B BAH u peauna Buciim yynimiia B cTpaHara.

1.1.3. Pazeumuemo na mpuoonozuama é ceema
Tpubonorusita € MUPOKO pa3BUTA B PEIUIA MHIYCTPUAIHO BOACIIH IbPKABH.

B CAIJ uscnenBanusi ce W3BBbPUIBAT B MHOKECTBO YHUBEPCUTETH U HAY4YHHU IICHTPOBE, a
WHAYCTPUH KaTO aBTOMOOMJIOCTPOCHE, AaepOKOCMHYECKAa M EHEepreTMKa IIHPOKO BHEIPSBAT
TpuboIOTHYHU TexHojoruu [11].

I'epmanns e Bozema OnarojapeHHe Ha CHUJIHATA CH MAIIMHOCTPOMTEIHA W aBTOMOOMIIHA
WHIYCTpUSI, MOJIKPENeHa OT aKTUBHU HAYYHH UHCTUTYTH [12].

B Slnmonwust ce pa3BuBaT BUCOKOS(HEKTUBHM KOMIOHEHTH 32 aBTOMOOMJIHATA M €JIEKTPOHHATA
HWHIyCTPHsI, KAaTO TPUOOJIOTHATA € KIIFOUYOB €JIEMEHT B HayYHOM3CJeAoBarenckara neinoct [13].

BenmukoOpuTanuss WMa JIBJTOTOMWIIHM TPAaguuu, a WHCTUTYTHT 1O TPUOOIOTHS B
YuuBepcurera Ha JIuiiac e cpea BoaemuTe nentpone [11].

[Ipe3s mnocnennute aeceruneruss Kurail 3acunBa HaydyHuTe pa3pabOTKH, HACOUEHU KbM
YCBBBPIICHCTBAHE Ha MPOU3BOJACTBEHUM TEXHOJNOTUM M pas3UIMpsSABaHE Ha WHAYCTPUATHHUTE
npuioxxenus [ 14].

Te3u nbpkaBU MHBECTHpAT 3HAUUTEIHHU PECypCH B TPHUOOJIOTHSTA, KOETO BOIAM 1O BaXKHH
TEXHOJIOTUYHU MHOBAIIMM U N10J1I00peHa e(PEKTUBHOCT B MHOKECTBO OTPACIIH.

1.1.4. Huoycmpuannomo u punancoeo 3nauenue Ha mpuooaouama
WunycTpuanHuTe peBOMIOLUH Ch3/1aBaT HOBH TPUOOJIIOTHYHH TIPETN3BUKATEIICTBA, CBEP3aHHU C
TPUEHETO M M3HOCBAHETO Ha MOBBPXHOCTH. OCHOBHATA IIEJI HAa TPUOOJIOTHATA € HaMajsBaHE Ha
3aryOuTe OT TPUEHE M M3HOCBAHE 4pe3 MOAXO/IIM PEIICHHS B CMa3BaHETO, MOIU(HUKANUATA HA
MOBBPXHOCTUTE U MaTepuano3HaHuero [15,16]. TpueHeTo U U3HOCBAHETO BOJAT 10 3HAUUTEIHU
SHEePTUiHU U MaTEepUATHU Pa3X0Ju — O0KoJI0 23% OT CBETOBHOTO €HEPronoTpedIeHNne € CBbP3aHo ¢
TPUOOJIOTHYHU KOHTAKTH [17].

[Tpumepno B CAILl npaBuwiHuAT U300p Ha CMa3KH 3a 3 MJIH. YEpBAYHM MPEABKU C MOIIHOCT
7,5kW mnosumasa edektuBHocTTa ¢ 5%, cnectsBaiiku 9,8 mapa. kWh u 0,6 mapa. USD. ['mobanno
HOBMTE TPUOOJOTMYHH TEXHOJIOTUU MOTaT Jla HaMaJsAT eHepruitnure 3aryou ¢ 40% 3a 15 roaunu u
18% 3a 8 roaunm, paBusaBaiiku ce Ha 1,4% ot cBetoBHus BbBII [18]. B OGeanHeH0TO KpajicTBo
MOJIEPHUTE peIIeHUs] MoraT Ja HaMalsT pa3sXxoAuTe 3a u3HocBaHe 10 95% 3a 10 roguHu,
CHOTBETCTBAWKH HA MPOTHO3UTE B JI0KJIana Ha Jost [19].

1.2. Ocnoénu npunyunu u NPUIOHCEHUA HA MPUbOOZUAMA

Makap TepMUHBT TPUOOJIOTHS J1a € HEMO3HAT 32 MHO3MHA U Ja NIPEJCTaBIsABa HOBA 001acT Ha
HayKara 3a HIKOM cdepu, Toi O0e3CIMOpHO € YacT OT KMBOTA HA BCUYKH Hac. BCBITHOCT, B HAIIETO
€XKETHEBHO €KEJHEBHE CpelllaMe MHOKECTBO MPUMEPH 32 TPUOOIOTHYHU MPUIIOKEHUS.

Ha ¢ur.1.4. e cp3nanena cxema- kiacu(pUKays Ha 3HAYCHUETO M OCHOBHHUTE NPHUHIIMIIH,

IMPUIIOKCHUA, 06H_II/I TCOPpUH, KIIACUUYCCKHU MCETOAU, CUIIU U KOC(I)I/II_II/ICHTI/I C’b6paHI/I B HayKaTa
TpI/I6OHOFI/I${. Pasrnexna ce HHAYCTPUAITHOTO U q)HHaHCOBOTO 3HA4YCHHUEC, KOCTO M3MCKBA II03HABAHCTO
Ha Ta31W HayKa B CbBPCMCHHU CBAT. OCHOBHHTE MMPUHIUIIN, ITPUITOKCHUS, O6IJ_II/I TCOpHU.
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@ue.1.4. Cxema- knacugukayus Ha OCHOGHUME NPUHYUNU HA MPUOOTOUAMA

1.2.1. Bveeoenue ¢ mpuobonozusama

B MmomenTta TpubOosorusita, KOATO € HOBa 00JIaCT Ha Haykara, € Je(puHHpaHa B MHOIO
pEUHUIIM KaTo "HayKaTa 3a B3aMMOJEHCTBHETO Ha MOBBPXHOCTH B OTHOCHUTENHO JIBU)KE€HUE" WU
"M3y4aBaHETO HA TPUCHE, N3HOCBAHE M CMa3BaHe, KaKTO U MpoekTupanero Ha garepu" [20]. Ha ¢ur.
1.5. e mpencTaBeHa WILTIOCTPAIMs Ha TPUBI'BIIHUKA HA TPUOOJIOTHATA.

Tpuene Hinocsane

PHOOJIOrHAS

Cmassane

@ue.1.5. Tpuvevnnux na Tpubonocuama
1) Tpuene - TpHUEHETO € €CTECTBEHO SBJIEHHE C Ba)KHA POJIS B €XKEIHEBUETO, HO B TPUOOJIOTHITA

OCHOBHO C€ pa3riex/a Karo MpUYMHA 32 W3HOCBAaHE W €HepruiiHU 3aryom. Pa3znmuaBar ce nBa
peKUMa: CTAaTHYHO M KHHETHYHO (IMHAMHYHO) TPHEHE, KaTo B JIBaTa CIydas TO NpPEACTaBIsIBa
CHJla, HAcOYeHa IMPOTUBOIIOJIIOKHO HA IBMKEHHETO WM TOTCHIMATHOTO JBIDKEHHE MEXKIY
noBspxHOcTUTE [21].

2) MH3noceane - VI3HOCBaHETO € OCHOBEH Ipollec Ha 3ary0a Ha marepual wuiM aedopmanus Ha
MIOBBPXHOCTTA, KOWTO MOXKE J1a JOBEZE /10 OTKA3 Ha MEXAaHWYHM eJIeMeHTH. B Tpubomorusra to
ce pasriiex/ja KaTo MOCTENEHHO OTCTPaHsABaHE Ha MaTepuall IPU MEXaHWYHU W/WIA XUMHUYHU
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B3aUMOJICHCTBUS MEXIy TOBBPXHOCTH [22] W ce ompeaess Karo MNpOorpecuBHa 3aryba Ha

BEIIIECTBO IIPU OTHOCUTEIHO ABUKEHHE [23-25].

3) Cmazeane - CMma3BaHETO € KIIIOYOB MCTOJ 3a HaMalIdBaHC HA TPUCHCTO M KOHTPOJI Ha

n3HOCBaHEeTO. TepMUHBT UiBa OT JIaT. lubricatus (,,lipaBst XJI3raBo’) M 0003HaYaBa CyOCTaHIINS,

KOATO ITPOMCHA BBaHMOHeﬁCTBHCTO MCXKAY KOHTAKTHHU IIOBBPXHOCTH. CMmazounure cpeacrsa

Mmorart ga 6’B,HaT TE€YHOCTHU, I'PE€CHU, TBBPAN CMA3KHU UJIM I'a30B€, KATO OCHOBHATa UM Q)YHKI_[I/IH € aa

orpaHn4aBaT TPHUCHCTO, HM3HOCBAHETO MW TEMIICPATYPHOTO HATOBAPBAHE; 0e3 TJAX HACThIIBA

JMPEKTEH KOHTAKT U PUCK OT moBpeau [21].

o  (Cmaszounu mamepuaiu - CMazouHuTe Cpe€acTBa ce KJ'IaCI/I(bI/ILII/IpaT KaTo TCYHHU, I'PECH,

TBBbPAW U I'a30BHU.

L4 Xapakmepucmuku Ha wmaciama - I/IH,I[YCTpI/IaJ'IHI/ITC CMa3O4yHM Macja C€ Ipeaiarat B

pasiinii BUJOOBEC, KAaTO IMPAaBHUIIHUAT I/1360p € KPUTHUYCH 3a KOHKPCTHOTO IMMPHIIOKCHHUC.

Crnopen npou3xojia cu T€ ca MUHEpaJIHU, CUHTETUYHH Ui cMecenu (dur. 1.6).

(‘\Ia?UlIHM \Ia]epHaJIH

‘ Munepainn

| | CHHTETHYHHA | |

Due. 1.6. Cxema Ha cmMazouHume mamepuani

1.2.2. Ilapamempu, xapakmepuzupauwiu 63aumo0eiiCimeuemo mexicoy

noespxnocmume

3a ananu3 Ha mponecuTe, CBbp3aH C TPUCHECTO, Ca Chb3JAaJACHH PA3JIMYHU TCOPUHU, OTpa3saBallln

0COOEHOCTHTE Ha PA3JIMIHUTEC MAaTCPpUAIIN, TTIAAKOCTTAa HAa TPHUCIIUTC IMOBBPXHOCTHU U JIEHCTBAIIOTO

HaJIAraHe: TerMU 3d MeXaHu1YHomo sayensaHey Teopuﬂ 3a ejlekmpocmamuiHomo 6361%]140&612011181/[6;

T€0pl/l}1, OCHOBAHA HA Bb3MOMNCHOCMMA 3d “3a60pﬂ6aH€ " Ha nosvpxHocmume

IIpencraBenute Tabmuna 1.1. u tabmuma 1.2. ca B3ern or - KoepuuueHTH Ha TpueHe IO

"Teopernuna mexanuka", boxunap Tomes, Texuuka, 1973 [26].

Tabnuya 1.1. B3aumooeiicmeue na mpudo-080UKuU Npu Nib32aHe

[NBoiika (Npu nab3rade)

MNpw nokon

Mpw fBrxeHne

CTomaHa - YyryH

0.15

0.1

CromaHa - Nep

0.017

0.014

CroMmana - [lupeo

0.55

0.4

Nwpeo - lupeo

0.65

0.35

[tpeo - KaMmbk

0.7

0.3

Koxa - MeTtan

0.6

0.25

Tabnuya 1.2. Bzaumooeiicmsue Ha mpubo-080UKU NPU MbPKAISIHE

Leodka (Npw TopransHe)

[mm]

BaronHo koneno - Penca

0.6

NwpeeHo kKoneno - [lLpeo

15.0

AgTomobunHa ryma - Acchant

45.0

AsTomobunHa ryma - MNasax

25.0

1.2.3. Cvugecmeysauju cmanoapmuu Memoou 3a u3numeane Ha mpuene,
U3HOCBAHE, A0Xe3Us U 6b3CMAHO6ABAHE

MGTOI[I/ITC 34 UBIIMUTBAHC HA OCHOBHUTC MCXAaHUYHU MMAPAMCTPU KATO: TPUCHC NIPHU IIJIB3raHe,

TpHUEHE NPU ThpPKaJIsIHE, KOSPHUIMEHT Ha Bb3CTAaHOBABAHE, KAKTO U JIOMBIHUTEIIHU XapaKTEPUCTUKU
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KaTo ajxe3usi, u3HOCBaHe (Koe(PUITMEHT Ha U3HOCBAHE) M a0pa3usi, CIOPe]l MEXKTyHAPOIHO MPU3HATH
CTaHJAPTH ca CICIAHHUTE, PeACTaBeH! B Tabmuim ot 1.3 10 1.6:

Tabnuya 1.3. Tpuene npu nivseane

CraHpapt O6nacT Ha NpuNoXKeHue Benexku

CTaTUyeH U KMHeTUYeH KoebnLMeHT Ha
1SO 8295:1995 TpWeHe 3a naacTmacosun ¢onma un [NaBHO 32 KOHTPOA Ha Ka4ecTBOTO
nucTose (0.5 mm)

AmepuKaHCKK aHanor, pesyntatuTe
ASTM D1894-24 Mnactmacosu ponmna He ca Hanb/IHO cbnocTasumm ¢ ISO
8295

Onpegens ycnosua Kato
PamKoB CcTaHAapT 33 M3NUTBAHMA Ha

1SO 6601:2002 HaTOBapBaHEe, CKOPOCT M KOHTAKTHM
TPUEHe 1 U3HOCBaHe Npu Nab3raHe

ycnoBua
Mo3B0/1ABa OLEHKA Ha TPUEHETO
ASTM E1911-19 LI,ITIH{:!MMHEH TpubomeTsbp (Dynamic KaTo QYHKLMA HA CKOPOCTTa;
Friction Tester) NPUNOKUM B 1abOpPaTOPHM U peanHu
yCn0BUA
Taénuya 1.4. Tpuene npu mvpkanaue
CraHpapt O6nacT Ha NpunoXKeHue benexku
KoeduumeHT Ha TbpKanAaHe 33 HOBU VsMeDBaHe NbH CBOBOAHO ThDKANAHE
1SO 18164:2005 MHEBMATUYHM  Tymun  (aBTOoMObBUAK, P P A P

M KOHTPOMPAHU YCA0BUA
aBTOBYCU, MOTOLMKNETH)

M3non3ea 3aBUCUMOCT Bpeme—

ISO 18164:2005/DAM 1 JekenepaunoHeH noaxon, pa3cTosHMe 3a M34YUCAABaHe Ha
CbNPOTUBAEHUETO
ISO 28580:2018 Ponupawo cvnpotnsneHne Ha nNbTHM | CbBpeMeHeH MeTof, €BEeHTyasiHO
rymm 3amecTsa ISO 18164

Tabnuya 1.5. Koeguyuenm na evzcmanosasane (Coefficient of Restitution, COR)

CraHpgaprt O6nacT Ha NpUNoXKeHue
ASTM F1887 BepTUKanHO M3nycKaHe Ha TOMNKa BbpXy TBbpAA NOBbPXHOCT
1SO 10545-5 N3mepsaHe Ha COR 3a KepaMW4HW MNOYKU

yp,apHo noseaeHne U BB3CTaHOBABAHE HaA HUCKONADBTHU MaTepuUau,
BK/IIOYUTENHO NOIMMEPHUN KOMNO3UTU

ASTM C203

1.3. MexaHM4YHHU CBONCTBA

Knacudukanus Ha MeXaHUUHUTE CBOMCTBA M XUMUSTA HAa TPUOO-TIOBBPXHOCTHUTE € Mpe/ICTaBeHa
Ha @ur.1.12. MexaHUYHMIT [AsU1 BKJIIOYBA TBBPAOCT (IpH BUIBOHATHMHA W HaJpacKBaHe),
nedopmarus (emacTUYHA U MJIACTUYHA, BKIIOYUTEIHO MPU NPUILTB3BAaHE U pa3pyllaBaHe), yMopa U
U3JIPBKIIMBOCT KAaTO KJIIOUOBH MOKa3aTeNd 3a MOBEIeHUE TPU MPOIBIKUTETHO HaTOBapBaHe.

XUMUYHUAT 501 pa3riekaa mporecu KaTo ajacopouus, popMupaHe Ha IPaHUYHO CMa3BaHE U
MOBBPXHOCTHU (GWIMH, KakTo U audy3us. BriroueHu ca cbllo agxe3uss U KOpo3us, KaKTO U
cieun(UYHN TPOSBU IPU MUKpoesneKTpoMexaHudHu cucteMu (MEMS), kbaeTo MOBBPXHOCTHUTE
B3aMMOJICHCTBUS ca OT KPUTUYHO 3HAYEHUE.
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Mexannann cBoficTea Xumusa Ha TpuGo-NOBBPXHOCTHTE
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@Due.1.12. Cxema-knacugurayus Ha KOMROHeHmMume 8 mpuOOL0UIMa- MeXaHU4HU C8OUCMEA U
Xumus Ha mpubo-nosbpXHOCmume

1.3.1. Tevpoocm
TebpHocTTa OommcBa COCOOHOCTTa Ha MaTepHall Ja YCTOM Ha MOCTOSHHA JAedopManus WiIn

MPOHUKBAHE, KaTO IO-BHUCOKAaTa TBHPJIOCT IOKa3Ba MO-TOJSIMAa YCTOWYMBOCT INPH HATOBAapBaHE.
OcHOBHUTE BHUIOBE TBBPAOCT ca: I8vpoocm Ha edrvOHamuHa;, Tevpdocm na Haopackeawe,
Tevpoocm nHa omcKox.
1.3.2. /lechopmayusn

1) Enacmuuna oeghopmayus

ToBa e MUTHOBEHa U Bb3CTaHOBHMMA Jiepopmarius BbB (hopMa WM pa3MepH, KOATO Ce MPOsIBIBa
caMmo TpHU HaJlM4ue Ha MPHUJIOKEHO HOPMAJTHO HAaTOBapBaHE M M34e3Ba IMPU HETOBOTO IpeMaxBaHe
[27]. Enactuunata medopMmanus ce ompenens OT MOAyna Ha emacTuunocT Ha Wwar (E). Ilpm
IIPEeBUIIaBaHE Ha ONpeEJIesIeH par HacThIIBA IUNIACTHYHA, TOECT MOCTOsIHHA Jeopmarus [28].

2) Ilnacmuyna oegpopmayus

B kpuBara HampexeHue-nedopmanus, KOraTo MaTepUalHUAT oOpasel] € MOAJOXKEH Ha
HapacTBAlll0 HAIlpeKEHHE HaJ TpaHMLaTa Ha npoBiauyBaHe (Y), MaTepuasbT Bede HE ce BpbUIA B
I'bpBOHAYANIHATA CH (hopMa clies] 0CBOOOK1aBaHe Ha HanpexxeHuerto. Jlehopmarusara Hag rpaHULaTa
Ha NMPOBJIaUYBaHE € HE3aBUCHMa OT BPEMETO U ce Hapuya IutacThuuHa fedopmanus [29].

3) legpopmayus npu nvizene

Hedopmarusata npu mbiI3€HE € IOCTENEHHO H3MEHEHHWe Ha Qopmara Ha Marepuan IO
MIOCTOSIHHO HANpeXEeHHWE M TOBHUIIEHA TEeMIepaTypa, KOETO MOXKE Ja JIOBeJe 10 pa3pyllaBaHe.
SIkocTTa pH ITBJI3EHE 3aBUCH OT HANIPEKEHUETO U BPEMETO, a MPH IIUKJINYHO HATOBApPBAaHE NMPOLECHT
Ha yMopa ce ycKopsiBa Iopaau B3aumojeiicTBue nuizeHe—ymopa [30, 31]. Tunnuynara xpuBa Ha
I'BJI3EHE BKIIOYBA TPH €Tama: MpexXoJeH (eJacTUYHAa W YacTUYHO IUIacTH4Ha jaedopmarius),
CTallMOHAPEH (ITOCTENEHHO MTOYTH OCTOSIHHO HapacTBaHe Ha JieopMalusaTa) U TpeTu4eH (yCKopeHa
nedopmanus 10 pa3pyliaBaHe).

1.3.3. Ymopa
YMopara e kputuueH ¢GakTop B WHXKCHEpHUs u3aiiH, kato Haj 80% oT oTka3uTe B

MEXaHUYHOTO OOCTYy’KBaHE ce AbJDKAT Ha ToBa siBiieHue [29]. Ome mpe3 1800 r. e ycTraHOBEHO, e
UMKJIMYHUTE HATOBAPBAHUS IPUUYMHSABAT HAITYKBaHHSI B MOCTOBH U YKEJI€30IIbTHU KOHCTPYKIIMH.
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1) Paspywasane nopaou ymopa - Ilpu HIMKINYHO HATOBapBaHE HA MOBBPXHOCTTA MOTaT Jia ce
3apoJIAT MUKPOIYKHATUHU, KOUTO IMMOCTENICHHO HApacTBaT 10 KPUTUYEH pa3Mep U BOISAT 10
paspyliaBaHe..

2) Hzopwvorciusocm na ymopa - ObuuaiiHo ce pasriexaar nBa eramna: (1) 3apakmaHe Ha
MMyKHATHHH | (2) TAXHOTO pa3npocTpaneHue [29].

1.4. Xummus HA TPHOO-NIOBbPXHOCTHUTE

XuMusATa Ha TPUOO-TIOBBPXHOCTUTE HM3CJE/IBa MPOIECUTE, MPOTUYAILM MPU KOHTAKT MEXKIY
MOBBPXHOCTU U TSIXHATa B3aMMOJICUCTBHE C OKOJIHATa cpela (TEYHOCTH, rasoBe, Bakyym). Ha
MOBBPXHOCTTA HA MaTepuana BBb3HUKBAT SBJICHHS Karo ajacopOuus, AuQy3us, aaxesus,
MOBBPXHOCTHU CHJIM M XUMHUYHHU pEaKIUH. Thil KaTo MOBBPXHOCTHUTE aTOMU HMAT Pa3IU4YHO
XUMHYHO ChCTOSTHUE OT 00EMHHUTE, T€ ca MO-PEaKTHUBHH, a aJICOPOIUATA YECTO € KIII0UOBa CTHIIKA B
Te3u npouecu [32, 33].

1.4.1. Aocopoyus

Ancopbuusta nmpecTaBisiBa NPUIICTIBAHE HA ATOMH, HOHH WJIM MOJIEKYJIH KbM MOBBPXHOCTTA HA
MaTtepuain (aacopOeHT), KaTo ce paznuyaBa OT abcopOuMsTa, MPH KOSITO YAaCTUIMTE HABIM3aT B
obOema. Pa3nnuaBar ce n1Ba ocHOBHM BHja: (hu3ncopOLUs — MOCPEACTBOM ciiabu cuiv Ha Ban aep
Baanc, u xemucopOiusi — upe3 XUMUYHHU BPB3KH MeXay ajncopOat u aacopOeHt. B tpubonorusra,
0COOEHO MpHU TPAaHUYHO CMa3BaHe, aJcopOLUATa U MMOCIEIBAIINTE MOBbPXHOCTHU PEAKLUU UTPasiT
KIIF0OYOBA poJis 32 e(heKTUBHOCTTA Ha CMa30YHHUTE MaTepuain u qo0aBku [34].

1.4.2. I'panuuno cmazeéane
FpaHI/I‘-IHOTO CMa3BaHC BL3HUKBA TP CKCTPEMHHU YCJIOBUA — BUCOKH HATOBApPBAHUA W/WIIM HUCKHU

CKOPOCTM — MpPU KOWUTO CMa30YHUAT (UIM € MHOTO THHBK (HSKOJIKO MOJIEKYJIHU CJOs).
OO6pa3yBaHeTo My Ce€ OCHOBaBa OCHOBHO Ha aJcopOIvs, a TPUOOXUMUYHUTE PEAKIIUU OMpPEACIIAT
ChCTaBa U 3allUTHUTE CBOMCTBA Ha (punma BbpXy Tpubo-noBbpxHocTute [35]. Criopen Teopusita Ha
MOHOCJO0S, aJCOPOMpaHUTE U OPUEHTHUPAHU MOJIEKYJIH MPEAOTBPATIBAT TUPEKTEH KOHTAKT MEXIY
MOBBPXHOCTUTE U HAMaJISIBaT TPUEHETO MOPAIU HHUCKATAa UM SKOCT Ha Cps3BaHE, KAaKTO € MOKa3aHo

Ha ¢ur. 1.15 [36].

@ue.1.15. Unrocmpayusama Ha 2paHuyHOmMo cmaszeane NoKA3ea MOHOCIOU OM CMA304YHU MOAEKYIU,
abcopoupanu u OpuUeHMUPanL 8bPXy C8bP38aAUUMeE NOBHLPXHOCHIU.
1.4.3. Ilosvpxnocmen ghuim

[ToBeuero MeTanmu W CIIaBU 0Opa3yBaT €CTECTBEHH OKCUAHHM (WIMU BBB BB3IAyXa, a MpH
pa3IMYHU YCIOBHUS MoraT Aa ce ¢opMupar U CynduIHU, HUTPUIHU U XJIOPUIAHU MOKpUTHS [25].
JlebennHata UM OOMKHOBEHO € B HaHOMAIA0 M 3aBHCH OT XMMHYHATAa PEAKTUBHOCT Ha MeETala;
HampuMep OKCHAHUAT (UM BBPXY HEpBKIaeMa CTOMaHa € caMo HSIKOJIKo HaHometpa [37]. Tesu
(GUIMH BIUSAT HA TPUOOJIOTHYHOTO TOBEIEHUE CIIOPE]l CBOMTE XMMHYHU M MEXaHUYHU CBOICTBA:
MCKUTC 3aJICITICHU (1)I/IJ'IMI/I ﬂeﬁCTBaT KaTo CMa3Balll CJ'IOfI nu paS,HCJISIT KOHTAKTHHUTC HOB'LpXHOCTI/I,
JIOKAaTO TBBPIUTE U KPEXKH JIECHO C€ HAIyKBaT U Ca TO-MaJIKO e(hDeKTHBHHU.
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1.4.4. Jlugpysusa
B xumusTa nudys3usata ce oTHacs 10 ABMKEHUETO Ha (IIYHIHU MOJIEKYJU B TBBPIU, OOMKHOBEHO
nopectu BemiecTBa. B tpubonorusita qudy3noHHOTO TpeTHpaHe (WIM HpOUechT HA TU(PY3MOHHO
otrpsisane, DAP) o3nauaBa Moau(uKanus Ha MOBbPXHOCTTA YPE3 BbBEXKIAHE HA MHTEPCTULHAIHU
WM 3aMeCTBAllldi aTOMHU OT BbHIIEH H3TOYHHUK [38-40]. UecTo OTrpsiBaHETO CE€ M3IOI3BA 3a
perynupaHe Ha MHKpPOCTPYKTypaTa M CBOMCTBaTa Ha MaTepHaJUTe 4Ype3 HarpsBaHe Hal
TeMIlepaTypara Ha peKpUCTATN3AIHsL, IOJIbp)KaHe U 0aBHO OXJIaXKIaHe.

1.4.5. Iloévpxnocmua xumua na MEMS
[ToBBpXHOCTHUTE CBOMCTBA HA MUKpOETIeKTpoMexaHnuHute cucteMu (MEMS) ca oT chiiecTBeHO

3HAYEHUE TMOPaaU TIXHOTO H3KIIOYUTEHO BHUCOKO CBHOTHOIIEHHE MOBBPXHOCT—00eM. JloOpe
YCTAHOBEHO €, Y€ KOHTPOJMPAHETO Ha MOBBbPXHOCTHHUTE CHJIM — OCOOEHO aJXxe3usita MEXKIY
KOHTaKTHUTE MOBBPXHOCTU — MPEACTABISABA KIOYOBO MPEIU3BUKATEIICTBO MPHU EKCIUIOATAIUATA U
noaapbxkara Ha MEMS yctpoiictea [41-44].

1.5. @u3uunu ceéoiicmea

B Ttpubonorusara ¢usnyHMTE CBOIICTBA HAa MaTepUaIMTEe U TMOBBPXHOCTHTE ONPEIENAT
TPUEHETO, U3HOCBAHETO U CMA3BaHETO. Te BIMSAT HA KOHTAKTUTE HA aTOMHO, MUKPO- U MaKPOHUBO,
KaTo KJIIOYOBM IapaMeTpu ca ajaxe3us, IpamaBoCT, TBBPAOCT, TOIUIMHHA M eJIEKTpHUYecKa
MIPOBOJIUMOCT, BUCKO3UTET U JIp., KOUTO KOHTPOJHPAT €()PEeKTUBHOCTTA HA CMa304HUTE (puamu u
TOYHOCTTA HAa KOHTAKTHAaTa MEXaHHKa.

Anxe3usiTa ce ONKMCBA 4Ype3 HOPMAJIHM W AIXE3WBHU CHIIM, KOCHUIMEHT Ha CICIUICHHE,
MIOBBPXHOCTHA €HEpIus, aTMOC(QEpHU YCJIOBHUS, OKUCIEHHE, TPUEHE U MEXaHUuYeH TpaHcdep Ha
Matepuai. OMOKpSIEMOCTTa Ce XapaKTepU3Upa Upe3 MOBbPXHOCTHO HAPEKEHUE U KOHTAKTHUSI BI'bJI,
KaTo Cce pas3riexJaT IbJIHA U HEM'bJIHA OMOKPSEMOCT M JMHAMHKaTa Ha IMpoleca NpU pa3IuuyHU
CbCTOSIHUSL Ha MNoBbpxHOcTTa.Cxemara Ha ¢ur.l.16 cucremaTuszupa Te€3U CBOICTBA M TEXHUTE
B3aMMOBPB3KH, Ype3 (POpMyJIM U 3aBUCUMOCTH, XapaKTepU3HpaIll MOBEICHUETO Ha MaTepUaInTe
MIPHU KOHTAKT..
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Due. 1.16. Cxema-xknacugpuxayusn Ha hu3udHU C8OUCMBA CPEUaHU 8 MPUOOIOSUAMA
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1.6. @opmu na uznoceane

N3HocBaHeTo 4pe3 abpasusi, €po3usl M KAaBUTALUS BH3HHKBA MPU B3aUMOJCHUCTBUE MEXITY
TBBPY YACTUIIM WJIK TEYHOCTH U MOBBPXHOCTTA HA MaTEpHall.

Te3u nporuecu ca cpel Hall-arpeCUBHUTE MEXAaHU3MH Ha U3HOCBAHE, KATO Pa3JIMYUsATA B TEXHUTE
MUKPOMEXaHU3MH ONpeAeNsaT u3dopa HAa Marepualii W METOOU 32 TIOBHINABAHE Ha

M3HOCOyCTOWUMBOCTTA [45].
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Que.1.19. Cxema-knracugpurayus na gpopmume Ha U3HOC8AHE 8 MPUOOIO2UAMA

1.6.1. Aopasueno uznoceane

AOpa3uBHO M3HOCBAaHE BH3HUKBA BUHATH, KOTATO TBBP/] MPEIMET € HATOBAPEH CPEIIy YaCTUITH
OT MaTepuasl, KOWTO MMaT €JHAaKBa WU MO-TOJSIMAa TBBPAOCT. YecTo cpeliaH MmpuMmep 3a TO3U
mpo0JieM € U3HOCBAHETO Ha JIOMATH Ha 3eMeKONmHU MamuHu. CTerneHTa Ha abpa3uBHO W3HOCBAHE €
MHOTO MO-TOJISIMa, OTKOJIKOTO MOJKE J1a Ce OCh3Hae. Bceku marepuat, 1opu ako Mo-rojisiMaTa 4acTt OT
HEro € MHOTO MeKa, MOXKe Jla IPUYMHU a0pa3MBHO M3HOCBaHe. HampuMep, opraHWYeH marepua,
KaTo 3axapHa TPHCTHKA, € CBBbp3aH C adpa3MBHO M3HOCBAHE HA PE3aykKd W IIPENepH 3a TPHCTUKA
mopayu Majkara (ppakius CUIUIMEB TUOKCH/I, MPUCHCTBAIIl B 3aBO/Ia BllakHa [45].

1.6.2. Epo3ueno uznoceane

Epo3uBHOTO M3HOCBaHE Ce MPUYHHSBA OT yJapa Ha YaCTHUIM TBBPIO BEIIECTBO WIIA TEYHOCT
BBPXY TNOBBPXHOCTTA Ha 00CkT. To ce cpema B rojiiMO pa3HOOOpa3We OT MAIlMHW W THUITUYHH
MpUMEpH ca MOBpe/a Ha JIOMAaTKUTE Ha ra3oBaTa TypOHWHA, KOTaTo CaMOJIET JIETH Mpe3 00aIy mpax
Y W3HOCBAaHE HA MOMIIGHH PaOOTHM KoJjiela B CHCTEMH 3a o0pabOTKa Ha MHHEpajHA CYCIICH3HUS.
[Tomo6HO Ha Apyru GOpMHU HA U3HOCBAHE, MEXaHMYHATA SIKOCT HE TapaHTUPa U3HOCOYCTOWYUBOCT U
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NOJIpOOHO MpoyuBaHe Ha Marepuana. HeoOXxonuMu ca XapakTepUCTHUKU 32 MUHMMH3HMpaHE Ha
M3HOCBaHETO. MI3BeCTHUTE MEXaHW3MHU Ha €PO3UBHO MU3HOCBAHE Ca MIIOCTpUpaHu B ¢ur.1.21.
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Que. 1.21. Bv3MOJICHU MeXAHU3MU HA epo3usi. a) adpasusi npu HUCKU belu Ha yoap, 06) ymopa Ha
NOBbLPXHOCIMA NPU YOAp € HUCKA CKOPOCM U BUCOK b2b]l HA YOap, 8) KPEXKO pa3pyuasane uiu
MHO2OKPAMHA NIACMUYHA 0edhopmayusi npu yoap cvbC CPeoHda CKOPOCH U 20JISIM b2bll HA YOap, 2)
monexe Ha NOBLPXHOCMMA NPU BUCOKU CKOPOCIU HA YOap, 0) MAKPOCKONCKA epOo3usl C BMOPUYHU
epexmu, e) pazepasrcoane Ha KpUCMATHAMA PeuemKa om yoap om amomu.

1.6.3. Kasumayuonno usnoceane
W3BecTHO €, Ye KaBUTAIMOHHOTO M3HOCBAHE YBPEkKAa 000pYyIBaHE KATO BUTIIA HIIU JIOTIATKU

Ha TypOuHHM, paboTeln B MOKpa Mapa, M CeJalKd Ha KiamaHd. M3HOocBaHeTO mporpecupa upes
o0Opa3yBaHeTO Ha MMOpeauia OT AYMKH WU sIMH Ha TOBBPXHOCTTA, U3JI0’KEeHA Ha KaBuTaus. Llenusar
KOMITOHEHT Ha MaIlllMHaTa MOXe Ja 0b/ie YHUIOKEH OT TOo3M mporec. Paborata Ha 06opyaBaHeToO,
HampuMep BHTIATa, Y€CTO € OrpaHWYeHa OT CHUJIHU BHOpalMM NPUYUHEHH OT KaBUTAIMOHHO
YBpEXJIaHe.

1.7. 3akaouenune

Ot ananu3a Ha TpUOOJOrHATa KAaTO MHTEPAUCIUIUIMHAPHA HAayKa CTaBa SICHO, Y€ TS HMMa
KJIIOYOBa POJISl 3a ChbBPEMEHHATa MHIYCTPUS U MKOHOMHUKA. Upe3 onTuMu3MpaHe Ha TPUEHETO,
M3HOCBAHETO M CMa3BaHETO, TPUOOJIOTHsTa MOJIOMara IMoJ00pSBAHETO HA INPOU3BOJICTBEHUTE
MIPOLIECH, YCTOWYUBOTO U3I0JI3BaHE HA PECYPCUTE U HaMaIsIBAHETO Ha OTPUILIATETHOTO Bb3/IEHCTBHE
BBPXY OKOJIHATa cpena. MIHBecTHLIMUTE B TPUOOJOTUYHM U3CIIEIBAHNS M TEXHOJIOIMH CE U3IJIallaT
IBITOCPOYHO, KaTO JOMPUHACST 3a MO-€KOJIOTMYHU U PEHTaOWIHH PEeIICHHUS.

Krnacudukanusra Ha TpuOosorusra crope]; OCHOBHU MPUHIIUIIH, IPHIIOKEHUSI, MEXaHUYHU U
(Gbu3NYHU CBOMCTBA, XMMUYHU B3aUMOJIEHCTBUS Ha TPUOOMOBBPXHOCTH M (POPMH HA H3HOCBAHE
Ch3/aBa Ba’kHAa OCHOBA 32 ONTHUMU3HMpPaHE HA UHIYCTPHAHUTE CUCTeMU. M3cneBaHeTo Ha CHIIUTE U
Koe(MIMEeHTUTE Ha TPUEHE MO3BOJIsIBA MMOBUIIaBaHe Ha €(EeKTUBHOCTTA, HAMAJISIBAaHE Ha Pa3XoJIuTe
3a MOAJIPBKKA U pa3pabOTBaHE HA MHOBATUBHU PEILICHUSI.

Thasa 2.

TexHosornss Ha TPUOOJIOTMYHUTE U3CTEABAHUSA. YCTPOHCTBA M

eKCIIePUMEHTAJIHO 000pyABaHe.
EKCHepI/IMeHTaHHI/ITC TpI/IGOJIOF WYHU U3CJICABAHUA MMPEACTABIIAABAT CbBKYITHOCT OT MCTOAUKH,

YCTpOWCTBA M NPOLEIYypHU, UYpPE3 KOUTO CE€ OLEHSBAT OCHOBHHUTE MapaMeTpu Ha TPHUEHETO,
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M3HOCBAHETO M CMa3BaHETO. Te ca OT CHINSCTBEHO 3HAUYCHHE KaKTO 3a pa3pa60TBaHeT0 Ha HOBH
MaT€purain U IMOBBPXHOCTHHU IIOKPUTHA, TaKa U 3a OITUMHU3AIMATA HA ChIICCTBYBAIl MHXXCHCPHU
pEeIICHUA B MAIIMHOCTPOCHETO, CHEPIr€THUKATA, aBTOMOOMJIHATA HUHAYCTpUA U 6I/IOM6,Z[I/IHI/IHaTa.

2.1. C’bmeCTByBa]J_[I/I METOAM U BUA0OBC TpPIﬁOJ]OFI/I‘IHI/I n3cjaeaBaHud Ha

MOJIMMEPHA 1 KOMIIO3UTH
TpI/I6OJ'IOFI/ILIHI/ITe H3CIICABAaHUSA N3ydaBaT TPUCHE, U3BHOCBAHC U CMAa3BaHE MCKY ITIOBbPXHOCTH,

C €I OLICHKAa Ha U3APBKIMBOCTTA HA MAaTCPUAJIUTE U OIITUMHU3allA HA CUCTEMUTE. Te ce IMpOBCKAAT
B na6opaTopHH C TpI/I6OMeTpI/I U CliICUaIn3upaHd YCTAaHOBKH 3a KOHTPOJI Ha HATOBAapBaHE, CKOPOCT
" YCJIOBHA Ha OKOJIHAra cpeaa.

2.2. YerpoiicTBa 32 M3CJIeABaHe HA MUKPOTBbPAOCTTA HA MOJUMEPHH

MaTepuasu
TB’pr[OCTTa Ha ILTacTMAacara IIoKa3Ba CIIOCOOHOCTTA M Jda YCTOM Ha HAaTUCK U KOJIMYCCTBCHO

0Tpa3sBa CTEMEHTa HAa MEKOTa WK TBBPAOCT. Makap /1a He ChbOTBETCTBA MPSKO HA IPYTH MEXaHUYHU
CBOWMCTBA, TS € Ba)KEH TOKa3aTel 3a KOHTPOJI Ha KadyecTBOTO. Haii-uecTo ce u3moa3BaT METOAUTE 10
[op u Pokyemn, xaro Lllop e Hali-pa3npocTpaHeH B KayyyKoBaTa U IJacTMacoBaTa MPOMHUIIJICHOCT.
Hpyru nomynspHu Metoau BkiouBaT Bukepc, Knyn, bpunen u Moc, kato u3060pbT 3aBUCH OT
crenu(pUIHUTE HYX U U IPUIIOKEHHE Ha MaTtepuana [46].

Usnonseanu anapamypu 3a u3zciedgane Ha mMEbpOOCMMA HA NOAUMEPU U KOMHO3UMU 8
oucepmayuoHHUs mpyo ca:

- Instruction Manual Digital Shore Hardness Tester ~SAUTER HD - JlurutaiHusar ypen 3a
u3MepBaHe Ha TBbpaoCT o Shore SAUTER HD (¢ur. 2.3) e enexkTpoHeH HHCTPYMEHT 32 OIpeeisiHe
Ha OBbPXHOCTHATA TBBPJOCT HA €1aCTOMEPH, TYMHU, TUIACTMACH, MEKH MTOJIMMEPHU U JPYTH HETBBPAU
Matepuanu. Toil u3mMepBa MbJIOOYMHATA HA NMPOHMKBAHE HAa MHJACGHTOp NpH 3a/JajeHa CHila, Karo
pe3yATaTHT ce 0T4YnTa Ha U(poB aucieit B equuuim Shore (A wiu D ciopen monena).

@ue.2.3. Onucanue Ha npeonus name
3-1 Jlucnneii; 3-2 Bpou usmepeanus 8 cbcmosnue Ha cpedHa cmotinocm, 3-3 Unouxamop 3a cpeoua
cmotinocm; 3-4 RS 232 uumepgetic, 3-5 maxc. 6ymon HOLD, 3-6 6ymon CAL;
3-7 Kanax na 6amepusima, 3-8 Ilpvcmen 3a kumxa,; 3-9 CocmosiHue Ha cpeona cmounocm; 3-10
bymou 3a 3axpansane; 3-11 Bymou N/ Cpeona cmoiinocm; 3-12 Bymon 3a Hynupaue;,
3-13 Censzop (unoenmop).

- Tevpoomep EBP BRV-187.5T- 3a u3nuTBaHUATa Ha TBBPAOCT € W3IMOJ3BaH JIUTHUTAJICH
yHuBepcaiueH TBbpaomep EBP BRV-187.5T, uso6pasen Ha ¢ur.2.4., cnocobeH 1a U3BbpILBa TECTOBE
o Meronute Ha bpunen, Pokyen u Bukepc. YpensT paboTu ¢ Anana3oH Ha U3NMUTBATEIHATA CHIIA OT
5 kgf no 187.5 kgf, xato mpuiara 3aTBOpeH LMKbBJ C BHUCOKO-MPEIM3HA TOBAapHA KIIETKa, KOETO
OCHTYpsIBa TOYHO JO3UPAHE Ha HATOBAPBAHETO 0€3 HEOOXOAMMOCT OT (PU3UUECKH TEKECTH.
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@ue.2.4 Tevpoomep EBP BRV-187.5T [47]

YrupaBlieHHETO W OTYETHT HA PE3YITATUTE CE HU3BBPIIBAT 4Ype3 8-MHYOB THUCKPHIAH, a
ONTUYHATA CHCTEMa BKIFOYBA MUKPOCKOIM C 00eKkTuBHU 2.5%, 5X (ommmst: 10%, 20%) u oxymsap 15x,
OCHUTYpSIBalll YBEIUYCHUE A0 75X W MUHUMANHA pazfenurenHa crnocodHoct 0.1 um. Ypenbt
orroBaps Ha cranjgaptute [ISO 6508, ASTM E-18, ISO 6506, ASTM E10, ISO 6507, ASTM E92 u
M03BOJIsIBa U3MEepBaHus B quarnazona 8—650 HBW, 20-100 HR, 8-2900 HV.

2.3. Anaparypa 3a u3cjeIBaHe HA Koe(MIMEHTAa HA Bb3CAHOBABaHeE -
BUCOKOCKOpocTHA Kamepa NAC MEMRECAM HX6

B m3crnenBanero 3a ompenensHe ImapaMeTpUTe Ha KOC(QHIMEHTHT Ha BBH3CTAHOBSIBAHE CE
U3I10J13Ba BUCOKOCKOPOCTHA Kamepa U Crenuanusupan copryep KbM Hes. ToBa mpaBu Bb3MOXKHO
M3MEpBaHEe Ha BCUUKH [TapaMETPH Ha OTCKOKa Ha cdepa ¢ AMaMeThp 9 mm mycHaTa BbpXY ILJIOYKa
60/60/10 mm, ommcaHu T™O-A0My B jAuWcepramuoHHUs Tpyd. Ha ¢ur.2.7 e wu3obpaseHa
BucokockopoctHara kamepa NAC MEMRECAM HXG6 [48].

W,
aoiip

@Due.2.7 Bucoxockopocmua kamepa NAC MEMRECAM HX6

Kamepara pasnonara ¢ 32 GB BbTpemna namer, CMOS ceH3op ¢ MakCUMaHa pe30JTIOLHs
2560%1920 px mpu 1000 fps, BbHIIHA CHHXpOHM3alMs, 3 cMeHseMu OOeKTHBa (BKJI. Bapuo),
TeMIlepaTypHa KaJnOpoBKa U JOI'BJIIHUTEIHO ocBeTieHue oT 1Ba 1 kW nmpoxekTopa. YnpasisBa ce
ype3 crenuanuzupan codpryep um mnomabpxka USB u Ethernet wnTepdeiicu, aucTaHIIMOHHO
yIpaBiieHue U JokaseH playback.

Hskou ot obnactute u npuiiokeHusara, 3a kouto ce usnomsa NAC MEMRECAM HX-6,
BKJItOUBaT: banucTuka u TectoBe Ha cHapsAau; B3puBHU U MUPOTEXHUUECKU M3NUTaHUA; TecToBe Ha
Matepuany, nepopmanuu; [lotouno ¢uynano Buszyanusupane (Hanpumep PIV — Particle Image
Velocimetry); OnTrnaHa CHHXpOHU3AIUS U H3MEPBAaHUS C BUCOKA BpeMeBa TOYHOCT; BB3MOXKHOCT 3a
CEerMEHTUPAHO 3alKCBaHe — KamepaTa MOXKE /la 3alkCBa B JIBa Pa3IMYHU CErMEHTa C Pa3InyHU
HaCTPOWKHN €JTHOBPEMEHHO.

2.4. 3D mexnonozuu, mamepuaiu u ycmpoiicmea 3a neuam

AJMTUBHOTO MPOU3BOJICTBO € MPOILIEC 32 Ch3JaBaHE HA TPUU3MEPHHU OOEKTH MO HUPPOB MOJEN
ype3 MOCJIE0BaTeIHO HaHAacsHE Ha Mmarepuai cioi mo cioid. C nebenmuna Ha ciost 16—180 pum,
TEXHOJIOTUSTA OCUTYpsiBa ObP30 U UKOHOMUYHO M3pabOTBaHE HA JETAWIH, MPOTOTUIH U OTIUBKH,
KaTo 3aMeCTBa TPAAULIMOHHU METOIU KAaTO CTPYTOBaHE U JIEEHE.

KayecTBOTO Ha neTailia 3aBUCHM OCHOBHO OT: Je0OelMHaTa Ha cjos, bI'bja U I1a0JIOHAa Ha
3aITbJIBaHE, OPUEHTALUATA HA OTIIEYATBAHETO.

Asropedeparu Ha mucepramuu 2026 (2) 51-100



MEXAHWYHUW 1 TPUBOJIOTMYHU N3CJIEABAHMA HA ITIOJIMMEPU 11 KOMIIO3UTH ...64

Upe3 onTuMH3alUs Ha TE3HM MapaMeTpu CE€ MOCTUTa MO-BUCOKA TOYHOCT, 3JpaBHHA U J00BP
BBHIIICH BUJI Ha JieTaia [49, 50].
Haii-mmpoko n3nons3Banute npouecu 3a 3D neyat Ha ruiacTMmacH ca:

» FDM (Fused Deposition Modelling) — ekcTpy3ust Ha CTONIEHa TEPMOIIJIACTUYHA HUIIKA CJION

IO CJIOH.

» SLA (Stereolithography) — BTBbpsiBaHE Ha T€4HA cMOJIa Ype3 (HOTONOTMMEPH3AIHS C JIa3ep.

» SLS (Selective Laser Sintering) — 1a3epHO CHHTEPOBaHE Ha TEPMOIUIACTUYCH ITpax.
TexHonOrMYHUTE MPOIIECUTE Ca MPEACTABEHH CXeMaTHIHO Ha ¢ur. 2.8.

\ Fused Deposition Modelling (FDM) |

Otnarane ua pasronen

MatTepian

Fused Filament Fabrication (FFF) |

DoTononnMep3ans l DLP (Digital Light Processing) |

1 Crepeonurorpadus SLA |

Solid Ground Curing (SGC) ]

1 Tporiec ua newar PolyJet |

[ Selective Laser Sintering (SLS) |

CeneKTHBHO I1a3epHO

CHHTEPOBAHE — — CE.’]EI\"['IIIJHO'I‘U JIA3€PHO pasTangie
(SLM)

JlipeKTHO MeTATHO
ornarane (DMD)

Tponecn 3a 3D neuar

DED - Direct Energy Deposition |

Tpuvepno 1 LMD - Laser Metal Deposition |
ornesarsane (3DP) \

Crpyiina Texnonorns ) L.ENS. - Laser Engineered Net
(Inkjet) Shaping

Hacnossane na mictos matepnat (LOM —

Laminated Object Manufacturing )

@Duz.2.8. Cxema na npoyecume 3a 3D neuam

2.4.1. Omnaczane na pazmonen mamepuan (FDM unu FFF)

3D mpuntepute, padotemu no npuHuuna Fused Deposition Modelling (FDM), cronsiBatr u
eKCTPYAUpaT TEPMOIIJIACTUYHA HUILIKA, KOSITO JI03aTa HaHACsl CJIOM MO CJIOH B 30HaTa Ha U3Tpak/laHe
[49, 51]. TexnonorusaTa e mokazana Ha ¢wur. 2.9..

Poaka ¢ puaament

Counoprsam/

S=———=_ = UOoLIbpARAm MaTepHal

TMewarna
raasa

Due. 2.9. FDM - Jluacpama Ha neuam cioi no ciot

2.4.2. ®omonoaumepuzayun - Cmepeonumozpagusa (SLA), DLP (Digital Light Processing) u
npoyec na neuam PolyJet
Cmepeonumozpagua (SLA) - 151 € BucokorouHa 3D newartHa texHosnorus, npu kosto UV nazep

BTBBP/sBa (POTOMOIMMEPHA CMOJIa CJIOM mo cioi upe3 ¢orononmmepusanus. 3D moxaenure ce
noarotsaT upe3 CAD u ce konBeptupaT BbB (paiinoBe STL/OBJ. Cmonute chbabpkaT MOHOMEPH,
OJIMTOMEPH ¥ POTOMHUIIATOPH, KouTo npu UV obipuBane hopMupar ompexeHa ctpykrypa [50,51].

JleGenunara Ha ciost € okojo 100 pm, a Bpemero 3a BTBBpAsiBaHe — 3—15 s. Cnen mewar
U3JIENMATA CE€ MOYUCTBAT U nojy1araT Ha JonbiaHutenHo UV Brebpasasane [52]. SLA ce u3nonssa B
MEAUIMHATA, TBKaHHOTO MHKEHEPCTBO U UHIyCTPUAIIHOTO IpoTOoTUIINpaHe [53-54].
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OrpaHuveHusATa BKIIOYBAT U3MOI3BAHETO HA EMOKCHIHW/AKpUIATHU CMOJIM C BHCOK

BBIVIEPOJICH OTMEYaTbK U TPYAHOTO UM pEIUKINpPaHe, KOETO CTHUMYJIHpa pa3pabOTBaHETO Ha
OuopasrpaauMu aitepHaTuBy [52-55].
PolyJet - PolyJet e BucokoTouna 3D TexHosorus 3a GOTOBTBBPASBAHE HA TIOJUMEPH C PE3OJTIOITHS
10 0,014 mm, mo3BoJsiBaIa KOMOMHUPAHE Ha pa3IudHu MaTtepuaiu [56]. M3mon3Ba ce 3a u3paboTka
Ha TJaJKU U JIeTAllIHK MPOTOTHUIIM, MEIULUMHCKA Mojenn u (pyHkuuoHaiHu vactu. lIpomecsTt e
MpEeACTaBEH CXeMaTHu4HO Ha ¢urypa 2.10.

@ue. 2.10. Unrocmpayus na 3D neuam PolyJet

2.4.3. Cenexmueno nazepHu npouecu
CenexTuBHOTO Ja3epHo cuHTepoBaHe (SLS) e texHomorus 3a 3D medar, mpu KOsITO Jazep

CHUHTEpOBa Mpaxoo0pa3eH Marepuas, Hail-uyecTo HaiIoH, cjoW 1o ciod cropen 3D momen [57].
Bceku cioii mpax ce pa3npbCKkBa BbPXY Harpsra miaatgopma U ce CHHTepoBa B U30paHUTE 30HHU, KAaTO
MIPOLIECHT ce MOBTAps A0 U3TPpaKIaHe Ha 1enus ooekt [57, 58].

Ha ®urypa 2.11 ce npencraBs oOUIMAT BUI HAa TEXHOJOTHYHUS MPOLEC MPU CENEKTUBHOTO
nazepHo cuHTepoBane. 1 - Msrpaxman monen; 2 - Ilpaxoobpazen martepuan; 3 - ByHkepu 3a
3axpaHBaHe ¢ mpaxooOpaszeH Martepuan; 4- Bamsk, pasmpenensil paBHOMEPHO MpaxooOpasHus
Marepuain; 5 - Jlazepen np4; 6 - ByHkep, B KOWTO ce u3rpaxkaa mozena; 7 - byrana, ABuxeniu ce mo
oc Z; 8- Jlazepen uztounuk; 9 - Jlemu; 10 - Ornenano, HanpapisBamo ab4a mo X u Y.

@ue. 2.11 Obwy 6uo nHa mexnonoeuunus npoyec npu SLS

2.4.4. /lupekmno memanno omnazane (DMD)

HupexktHoto MetanHo otminaraHe (DMD), u3BectHo omie kato Direct Metal Deposition,
NpeJCTaBsiBa AJUTUBHA MPOU3BOJCTBEHA TEXHOJOIMS 3a H3rpaXxJaHe M PEMOHT Ha METalHU
JIeTaliyIu Ype3 HACOUEHO I0JIaBaHEe Ha METAJIeH IpaxX WJIM TeJl B 30Ha Ha pa3TollsiBaHe, Ch3/1aJieHa OT
BHCOKOEHEPI'HEH JIa3epeH WU €JIeKTPOHHOIbUEB U3TOYHUK [59]. Tazu TexHuka oOxBala HAKOJIKO
pazHOBUAHOCTH, oOeauHeHu mnoj TepmuHa Direct Energy Deposition (DED), kato Laser Metal
Deposition (LMD), Laser Engineered Net Shaping (LENS) u npyru [60]. Ha ¢ur.2.13 e npencrasen
oOIIMs BUJT Ha TEXHOJOTUYHUSA miporiec mpu DMD.

—w

i S, :
Due. 2.13 Oowy 6u0 Ha mexnonocuynus npoyec npu DMD

2.4.5. Tpumepno omneuameane (3DP)
Tpuusmepnoro orneuyarsane (3DP) e aguTvBHa MPOM3BOJACTBEHA TEXHOJIOTHA, pa3paboTeHa B
Macauyserckust TexHojorndeH uHCTUTYT (MIT) B CAIll mpe3 Hauwanoro Ha 90-te romunm [61].
MeToabpT ce OCHOBaBa Ha NMPHUHIMIA HA MH)KEKIIMOHHO CBBP3BAHE, IPU KOWTO BBPXY CIIOEBE OT
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mpaxoo0pa3eH MaTepuall ce BIPbCKBA CBBpP3BAlll areHT upe3 MAro3a, MoJ00HO Ha CTPYWHHTE
npuHTepu. Ciiel KaTo CBbP3BAIllOTO BEIIECTBO CE HAHECE, YACTULIUTE CE CJENBAT, & HECBbP3aHUSAT
MaTepuaj OcTaBa KaTo 3ambiBalla cpe/ia U MoXe J1a ObJie HOBTOPHO U3Mo3BaH [62].

Ha ¢ur.2.14 e mokazana TeXHOJOTUYHA cxeMa Ha mporieca. Ciell 3aBbpIBaHe HA U3TPaAXKITAHETO
Ha MOJIela, TOH ce n3BaXkaa oT OyHKepa ¢ mpaxoodpa3eH MaTepual, MOYMCTBA CE€ OT U3IUIIHUS ITpax
U ce u3nuya B neml. Tosa nogoOpsBa MEXaHUYHUTE Ka4eCTBA Ha JeTaiiia.

[Tpu TO31 MeTO/ HSIMA HYX/1a OT OJIbPIKallla CTPYKTypa, Thid KaTO HECBBP3aHHT MPaxooopa3zeH
MaTepuai U3MbJIHABA Ta3u QyHKIHUS.

Duz.2.14 Texnonoeuuna cxema na 3DP npoyeca

2.4.6. Cmpyiina mexunonozusa (Inkjet)

[Tpu T03u METO/1 CE U3M0JI3Ba EKCTPYIKpAIlia IIaBa C JBE JIF03H — 32 OCHOBEH U 3 IO IbPKaIl]
marepuan [63]. OCHOBHHAT MaTepual, 4ecTO BOCHKOOIOJ00EH IOJMMEp, Ce 3arpsiBa O TEYHO
CBCTOSIHUE W CE€ HaHacs moj gopmara Ha (UHM KallYUIU BBPXY MOJUIOKKATA, KBIETO BEaHAra ce
BTBBP/sBA. [logrppKamusaT MaTepruai ce HaHacs 1Mo chuust HadnH. Ch3IaieHusT cloi ce ¢ppe3oBa
70 JKeaHaTa e0ennHa, ciell Koeto paboTHaTa miardopMa ce CIycka ¢ BUCOUMHA, PaBHA HA CJIOS, U
MPOIEChT C€ MOBTaps A0 3aBbpiuBaHe Ha oOekra. Ha ¢ur. 2.15 e mpencraBeHa TeXHOJIOTHYHATA
cxeMa Ha mpoiieca cbe cTpyitHa Texnoznorus (Inkjet).

Que. 2.15 Texnonoeuuna cxema na Inkjet npoyeca
2.4.7. Hacnoseane na nucmos mamepuan (LOM — Laminated Object Manufacturing)

MertoasT Ha HacnosiBaHe Ha juctoB Mmarepuan (LOM) BkiIouBa IOCIEI0BaTEIHOTO
HacJIarBaHe Ha CJI0€BE OT JINCTOB MaTepual (HalpuMep XapTHs) ¢ IOMOIITa Ha CBBbP3BAIll0 BEUIECTBO.
B T031 nporiec Bceku ciaoi ce u3ps3Ba 1 opopmMs ¢ MOMOIIITA Ha J1a3epeH JIby. JlebenuHara Ha BCeKn
CIION 3aBHCHM OT JeOenuHaTa Ha M3IOJI3BaHUS JMCTOB Marepuan. OCBEH KOHTYpUTE Ha CIos,
Ja3epHUSAT JIbY Haps3Ba U3IMIIHKU MaTepuai Ha popMa Ha KBajapatu [64]. TexHomoruyHarta cxema
Ha LOM mporeca e nokaszana Ha ¢wur. 2.16.

QDue. 2.16. T exHOJzoeultHﬁ cxema Ha LOM npoyeca [64]

2.4.8. 3D mexnonozuu u3znon3zeanu 6 u3cie06aHemo
B Hacrosums nucepranuoHeH Tpya Osixa u3nos3BaHu ciaennute 3D TexHonoruu 3a nedar:

- 3D npunmepu ¢ FDM mexnonozua na newam: TEVO Tornado (¢pur.2.17); Ultimaker
S5(¢wur.2.18); Bambu Lab P1S (¢pur.2.19). B Tabnuma 2.1 ca nmpencraBeHH XapaKTEPUCTUKUTE Ha

IMPHUHTEPUTEC, U3IOJI3BAHU B HACTOAIIUA TPYA.
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Due. 2.17. 3D TEVO Tornado Due. 2.18 3D Ultimaker S5 Due. 2.19 3D Bamboo P1S

Tabnuya 2.1. XapakrepucTuku Ha u3noi3sanute 3D npuntepu padoremu ¢ FDM nporec

IIpunTep TEVO Tornado Ultimaker S5 Bambu Lab P1S
l'abapuTHM pazmepu Ha

560 x 600 x 620 mm | W 495 x D 585 x H 780 mm 389 x 389 x 458 mm

NpUHTEPA
Bpoii excTpynepu 1 2 1
Pa3mep Ha nernoto 3a nedar | 300 x 300 x 400 mm 330 x 240 x 300 mm 256 x 256 x 256 mm
M

ACHNATH TLOM A 300 x 300 x 400 mm 330 x 240 x 300 mm 256 x 256 x 256 mm
neyar
M

ARCHMEITE] CEOpOCT Ha 150 mm/sec <24 mm?/c (build speed) 500 mm/sec
neyar

0.25 mm pgroza: 60-150
Pazngenmurenna cnocoOHOCT 50 microns (0.05 pm; 0.4 mm: 20-200 pum;
0.08 — 0.28 mm
Ha CJIos mm) 0.6 mm : 20-300 pm; 0.8
mm : 20—-600 pum
JIHaMeThp a HimIkaTa a 1.75 mm 2.85 mm 1.75 mm
neyar
0.25 mm, 0.4 mm, 0.6 mm, 04 mm (Craniaprsa),
JluameTrsp Ha Jro3ata 0.4 mm ommu 0.2 /0.6 /0.8
0.8 mm
mm

M

aKCHMaJlHa TeMIepaTypa 260° C 180 - 280 °C 300 °C
Ha eKcTpyaepa
T

cMHiepatypa Ha 60— 110°C 20— 140 °C 100 °C
HarpepaTeJHaTa [Io4a
B TF card USB Wi-Fi (2.4 GHz), Ethernet, microSD, Wi-Fi,

K r
pr3Ka carc wm USB Bluetooth

UltiMaker Cura: STL, OBJ,

X3D, 3MF, BMP, GIF, JPG

Dai TL file, G- ’ ’ ’ ’ ’ tudi

aiizosH popvarh S ile, G-code PNG Printable formats: G, Studio HII.TOM)T) Pt
slicers

GCODE, GCODE.gz, UFP

G-code (mpe3 Bambu

PLA, PETG, TPU, ABS,
ASA, PA (Nylon), PC,
PLA, Tough PLA, Nylon, PVA, PET; npenopbuan

Windows, Linux, ABS, CPE, CPE+, PC, TPU 1o 300 °C;
CBBMECTUMOCT
Mac 95A, PP, PVA, Breakaway u BBIVIEPOTHHU/CTHKIICHU
Ip. HHIIKH — HE Ce

mpernopbuBaT 6e3

BOTPEN]] Ha eKCTpyaepa

- PolyJet mexnonozusa na neuam - Stratasys Objet260 Connex3
3D mpuntepsT Stratasys Objet260 Connex3 padotu no texnomnorust PolyJet, kosito ce oTinnuaBa
C M3KIIIOYUTEIIHO BUCOKAa TOYHOCT M BB3MOXKHOCT 32 KOMOMHUpPaHE Ha pa3IMYHH Marepuaiu |
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[IBETOBE B €IMH Ie4yareH mporeca[65]. B Tabmumna 2.2 ca M3I0KEHHM OCHOBHUTE TapaMeTpH U
xapaktepucTtuku Ha Stratasys Objet260 Connex3 [66-70].
Tabnuuya 2.2 Ilapamempu na 3D npuumep Stratasys Objet260 Connex3.

IHapamersp Croiinoct
Pa3mep Ha pabotHa kamepa (Build 255 x 252 x 200 mm
Volume)
MuHuMaiHa J1e0enHa Ha TOpeH CJIoN XOPHU30HTAIIHHU ciioeBe 10 ~ 16 mukpoHa (0.016 mm)
Pezosronust / DPI no ocu X-oc: 600 dpi; Y-oc: 600 dpi; Z-oc: 1600 dpi
~ 20-85 pm 3a xapaxktepuctuku nog 50 mm; g0 200 pm 3a nenu
Tounoct MOJIeTH (B 3aBUCHMOCT OT T€OMETPHS, OPUCHTAIIMS U 33/1a1€HH
napameTpH)
- Mooennu cpomononumepu: Vero cepus (TBBPIH, IPO3PAYHH,
usetHu), Tango / Agilus (rymenonono6un), Digital ABS,
Marepuar cuMyipaH nosnunponuieH (Rigur, Durus), BUcokoTeMepaTypHH 1

010-CEBMECTUMH MaTEPHAIIH
- Ilooovprcawy mamepuan:SUPT05 (mpemaxsa ce upe3
Bonoctpyiika) u SUP706 (pa3TBOpuM)

High Quality — ¢ MmuanManeH cioit (~16 pm)
PexwmMu Ha medat Digital Material n High Speed — ¢ nio-ronemu cinoese (~30 pm) B
3aBUCHMOCT OT HY’KIaTa OT HIPOMU3BOIUTEIHOCT WM KaueCTBO

Mammna: ~ 87 x 120 x 73.5 cm; ~ 264 kg
Kaouner 3a matepuasm: ~ 33 x 117 x 64 cm; ~ 76 kg
3axpaHBaHe 110-240 VAC, 50-60 Hz (~ 1.5 kW)
Temneparypa: 18-25 °C; otHocutesnna BnaxxHoct: 30-70%, 6e3
KOHJICH3

Pa3Mep Ha MallliHaTa / Terjio

YcnoBus Ha paboTa

[IpunTtepsT Objet260 Connex3 pasmonara ¢ mnedaramia rjiaBa, KOSTO ITO3BOJISIBA €IHOBPEMEHHO
M3IIONI3BaHe Ha JI0 TPU Marepuaja B €IWH OOEKT, OCHUTYpPSIBaKH pa3IMYHH MEXaHWYHH CBOICTBA,
MIPO3PAavyHOCT U I'BJIHOLBETEH Iedart. M3non3sar ce MmonenHu ¢ortononumepu (Vero, Tango, Digital
ABS) 3a obexra u mogabpxant marepuan (SUP705/706), kolito ce mpemaxsa ciej reJara.

- Anycubic Photon M3 Max — texHonoruss Ha nedar MSLA (Masked Stereolithography

Apparatus)

3D npuntepsT Anycubic Photon M3 Max wusnomsBa TtexHonorusita MSLA (Masked
Stereolithography Apparatus), u3BectHa omie karo LCD-6a3upan crepeonutorpadcku neuat [71-75].
B tabnumna 2.3 ca npencraBenu napamerpute Ha 3D npuHTeEpa.
Taonuya 2.3 Ilapamempu na Anycubic Photon M3 Max

I[MapameTnbp CroiiHocT
TexHoNOTHS Ha TIeYaT LCD / MSLA (Masked Stereolithography)
Pa3mep Ha expana 13.6" monoxpomer LCD
Pe3oumronins Ha eKpaHa 6480 x 3600 ukcena (7K)
XY pezodonust 46 um
Tounoct 10 Z-octa 10 pm
Pa3mep Ha neuaTtHaTa miong 300 x 298 x 164 mm (H x D x W)
OO0em Ha neyar 14.7 nutpa
CkopocTt Ha neyat 0 60 mm/h
CucteMa Ha OCBETJIEHUE Anycubic LightTurbo ¢ 84 LED enementa
KonTtponen nanen 4.3" useren cenzopen LCD
Bxoauu nanau USB-A 2.0
OrneHeHa MOIHOCT 120 W
[Tnardopma 3a megat JlazepHo rpaBupaHa 3a Mo-100po ClETIICHHe
Codryep 3a psizaHe Anycubic Photon Workshop

WHTeNMMreHTHO MOMBIBAaHE HA CMOJIATa, 3aI1Ta Ha €KpaHa
JombnauTtenHu QyHKIUH
C aHTH-HaApacKBamo Goaro

Asropedeparu Ha muceprammu 2026 (2) 51-100



69 I'abpuena Komesa

Texnonoruara MSLA e ocoOeHO MOAxXojsiia 3a TedaT Ha JIETaiJid C BUCOKA pa3eiIUTENIHA
CIIOCOOHOCT M TJIQJKU MOBBPXHOCTH, KaTo ce u3monsBar (ortomommmepan cmoiu (UV resins).
Anycubic Photon M3 Max (®wur.2,20) e o6opyasan ¢ 13.6-unuoB moHoxpomen 7K LCD mucmneit u
yceBbpuieHcTBaHA UV cBemmmaHa Matpuna (Light Matrix 3.0), ocurypsiBama paBHOMEPHO
OCBETSIBaHE U BUCOKA TOYHOCT Ha jaetainute [71].

@Duz.2.20 3D npunmep Anycubic Photon M3 Max

2.5. lHonumepu n komno3utu 3a 3D meuar

3D neuat ype3 FFF nmo3BomnsiBa nu3paboTka Ha MOJTUMEPHU U KOMIIO3UTHU MaTEPHAU C CIOKHU
reoMeTpud U (PYHKIMOHAIHU JETaliM, HEJOCTH)KMMU C KOHBEHIMOHAHU MeToau. Yecto
usnon3Banu ca PLA, ABS, PA, PEEK u TexHu KOMIO3UTH C BBIIIEPOAHH BiIakHa, rpaduT, rpadeH
WM €CTECTBEHU MBJIHUTEIN, KOUTO MOBHUIIABAT MOJYJI HA €JIaCTUYHOCT, KOMIIPECUOHHA SIKOCT U
TBBPAOCT, HO mpu >15wt.% ce HaOmomaBar arimomepanusi U ciiaba MEXIyCJIOWHa aaxe3wus.
MexaHUYHUTE CBOMCTBA 3aBUCAT CUITHO OT IapaMeTPUTE Ha Mevar (TeMreparypa, 1edennHa Ha CIIou,
OpHUEHTAIIM Ha HUIIKH, CKOPOCT), KaTO MaTepHalIUTe ca aHU30TPOIHH U SKOCTTa MO Z OCTa € IO0-
Hucka oT Tasu mo XY. TpubonmornyHute XapaKTePUCTUKH BKIIOYBAT KOS(MUIIMEHT HAa TPHEHE,
M3HOCBaHe (a0pa3uBHO, aIXe3UOHHO, PPETUHT, YMOPHO) U BIUSHUETO HA CTPyKTypara oT 3D meuar
[76-78].

2.5.1. Buooge nnacmmacu 3a 3D neuam

Nma nBa OCHOBHM BHAa IUTacTMacu u3noi3BaHu npu 3D mewar — TepMmoIuiacTMacu H

TepMOpEaKTUBHU Iu1actMacu [50].

1. Tepmonnacmmacume ca Hail-uecTo W3MoONM3BaHUAT BuA MactMmaca [S50]. OcHoBHaTa
XapaKTepUCTHKA, KOATO T'M OTIMYaBa OT TEPMOPEAKTUBHUTE, € CIIOCOOHOCTTA UM Ja MPEeMHHABaT
MIpe3 MHOYKECTBO LIUKJIM Ha TOIIEHE U BTBbPASIBAHE.

2. Tepmopeaxmuenume niacmmacu (Hapu4aHU OIlle TEPMOPEAKTUBHU) OCTaBaT B MOCTOSHHO

TBBP/IO CbCTOSTHUE CIIe/] BTBbPSIBAHE.

B Tabmuna 2.4 ca 0000meHd AaHHU OT MpoU3BOAUTENH [79] M W3UMCICHH CTOWHOCTH,

M3IOJI3BaHU B HACTOSIIOTO U3CIIECJBAHE.

a) PLA [(C3H402)n] necen 3a neyaT, Hall-IIUPOKO M3MOI3BaH MOJIMMEp; HUCKA TeMIepaTypa Ha
reyaT ¥ MaJIka CKJIIOHHOCT KbM nedopmartus [S50].

6) ABS - no-3apaB ot PLA, HO mo-Tpy/ieH 3a neyat; H3UCKBa 3arpsTo JIETJIO IOpaIu CKJIOHHOCT KbM
n3kpuBsBane [50].

B) PETG - momudunupan PET; 3apaB, ycroifuus, yn1o0eH 3a medyar M 4ecTO M3MOJI3BaH BMECTO
PLA/ABS.

r) TPE, TPU, TPC - Tepmomnactuunute enactomepu (TPE) reBkaBu, enactuunu marepuanud. TPU
e mo-TBepa u jeceH 3a medar or TPE; TPC mpennara mo-mo6pa UV/xumMuyHa/TOTUTMHHA
ycroiunBocT (110 ~150°C).

1) Haiinon - (mosmamua) MHOTO 37paB, 'bBKaB M YCTONYMB Ha yAapH; XUTPOCKOIIUYEH, MOXKeE J1a ce
60s11MCBa; U3I03Ba CE 33 (YHKIIMOHATHY JCTANIIH.

e) PC (momukapOonar) € MHOTO 31paB, po3padeH u Tepmoyctoiuus (10 ~110°C); mogxoasmy 3a
TEXHUYECKU U aBTOMOOMITHY JICTANIIH.
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Tabnuuya 2.4 Xapaxmepucmuxu Ha usnoazeanume uiamenmu

Marepnan | Temnepary | T°wa mewar | T na Speed | cooling | Axocr | Axoct | Flexural | Hardness | TLysraocr TLILTHOCT HA MATEPHATA HA IPOGA - EKCHePHMEHTAIHO
paHa HA [1aBa — | padoraa HAa HA modulus HA JIURTITRS T Tlroua Tlnowa 60/60/10 Cipepa Imm
Tonene nozzle I0HA ONLH | 0reBAHE MatepHaia 100% 120/60/10 - - 20% 3anbaBane - 20% 3amLaBase
{aernof JalkIBaHe 20%
bed 3ANBIBAHE
C °C C ma's C [MPa] | [MPa] | MPa [g/enr’] [kg/m] [kg/m] [kg/m?®) [kg/m?]
PLA (silver) - 210- 230°C | 45-60° | 40- 100 - 63 74 1973 - 1.24 114591559
3DJAKE - 230-250 60-90 | 20-200 [ 15-25" | 61 68 2050 - 129 114591559 . . 857.89
PETG
ColorFabb - 190-210 50-60 | 40-80 On i} 30 3000 - ERE] 2801.127 - - 2786.84
SteelFill
Carbon Fil - +230 - 2657 525 - 4600 109 119 1082.25361 - - 113421
3DJAKE 190 £10 | 200-230 | 60-90 1525° | 55 - 2303 95A 1.20 - - 35277 686.84
TPU A9
EasyFiF™ +180- | £220-260 0-60 - - 22 512 - 1.04 - - - 565.26
HIPS (blue) | 260° C
EasyFil™ | + 180 - 260 | 220 - 2607 0-60 - - 22 +512 | £2126 - L4 416.666 703.15
HIPS (black)
ABS 235£10 | 235-255 +80 - 15-25 436 - - - L1

k) Exzotunm Humku 3a 3D mevar (XuOpwaHM Marepuaniv) - CMECH OT OCHOBEH IIOJMMED
(ob6muaiino PLA) u mo6aBKku KaTo MeTal, IbPBO, KEpaMHUKa, BBIIICPOIHI/CTHKIICHHU BIIAKHA; 1aBaT
cnenuUIHA CBOKWCTBA U MTOBBPXHOCTH.

3) Kommo3utu - Te moBuiaBar 3ipaBUHATa MPU HUCKO TETJIO. YKPEMBAHETO CE OCHIIECTBSBA UpE3
KbCH WJIM HETIPEKbCHATH BJIaKHA, HAM-YECTO BBIJIEPOIHU, KAKTO M CTHKJICHH WU KEBJIAPOBH.

B tabnuma 2.5 ca pasriieanu Haif-4ecTo U3MOJI3BAHNTE (PUITAMEHTH U TEXHUTE XapaKTEPUCTHKH.

Taonuya 2.5 Buoose ¢punamenmu 3a 3D neuam

B o - =8 ] P .-
N PR |EF i%qx|d R -
[ 2 B <) @ -l @ 57 = ) E‘ E
a £ B 5 2.8 |E_E|E_Z2%|& Er I
2 5g HEMEF LR E TR R
9] pr == EEEErBE REEE L] R
PLA Brcoka Hacra Cpeama Hucea 180°- 200-60¢ Mpmmuamso | He VEa23HRA B3 NOTPEOHTETE
230°
ABS Brcoka Cpeana Brcoxa Cpeana 210 80°-110° 3uaTHTemHe | B He
250° ECTEPH,
EOTOHH
"
AETOH
PETG | Bucoka Cpeua Bucoxa Hucra 220°- 50°-75° Mumazmso | He VEa3aHua Ha NOTpedHTEN
2507
TPE, Cpeno Maoro Muoro Cpegen 210°- 300 - 60° Mpnmvamo | He He
TPU, BHCOKZ BHCOKO (TPE, 230°
TPC TPC);
Hacro
(TPU)
HANTOH | Bacora Bucoxa Bucoxa Cpezna 240°- 70°-100° 3uaumremio | He Viasaueg Ha notpedurens
260°
PC Muoro cpeana Muoro Cpeana 21 o= | 801107 Juasmtemo | He He
BHCOKZ BHCOKA 3

2.5.2. Buoose cmonu 3a 3D newam
Cwmonata e UV-BTBBpaAsBalia ce (OoTONOIMMEpPHA TEYHOCT, U3M0I3BaHa OCHOBHO 1pu SLA, DLP
u PolylJet 3D neuar. [lox nelicTBue Ha CBETIMHA TS C€ BTBBPASABA CJIOW IO CIOH, OCUTypSBalKU
MO/IEJIN C BUCOKA JIETAMIIHOCT U I1a/ika MoBbpXHOCT. [Ipeuiarar ce pa3sHOOOpa3HU CMOJIH € PA3JIMYHU
CBOMCTBA: CTAHJIAPTHU, TBHP/AH, BOJLOPA3TBOPUMHU, JEHTAIIHH, I'bBKAaBH, 3a JIEEHE, TEPMOYCTONYUBH,
KAaKTO U OLIBETUTEIH U aKCECOApH.

2.6. EDEM Software

EDEM e codtyep 3a cumynanusi, CIEUUAIHO MPOEKTUPaH 3a 00paboTKa Ha JIUCKPETHU
€IEMEHTH, KOWTO C€ M3MOJ3Ba IHMPOKO B MHXKEHEPCTBOTO W H3cienoBarenickara pabora. Toit e
0co0eHO e(eKTHBEH NpU aHaJIM3 HA MEXaHWYHU CHCTEMHM, CBbP3aHM C JUHAMUKATa HA YacCTUIIH.
[Monxonsug e 3a cumynanus Ha 3D oTneyaranu npoOU M M3YKCIISBAaHE HAa KOS(PUIIMEHTH HA TPUEHE
IIPY ITBb3TaHe, TPUEHE NIPU ThpKaJIsiHE U pecTuTynus [80-85].

3a CHMMyJIaIMOHHOTO MOJCIIUpaHe € M3IMOJI3BaH COPTyepeH MPOIYKT, paboTen] Mo MeTo/a Ha
muckpetaure eneMeHTH — EDEM Software. [IporpaMHusT nakeT BKIOUBA MOAYIHU 3a: U3TPaKIaHe
Ha mozienu Ha 00exktu EDEM Creator, cumymanus Ha B3auMOICHCTBHE Mex 1y MHOTO 00ekTH EDEM
Simulator, ananu3 Ha pe3ynrtaTtH, rpaduKy, OTYNTAHE HA BIIH, OPOI MeJely Teaa, U3HOCBaHe U JIp.

EDEM Analyst [80-85].
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2.7. 3aknrouenue

TpubOonOruuHNUTE U3MUTBAHUS OCUTYPSABAT JAHHU 3a POEKTUPAHE, ONITUMU3ALIMS Ha MaTepualH,
MOBBPXHOCTHU OOpa0OTKU U yAbIKaBaHE HA KUBOTA HA KOMIIOHEHTUTE. M31MTBaHETO 3a TBBPAOCT
110 PoKyen € BaKHO 3a ompeessiHe Ha MEXaHUYHUTE CBOMCTBA HA MEKM MAaTEepUaIM IIpU CIla3BaHEe Ha
crangapti. CbBpeMeHHara TpuOoJorus ce cebp3Ba ¢ 3D medar Ha MOJTUMEPH U KOMIIO3UTH, KOETO
MO3BOJIsIBA OBP30 NMPOTOTHIHPAHE M TO-TOYHA IMPOTHO3a 3a MOBEACHUETO HAa MaTepUAIUTE MpU
peanHu yCIIOBHUS.

Paznuunute TexHonoruu 3a 3D neyar umar crienupuuHT MpeTuMCTBA:

>

>

FDM (Fused Deposition Modeling) — Haii-mocThIIHaTa U MIMPOKO M3IOJI3BaHA TEXHOJIOTHS,
MOAXOAAIA 33 TPOTOTUNH M (DYHKIMOHATHH HU3AETHS OT TEPMOIUIACTHMYHH MOJIMMEPH.
[To3BosiBa OBP30 MPOU3BOICTBO, HO TOYHOCTTA M TIOBBPXHOCTHATA IVIAJIKOCT Ca OTPAaHUYCHH.
PolyJet — TexHONOTNS ¢ BUCOKA PE3OTIONMSA, KOATO MO3BOJIsIBA KOMOMHHMpAHE HA PA3IUYHU
MaTepuald W TBBPAOCTH B €IWH JeTaill. MimeanHa 3a JETaiJIHU MOJIENU, MEIUIIMHCKU
MPUIIOKEHUS M U3CITHS, N3UCKBAIIH €TaCTUYHU CBOMCTBA.

SLA (Stereolithography) u DLP (Digital Light Processing) — ocurypsBar H3KIIOUUTEIHO
BHCOKAa TOYHOCT WM TJIAJIKH IMOBBPXHOCTH Ype3 H3IMOJ3BaHE Ha (DOTOMOIMMEPHU CMOJH.
[Iupoko NPWIOKUMH B JCHTAJIHATA MEIHWIIMHA, MPOTE3UPAHETO M H3JCNUS C BHUCOKH
€CTETUYCCKH U3MCKBAHUSI.

SLS (Selective Laser Sintering) — u3mon3Ba MOJMMEPHH IPAaXOBE, Ch3AABalKHU 3IpaBU U
(GYHKIMOHAIHM JETaljIM, TOAXOAANIM 3a WHAYCTpUAIHM upuiokeHus. He wu3ucksa
JOM'BIHUTEITHH MTOTBPIKAIIN CTPYKTYPH.

SLM (Selective Laser Melting) u DMLS (Direct Metal Laser Sintering) — TexHonoruu 3a
MmetasieH 3D mewar, mo3BOJSBALIM CBH3JABAHETO HAa CIOXHHU W HW3KIIOUUTEIHO 3IpaBU
KOMITOHEHTH 3a aBUAIlMsI, aBTOMOOMIIOCTPOCHE U METUITUHCKH UMILIAHTH.

MIJF (Multi Jet Fusion) — npejyiara Bucoka CKOPOCT Ha 1evar, 100pa 1eTalTHOCT U OTIIMYHU
MEXaHUYHU CBOWCTBA, KOETO IO NMPaBH MOAXO/AL] 32 CEPUIHO MTPOU3BOJICTBO HA MJIACTMACOBU
9acTH.

Binder Jetting — u3no:n3Ba cBbp3BalllK BEIIECTBA BbPXY PAXOBU MaTepHalii, KOETO O3BOJISIBA
HUCKOPA3XOIHO MPOU3BOJCTBO HA CIIOKHU (POPMU M JICTAMITH.

CpueTaBaHETO Ha TpI/I6OJ'IOFI/I‘{HI/ITe H3CJICABAHUS C TC3U TCXHOJIOI'MH € KJIIFOYOBO 3a IIPpABUJIHATA
OIICHKAa HAa HOBHUTC MaTCprain — 0co0eHo MOJIMMEPUTE U KOMITIO3UTHUTE, KOUTO 3a€MaT BCC IO-TOJIIMO
MCTO B ITPOU3BOACTBOTO. ToBa 11o3BoJIsIBAa HE CaMO ONTUMHM3AIINS Ha mponecuTe, HO U IIPOTHO3UPAHEC
Ha I[T)J'IFOTpaI\/’IHOCTTa M MOBCACHHUECTO HA U3JAC/IMATA B PCAJIHU YCJIOBUA HA CKCILJIOAaTalnsA.
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I aesa 3.

Cvcmagsane Ha MEMOOUKU 3a NPOBEHCOAHE HA
U3C1CO8AHUAMA

HaCTOHH_IaTa Il1aBa IMpCcacTaBs pa3pa60TBaHeTo 1 000CHOBKAaTa Ha MCTOAMUKHUTEC, U3IIOJI3BAHHU IIPU
CKCIICPUMCHTAJIHUTC HU3CJICABAHUA HaA 3D orneyaraHu MMOJIMMCPHU U KOMIIO3UTHU MaTCpualin. HeJITa €
OCUTYpsABAaHE Ha MNPCHHU3HH, BB3IIPOU3BOAUMH KW HAYYHO 000CHOBaAHU pe3yiaTaru. Bcesaka METOJHKA €
ChOOpa3eHa C XapaKTEPUCTUKUTE Ha MaTepUAINTE, IIEIUTE Ha H3CICABAHETO M TEXHUYCCKHUTE
BB3MOKHOCTHU Ha HU3IIOJI3BAHATA allaparypa, OIIMCaHa B IJIaBa 2.

3.1. Meroguku 3a 3D npuHTHpaHe
MGTOI[I/IKI/ITG 3a 3D mneuar ce azalTupar CrpsAMO BHAa Ha IMPUHTCPA, TCXHOJIOTHATA 3a I1edar,
reoMeCTpusaTa U 0COOEHOCTHUTE Ha HeTaﬁHa, KaKTO U 1 CJITa Ha I/I3pa6OTKaTa.

1.  FDM mexnonocus na neuam
Metoaukara 3a FDM 3D neuar 3anouBa cbe cb3naBane Ha CAD monen, ekcrioptupan B STL
¢dopmar, KoiTo ce ciaiicBa B copryep 3a reHepupane Ha G-koa. B 3aBucumoct ot cepusita, G-KogbT
ce mpexBbpist KbM npuHTepa upe3 SD kapra (Tevo Tornado) mmm mpexosa Bpb3ka (Ultimaker SS5).
IIpenu nevar seryiata ce HUBEIUPAT, a JHO3UTE ce oyucTBaT. [leyarsbT npoTHya cioi 1o ciaoi upes
eKcTpyaupaHe Ha mMarepuana. Criel NpUKIOYBAaHE Ha MPOIEca MOJEIbT CE OTCTpaHsIBa, U3BbpPIIBA
ce ocT-00paboTKa U ce MpoBepsiBa 3a 1e(EKTH U CbOTBETCTBUE ChC CIIELU(UKALIUUTE.

1I.  Stratasys objet 260 Connex3 - Texnonozuama PolyJet

N3pabotBane Ha mpobute ¢ PolyJet Texnomnorus (Stratasys): 3D monenute 0sxa cb3aaeHU B
CAD u excnoptupanu B STL, npoBepeHH 3a KOPEKTHOCT U OPHUEHTHUPAHH 3a ONTHUMalIHAa TOYHOCT.
QaitnoBere Osixa moarorBeHu B GrabCAD Print/Objet Studio ¢ u36op Ha QoTomonumep
(Vero/Tango/Digital ABS), pexxum High Quality u aBTOMatnyHO reHepupaHe Ha MOAIbPIKal]
matepuai. [lpunTepsT Oelie HacTpoeH, NpoBepeHH Osxa KaceTUTe U MevyaTaliuTe IJ1aBy, a IeyaTbT
ce u3BbpuIH cinoi no cioit (16-30 um) c UV BTBBpasBane. [logappxamusat MaTepuai 6€ OTCTpaHeH
MEXaHUYHO WJIM Ype3 aJIKaJIeH Pa3TBOP € YATPaA3BYK, MOCJIEABAHO OT M3IJIAKBAHE U CYIICHE.

III.  Anycubic Photon M3 Max - LCD/SLA mexnonozusn
N3pabotka Ha oOpasmure ¢ Anycubic Photon M3 Max (LCD/SLA): 3D wmonenute Osixa
ce3nanenu B CAD u ekcioptupanu B STL. B codryepa Anycubic Photon Workshop ce 3anaBaxa
OpPHMEHTAIMs], KAUYeCTBO Ha CJIOS M MOJIbpKalM CTPyKTypH. [ledarsT ce u3BbpIIBa CION MO CIIOH
ype3 UV BTBBpasBaHe Ha ¢oTononumepa. Cren oTmneyaTBaHe MOJIEIMTE C€ IOYMCTBAT C
M30MPOIUIIOB AJIKOXOJ U ce 10-BTBbpAsaBar ¢ UV cBernuna ype3 Anycubic Wash and Cure 3 Plus.

3.1.1. Cwvcmasane na memoouka 3a 3D npunmupane Ha n10YKU

I'eomeTpuunute mnouku Osxa cw3nagern B 3D Builder (Microsoft) xaTo mnpaBOBI'bIHU
napanenenunenu ¢ pazmepu 120x60x10 mm u 60x60x10 mm (¢pur.3.1 u ¢ur.3.2), cneq koeto
MpeMHUHAaxa Mpe3 MOATOTOBKA 3a MevaT U PeaiHO MPUHTUPAHE.

Ultimaker ﬁ Ultimaker

L = (B

@ue. 3.1. Mooenupane na niouxa c pasmep 120/60/10 mm.
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1‘ Ultimaker ‘ b Uitimaker

== mat e

@ue. 3.2. Mooenupane na niouxa c pasmep 60/60/10mm.

I'eomerpuunute mwiouku (120x60x10 mm u 60x60%10 mm) 6sxa ce3aanenn B 3D Builder u
excioptupanu karo STL. B Ultimaker Cura monenuTe 0sxa MO3WIHMOHUPAHN XOPU30HTAIHO, ChC
cioit 0.2 mm, 20% 3ambiBaHe, ,,Zig-Zag" wnu ,, Triangles cxema, moaxoasiia reMieparypa 3a aro3a
u J1erno, ckopoct ~50 mm/s u aktuupana Brim/Skirt. Cnen HacTpoiikure Oemie renepupan G-code
3a MpUHTEpA.

3.1.2. Cvcmagane na memoouxa 3a 3D npunmupane na yuaunopu

3a n3cnenBaHe Ha TPUOOJOTMYHUTE CBOWMCTBA HAa M3IOJI3BAaHUTE (PUIaAMEHTH OsiXxa MOJrO/BEHU
WIMHAPUYHYU poou ¢ pazmepu h=20mm u r=5Smm (¢wur.3.3).

@Due. 3.3 Mooenupane na yununopu 6 cogpmyepha cpeoa

Metoaukara 3a 3D npuHTHpaHe Ha IWIMHAPUYHE 00pa3lM BKIOUBa ch3iaBaHe Ha CAD monen,
kouBepTHpaH B STL dopmar 3a cnaiicunr. M3nomnssat ce matepuanu PLA, SteelFeel unu CarbonFill
C ONTUMHU3MpaHM mapaMmerpu — aebenuHa Ha cios 0,1-0,2 mm, Temmeparypa Ha Jro3ara u
mwiargopmara, 100% 3anbenBane u nojuiokka (brim umm raft). Ilopanu npocrata reomerpus Ha
HUAJTUHIBPA HE ca HYXHHU onopu. ExcriepuMeHTamHusT oOpa3eln] uMa BucounHa 20 mm u paguyc 5
mm.

3.1.3. Cvcmaeane na memoouka 3a 3D npunmupane na cpepuunu mena

Meronukara 3a 3D npunTHpaHe Ha cdepuuHu oOpasnu BKIouBa cbhb3naBaHe Ha CAD wmopen,
koHuBeptupad B STL ¢popmar, u orneuarBane upe3 FDM ¢ ontumusupanu napameTpu — 1edearHa Ha Cllos,
TeMmIeparypa 1 opueHTanus Ha ooekra. [lopaau crbnanoBuHus e(heKT U orpaHnveHaTa oropHa IO ce
M3II0JI3BAT OMOPH, a OHsKora ce npuiara SLA Texnonorus. M3nomns3anu ca marepuanu PLA, SteelFeel u
CarbonFill ¢ 100% 3anbnBane. Cdepure ¢ auamersp 9 mm ce oTmevarBar 1o Tpu eTHOBPEMEHHO, CIIe]
KOETO OIIOPUTE C€ OTCTPAHSIBAT U 0OEKTUTE Morar ja ce oopadorsar nonbiaHutenHo. Ha purypu 3.4 u 3.5
ca IIoKa3zaHu cepure ¢ et BuAa MoUI0KKH — 0e3, Brim, Raft, Skirt + Support u Raft + Support, a nannute
3a Marepuai u Bpeme ca 0606menu B Tabmuma 3.1.

Tabnuya 3.1. Konuuecmeo uznonzean mamepuan u epeme 3a neuam

Tevo Tornado Ultimaker S5

Tun Bpeme, K-Bo Bpewme, K-o

L, [TOII0KKA" min CYPOBHHA,E min CYPOBHHA,Z
None 19 1 10 1
Brim 20 2 13 1
Raft 27 3 18 2
i 30 3 20 2
support
Skirt
support

20 2 12 1
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Duez. 3.4 Mooenupane na cghepu ¢ paznuuru @uez. 3.5 Omneuamanu cghepu ¢
noonooicku: A) 6ez noonooicka; b) ¢ paziudHu NOONoANCKU: A) 6e3 noonodicKa;
noonodicka Brim; B) ¢ noonosicka Raft; I') ¢ B)c noonoacka Brim ; B)c noonoacka
noonooicka Skirt + Support; /) ¢ noonooicka Raft; I')c noonoscka Skirt + Support;
Raft +Support ¢ kosmo ce omneuamuxa I)c noonoocka Raft +Support

3.2. Meroanka 3a aHAJIU3H HA MUKPOTBBP/IOCTTA HA MOJTUMEPH U KOMIIO3UTH

3a u3cieBaHMATA ca pa3padOTEHH TPU METOIMKH C arlapaTypHUTe ONMUCAHU B T1aBa 2, Touka 2.2.
Upes uznutBane cb¢c EBP BRV-187.5T u mocnenBaimo uzMmepBane Ha ornedarsiute ¢ Olympus
BX53M + DP23.

- Instruction Manual Digital Shore Hardness Tester SAUTER HD

Muxkporseproctra mno Illop u3MepBa TBBpHOCTTA Ha IOJUMEPH M €JIACTOMEPH UpE3
CBIIPOTUBIICHUETO HAa MaTepHala cpelly MPpOHUKBaHe Ha TBHPJ BpbX. M3MepBaHeTo ce n3BbpIIBa C
aurutaneH aypomersbp Sauter HD Bbpxy 3D orneuaranu obpasiu u ce orunrta B LllopoBu equHunm
(Shore A, D u 1p.). MeToasT € moaxoasil 3a ThHKH U BUCOKOEIACTUYHU MaTepHallH.

|

Duz. 3.6 Ypeo 3a usmepsane na mukpomsvpoocmma no Lllop.(onucan 6 enasa 2)

- Tewvpoomep EBP BRV-187.5T (onucaH B ryiaBa 2)

[Ipenn wm3nMTBaHETO ce W3BBpIIBA KanuOpamus W TNpoBepka Ha ypema. HartoBapBaHeTto u
WHJCHTOPBHT Ha TBHPJIOMEPA CE€ MPOBEPSBAT C MOAXOAIIH cepTUudHIMpanu pedepeHTHH OoKYeTa
(croMaHeHM, HUKEJIOBH WJIM TOJMMEPHH), 332 J1a C€ TOTBBPIM NPAaBWIHOTO (DYHKIMOHUpaHE Ha
TOBapHAaTa KJeTKa U padoTara B 3aTBOpPEH HUKBI. ONTHYHATA CHCTEMA Ce KanOpupa upe3 ClleHHYeH
MUKpPOMETHD, KaTo 3a BCeKH u3mon3BaH o0ekTuB (10%, 20x, 50x u ap.) ce ompenesns U 3alucBa
CHOTBETHUSAT KOEPUIMEHT Ha MpeodpasyBaHe (Lm/px).

3a u3nurBaneto e u3dpan meroa Rockwell ¢ unpentop HRR/60/12.7, m3nurBarenna cuna F = 60
kgf u Bpeme Ha HaToBapBaHe 1 s. YpensT EBP BRV-187.5T e HacTpoeH B CHOTBETHHS PEXKHM,
paboTHaTa 30Ha € 00e3BUOpeHa, a mpobaTa — HUBEITUPAHA XOPU3OHTAIHO, 32 Ja CE€ OCUTYpPH
paBHOMEPHO HATOBapBaHE MPHU UHJCHTHPAHE.
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3.3. MeTroauka 3a u3cjaelBaHe HA TPUOOJOTMYHHU CBOMCTBA HA MOJUMEPH U
KOMIIO3UTH MojydyeHu ype3 3D npuHTupane

3a HOEJIMTEC HA HACTOAIIUA JUCEPTAIUOHCH TPy CC U3CIICABAT ITOJYUCHU YPE3 3D reyar, O6p33HI/I
OT INOJIMMCPHH U KOMIIO3UTHU MaTCpruaind, MOCPECACTBOM pa3pa60TeHH MCTOJHKH 3a U3CJIICABAHC Ha
KOC(i)I/II_[I/IeHTI/I Ha TPUECHE IIPU IUIB3raHe, TPUCHE IIPU THPKAJIAHE U KOC(bHHHeHT Ha BB3CTaHOBJBAHC,
KaKkToO CJICABA.

1) Tpuene npu mIb3rane:

Kunernunoro TPUCHC € KOHTAKTHATA CHUJId, KOATO CC CBIIPOTUBIISIBA HA ILUIB3ralioTO ABHUIKCHUC
MEXTy OOCKT M MOBBPXHOCT. To € 0OMKHOBEHO MO-MaJIKO OT CTATUYHOTO TPHEHE, KOETO YJECHSBA
JBIDKEHHUETO Ha 00CKTA CJIe]] KaTo TO Beue € 3armovHaio [86].

Cunara Ha KHHETUYHOTO TPUEHE Ce ONpeIes OT:
Fk = pk.N 3.1

Kvaero:
Fk e cunara Ha KHHETUYHOTO TPHEHE;
pk e kKoe(UUHUEHTHT Ha KHHETUYHO TPUEHE;
N e HOpmaJiHaTa cua.

Koraro BbpXy 010K ce NPUIOKHU CHUJIa BbPXY HaKJIOHEHA paBHUHA, HETOBOTO YCKOPEHUE 3aBUCH OT
CbOTHOLLIEHUETO MEXIY BbHILIHATA CHJIa U KMHETUYHATa CHJIa Ha TpUEHE. BIOKbT yckopsiBa, ako
BBHIIIHATA CHJIAa IPEBUIIIABAa TPUEHETO, CIIMpa WK 3a0aBsi IBUKEHUETO, aKO TPUEHETO € MO-TOJIIMO,
U C€ JIBIXKU C IIOCTOSIHHA CKOPOCT IPU PaBEHCTBO MEXIY ABETE CHJIM, CIIOPE] II'bPBHS 3aKOH Ha
Hroton. [IpyHuunsT e nokasad Ha ¢ur. 3.7 ype3 auarpama Ha CBOOOIHOTO TSUIO.

Duczypa 3.7 JJuacpama Ha c60600HO MO HA OJLOK, NOONONCEH HA MpueHe, O0OKAmo ce Niv3ed no
HaxknoHeHa nogvpxrHocm [87]
KoMITOHEHTHT Ha rpaBUTANMITA 110 TIOCOKA HAa HAKIJIOHA CE J]aBa OT:
Fg =mgsinf 3.2)
Ksnero:
m e MacaTa Ha 0JoKa,
g € TPaBUTAIMOHHOTO YCKOPEHHE,
0 € BreIBT HAa HAKIIOHA.
Hopmannara cwita (meprieHAuKy/sIpHa Ha IIOBBPXHOCTTA) CE JIaBa OT:
N =mgcos6O 3.3)

C.IIC,Z[OBB.TCJ'IHO, THH KaTo cuyiaTa Ha TPUCHC CC MMPOTUBOIIOCTABA HA JBUKCHUCTO Ha OJIOKa:
Fk = pk .mgcos6 (3.4)

KoeduimeHTbT Ha KWHETHYHO TpPHUEHE BHPXY HAKIOHEHA paBHUHA CE€ M3UYUCISIBA, KOTaToO
yCHope/HaTa Ha TOBbPXHOCTTA CHJIa, JAeicTRala BbpXy 0J10Ka, € paBHA Ha MEpPIHEeHIMKYIIsIpHaTa cuJa.
ToBa ce HabmronaBa npu (GUKCHUpaH bI'BI O, IPU KOWTO OIIOKBT CE IBUKH C MOCTOSHHA CKOPOCT:

LJF=ma=0 3.9
Fk = Fg or pkmgcosf = mgsinf (3.6)

OT ropHuTE YpaBHEHHMS CIIEBA:
Ypk = mgsinB/mgcosB = tand (3.7

Kbnero 0 € breabT, moa KOWTO OJIOKBT 3aMovBa J1a C€ IBMKU C TTOCTOSTHHA CKOpocT [88].

2) TpueHe npu ThpPKAJsIHE
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Tpuenero mpu ThpKaJisHE Bb3HUKBA, KOrato OOEKT c€ ABMXKM MO MOBBPXHOCT U Cpemia
CBIIPOTHUBIICHUE, JIBJDKAIIO CE HA KWHETHYHOTO TPUEHE B KOHTAKTHATA TOYKa. Ternoro, rpamaBocTTa
U eaCTUYHOCTTa Ha O0EKTa U MOBBPXHOCTTA MOTaT Ja MpeAu3BUKAT nedopManuu, reHepupariu
cuiara Ha Tpuene [89].

Ha ¢ur. 3.8 e mokazaHo TpHeHETO NpHU ThPKAISIHE BbPXY HAKIOHEHA IMOBBPXHOCT, KaTo
HOpMaJTHaTa CWJIa 3aBUCH OT KOCHHyCa Ha bBrblla MEXKIy Macara W MepHeHAUKYIspHAaTa Ha
MOBBPXHOCTTA TTOCcOKa (popmyia 3.8):

Fr0 =fWcos6 (3.9)

Ksaero:
Fr e cunara Ha Tpuene npu brua 0;
0 € BI'BJIBT HA HAKIIOHA,

Duzypa 3.8 Tpuene npu mopkansame [90]
3) Koq)mmeHT HA BH3CTAHOBAABaHE

3a u3cienBaHe BIMSHMETO HAa TPUEHETO M KOE(pHUIMEHTa HAa Bb3CTAaHOBSBaHE € pa3padoTeHa
METONuKa, MpH Kosito 3D-mpuHTHpann cdepu CBOOOAHO MajgaT BbpPXy IIOcku obOpasmu.llenTa e
orpeelisiHe Ha Koe(hUIIMeHTa Ha PECTUTYLUS, U3UUCIIABAaH KaTO OTHOUICHHWE MEX/y BUCOUYMHATA Ha
OTCKOKa ¥ BHCcOunHaTa Ha myckane. Cdepure (@ 9 mm) ca u3padorenu ot HIPS, TPU, PLA, PETG,
Carbon, Vero White u np., a 3a cpaBHeHMEe € M3MOJI3BaHA M cToMaHeHa cdepa. CbOTBETCTBAIIU
1104kH ¢ pazmepu 60 x 60 x 10 mm ca oTreyaTraHu 3a BCEKU MaTepuall.

IIpobure ce myckar ot BucourHa 650 mm upe3 HarpasisBaa Tpb0a, a yIapbT ce perucTpupa ¢
BrcokockopoctHa kamepa NAC MEMRECAM HX-6 npu 500 fps. C nmomorra Ha codpryep Vicasso
2009 ce ompenens BUCOUYMHATAa Ha IbPBHUS OTCKOK, KaTO 3a BCAKAa KOMOMHAIMS c€ MpPaBsT TPU
MIOBTOPEHHUS U C€ YCPEIHABAT pe3yaTaTuTe.

[Tomy4yeHnuTe CTOMHOCTH Ha KOe(ULIMEHTa Ha PECTUTYLHS ca MpeJICTaBeH! B TabnuyeH BUJ (T1. 4,
T. 4.1.3) 1 ce U3MOA3BaT KaToO BXOJHU JAAHHU 332 CUMYJALMM Ha JIBUKEHHE Ha NUIM(POBBYHM Tela B
MenHuy. ToBa MO3BOJsIBA MO-TOYHO MOJEIMPAHE HAa KIIOUOBM MapaMeTpd U ONTHMHU3ALUSA Ha
eHepruiiHara e()eKTHBHOCT Ha Ipolieca.

3.4. MeTonuka 3a chb31aBaHe Ha cumyJanus B cpeaa Ha EDEM Software

B monyna Creator na EDEM Software ce 3agaBar BXOJHUTE MapaMeTpH 3a CUMYJIAlIMOHHOTO
MoJienupane, nmokasanu Ha ¢ur. 3.9. [IpouecsT 3amnousa ¢ AepuHUPaHE HA MaTepUala Ha YaCTUIIUTE
(Bulk material), BkiIrounTenHO KOoe(pUIMEHTH Ha TPUEHE W TPUEHE MPHU ThpKaJSHE, PECTUTYLHS,
IUTBTHOCT | pasMepu. Ciieql ToBa ce cbhb3aBa MaTepuan 3a obopyasanero (Equipment material). B
cekrusaTa Geometries MoraT Jia ce TeHEpUpaT TeOMETPUHU TUPEKTHO B coPpTyepa WiH Ja c€ BMbKHAT
cbiiectByBamin CAD mozgenu [80-85], karo UM ce 3aaaBar JEWCTBHS KaTO TpaHCIAIUs, pPOTalus,
CKOPOCT, yCKOpPEHHE U BPEME Ha JIeliCTBUE.

Cnensa cp3naBane Ha Factory 3a renepupane Ha 4YaCTULIMTE C TIPEIBAPUTEITHO 3a/1aJIEHU CBOICTBA
1 Konmm4ecTBO (Opoil, Maca uinu 0€3 JMMHT), KaKTO U TapaMeTpH KaTro BpPeMe Ha MPOU3BOJCTBO,
Hauajgo Ha reHepupaHe, KOHTAKTHU OTPaHUYEHUsS U JIp. 3a CUMyJaIMUTe € M30paH CTaHJapTHUST
Mmozen 3a koHTakT Hertz-Mindlin.
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Creator Tree & X

Project
~ Bulk Material
BulkMaterial 1

GEMM_particle_material 6111
~ Equipment Material
GEMM_geometry_material 8111_medium
~ Geometrics
Assem1 - floor for robet scrapper-1 (1)
~ Robot scrapper
Mass
CAD Geometry
Movement 1
Retation 1 90 degree
Movement 2
Rotation 2 180 degree
Movement 3
Vv New Section 2
Mass
Box
New Factory 1
New Factary 2
Plugin Factories
Physics
Envirenment

QDuzypa 3.9 Bxoonu napamempu 3a CUMYIAYUOHHO MOOEIUPAHE.

3a nenure Ha cuMynanoHHoTo Mozenupane ¢ EDEM Software e ch3aaiena ciennara MeToAMKa:
Jepunupane Ha 1en u 3anada; Jlepunupane Ha yacTULM — BHJ, TOJIEMUHA, (GU3NYHU CBOMCTBA;
Jlebunupane ¥ MO3MLIMOHUpPAHE HA TEOMETPUS — BHJ, TOJIEMHHA, (PU3NYHU CBOWCTBa, M300p Ha
¢aitnos ¢popmar; lepunupane n nosunuonupane Ha Factory 3a cp3naBane Ha yactuny; Ch3naBaHe
Ha Tpace; Cb3/1aBaHe Ha MOJIEJIM 32 aHAJIU3 Ha MOJIYYCHUTE JaHHU OT CUMYJIALUTA.

LlenTa Ha CUMYTAIIMOHHOTO MOJIETIMPAHE € Ch3/laBaHe Ha YHU(PHUIUPAH MOJIEI, IO KOWTO 1a Obaar
U3CJIE/IBAaHH PA3JIMYHH BHIOBE MOJIMMEPH M KOMIIO3UTH IMoay4eHH upe3 3D meuar 3a uscieqBane Ha
Koe(uIMeHTa Ha BH3CTAHOBSIBAHE. 3a/launTe, KOUTO TPAOBa Ja ObJAT M3IIBJIHEHU Ca: Ch3JaBaHEe Ha
YaCTHLM, TO3ULIMOHNPAHE HAa TEOMETPHs, Ch3J[aBaHe Ha TPace M aHAJIHM3 Ha MOJYYCHUTE JaHHHU OT
CHMYJTAIIOHHOTO MOJIETIPAHE.

3.5. 3akiarouenue

Tpubonornyaure cpoiictBa Ha 3D nNpUHTHpPaHH TMOJUMEPU M3UCKBAT JOMBIHUTEITHH
U3ceABaHMs M ONITUMU3allUs Ha IPOU3BOJICTBEHUTE MapaMeTpy 3a MPUIOKEHUE B UHAYCTPUU KaTO
aBTOMOOWJIHATa, aBUAllMOHHATa, MEAMIMHCKaTa M CcTpouTenHara. IIpoBeneHuTe u3CiIeIBaHUS
MOKa3BaT MNoTeHuuana Ha 3D npuHTHpaHWTE NOJUMEPH, KaTO I0-HATAaThIIHOTO pa3BUTHE Ha
TEXHOJIOTUUTE 111e TOJ00pU TPUOOTOTHYHUTE UM XaPaKTEPUCTUKH.

B Hacrosiara riaBa ca cuCTEMaTU3UPAHU METOJUKUTE 33 EKCIIEPUMEHTAIHU U3CIIEIBaHUS Ha
3D oTmevyaraHu MOJUMEPHH U KOMIIO3UTHM Marepuanu. Pa3paboTeHHMTe MOIXOAM OCHUTypsiBaT
BB3MPOU3BOIUMOCT, MOCIEA0BATEIHOCT W BUCOKA HAJEXKIHOCT Ha JIaHHUTE, I[03BOJISIBAKU
KOMIIJIEKCHA OIICHKa Ha TPUOOJIOTHYHUTE U MEXaHUYHUTE CBOMCTBA Ha 0OpasIuTe.

Meroaukara 3a 3D npuHTHpaHe rapaHTHpa BHCOKAa I€OMETPHUYHA TOYHOCT M CTPYKTypHa
€IHOPOJTHOCT Ha MpoOuTe, a aHAIM3bT Ha MHUKPOTBBbpAOCTTa upe3 bpunen u Illop ocurypsisa
Mpelr3Ha OlleHKa Ha JIOKaJTHUTEe MEXaHUYHH CBOMCTBAa. MeToukara 3a TpUOOJIOrMYHN U3CIIeIBAaHUS
M03BOJISIBA ONpeesiHE Ha KOS(HUIIMEHTH Ha TPUEHE MPH IUTh3raHe, ThpKaJiiHe U Bb3CTAaHOBSBAHE,
KaTo pe3yJTaTUTE OCUTYpsIBAT HaJlexkAHa 0a3a 3a BAIMMPaHE HA CUMYJIAIIMOHHU MOJIEIH.

CumynanmmonHotro wMojenupane B EDEM  Software nombiaBa  eKcriepUMEHTAIHUTE
U3CleIBaHMsl, TO3BOJIIBAHKM BUPTYaJHU €KCHEPUMEHTH, HPOTHO3MpAaHE W ONTHUMM3AIMs Ha
TE€XHOJIOTUYHHU [TapaMeTpH.

O060061meHo, pa3paboTeHUTEe METONMKH (GopMUpaT HMHTETpUpaHa EeKCIIePUMEHTAaIHO-
aHAJIMTUYHA CHUCTEMA, OCUTYpPSBAIlla CHIIOCTABUMOCT MEXY €KCIIEPUMEHTAIHU U CUMYJIALlMOHHU
pEe3yaTaTU U MPEJOCTaBsIa METOAOJIOIMYHA OCHOBA 33 aHAIM3a U MHTEPIIPETALUATA Ha PE3YIITaTUTE,
KAaKTO M 3a ONTUMH3alUs Ha TEXHOJOIMYHUTE mpouecu npu 3D mpuHTHpaHE Ha NOJUMEPU U
KOMITO3UTH.
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[ aesa 4.

Excnepumenmannu pezynimamu u uzcineosanus na 3D
ROTUMEPHU MAMEPUAIU, 8KTIOUUMETHO KOMNO3UMHU

Hacrosimara maBa o0o0maBa pe3yaTaTuTe OT EKCIEPUMEHTAIHU HW3CieqBaHHus BBpXy 3D
OTIHEYaTaHU IOJIMMEPHU M KOMIIO3UTHU MaTepHalld C Pa3jInyHa I'eOMETpHUs — IUIOCKH IUIOYKH,
mHApH U cdepu. Llenta e na ce oueHn BAMSHUETO Ha GopMaTa, TEXHOJIOTUYHHUTE MapaMeTpu U
ChCTaBa BbPXY TPUOOJIIOTHYHUTE U MEXaHUUHUTE CBOWCTBA HAa MaTepUasnTe.

4.1. PeZ}y.]'lTaTI/I OT M3CJjIeABaHUTE KOC([)I/IHHCHTI/ITC Ha TPUECHEC Ha 3D oTneyaraHu

npooun

B paMmkuTe Ha eKClepUMEHTAHUTE U3CIEABaHMs OsXa aHaTU3UpaHd MEXaHUYHUTE U
TpUOONOTHYHUTE cBolicTBa Ha 3D oTmeyaraHw TOJMMEPHH W KOMIO3WTHH Matepuanu. bsxa
CpaBHEHH oOOpa3ly OT pa3IU4YHU MaTepuaiy, U3TOTBEHU C IapaMeTpu, TapaHTHUpalld BHUCOKA
MTOBTOPSIEMOCT HA TEOMETPHATA M XOMOTEHHOCT Ha cTpykTypara. Ha ¢urypu 4.1 u 4.2 ca noka3anu
npobute ot HIPS (High Impact Polystyrene) u TPU (Thermoplastic Polyurethane).

A° fe

@uezypa 4.1 IIpobu 3a uzcneosane na HIPS ®@uzypa 4.2 Ilpobu 3a uzcneosane na TPU

[IpencraBenu ca pe3ysraTu OT U3cieBaHe Ha Tpuooioruunute cBoiictBa Ha EasyFil HIPS (Dark
Blue) npu 3D npuHTHpaHe, BKIIOUYUTETHO CPAaBHUTENEH aHanu3 ¢ Apyru ¢puinamenTH [91]. IIpoyueno
e B3aumoeicteuero Ha HIPS ¢ PLA, PETG, CARBON, Steel Fil, TPU, Flex u Vero White upe3
M3MepBaHe Ha TPUEHE MPU IUTh3raHe, TPHEeHE NP ThpKaJsiHe U Koe(UIIMEeHT Ha Bb3cTaHOBsABaHe. Ha
0a3a excnepumeHTtannute naHHu 3a TPU u HIPS ca ce3magenn cuMynallmoHHUM MOJENH 3a
Bepu(duKanus U pazpaboTBaHe Ha MO-TOYHHM MOJIENTU Ha B3aUMOJIEHCTBHE MEXly MEJEIIUTe Tella U
CMMJIATEIHATA CPea.

4.1.1 Koegpuyuenm na mpuene npu niv3zzane

B HacrosmaTa riaBa ca mpeaCcTaBeHHM PE3YNTATUTE OT €KCIIEPUMEHTATHUTE W3CIEIBAHUS I10
MeToJuKara oT ['naBa 3, ¢ 1es1 aHa/Iu3 Ha BJIMSHUETO HA PA3JIMYHM [IapaMETPHU BbPXY U3MEPEHUTE
CTOMHOCTH 3a MOJUMEPH U KOMIIO3UTH, Tpon3BeaeHH upe3 3D neyar.

[IepBo ca 00paboOTEeHM AaHHUTE 32 KMHETUYHOTO TpueHe upe3 dopmymure (3.1) — (3.7).
[TonydyenuTe koeUIMEHTH HAa KUHETUYHO TPHEHE 3a pazIMYHM HAKJIOHM M IOBBPXHOCTH ca
0000111eHH B Ta0IMIIa, TOKA3Ballla 3aBUCUMOCTTa MEX/Ty bI'bjla HAa HAKJIOHA U IBUKEHUETO Ha OJI0Ka.
@urypa 4.3 WIrOCTpHUpa NIECTTE U3MEPBAHUS 3a ONPEEIISIHE HAa BbI'bjia HA ITB3TaHe.
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Quzypa 4.3. CHUMKU Om eKchepuMenma 3a Hamupane KoeQpuyueHm Ha mpuere npu niv32aHe

Tabmuma 4.1 chappka U3MEPEHHUTE BIIM B TPAaAyCH M pagdaHd, KaKTO W H3YHCICHUS
Koe(UIIMEeHT Ha TpUeHe Mpu Turk3rane 3a marepuana EasyFil HIPS (Dark Blue) mpu xoHTakT che
cebe cu (HIPS+HIPS). B nonmbiHeHWe € HampaBeH CpPaBHUTEIEH aHAIU3 C JBE JPYTH IIMPOKO
u3non3Banu 3D npuntupanu marepuain — PLA+PLA u PETG+PETG, c uen ouienka Ha pa3nuuusita
B TpUOOJIOTUYHOTO MOBEJCHHE MPH ILTH3TaHE.

Tabnuua 4.1. Koepuyuenm na mpuene npu nivzeanwe 3a HIPS+HIPS u cpasnumenen ananus c
PLA+PLA u PETG+PETG

Marepuan
(mrouka 120/60/10 bra na Tpuene , 0° broa garTgneHe, Koe¢n;1nzn: l:la Ttpneeoﬂe npu
mm-+mouka 60/60/10mm) 5 TLITANE, T8
Hips-+Hips (1) 25,01 0,436507 0,46652
Hips-+Hips (2) 22,06 0,38502 0,405245
Hips-+Hips (3) 23,68 0,413294 0,438553
Hips-+Hips (4) 19,98 0,348717 0,363575
Hips-+Hips (5) 23,64 0,412596 0,437721
Hips-+Hips (6) 2423 0,422893 0,450047
Hips+Hips avg 23,1 0,403171 0,426536
PLA+PLA (1) 15,850 0,277 0,284
PLA+PLA (2) 19,610 0,342 0,356
PLA+PLA (3) 22,590 0,394 0,416
PLA+PLA avg 19,350 0,338 0,351
PETG+PETG (1) 21,300 0,372 0,390
PETG+PETG (2) 20,810 0,363 0,380
PETG+PETG (3) 24,430 0,426 0,454
PETG+PETG avg 22,180 0,387 0,408

B pamkute Ha uzcnensaneTo Oere oneHeHo B3aumoaerictBuero Ha EasyFil HIPS ¢ pa3nnunu
mupoko usnonsBanu 3D npuntupanu matepuanu — PLA, PETG, CARBON, Steel Fil, TPU, Flex u
Vero White. Ha ¢wur.4.4. ca moka3aHu CHUMKHA OT TPOBEACHUS EKCIIEPUMEHT 3a HaMHpaHe
Koe(UIUEHT Ha TpUeHe Npu rurb3rane. M3nomnssanu ca 8§ mpobu 60/60/10 ot pa3nuyHu MaTepuamn
(Hips, PLA, PETG, Carbon Steel fill Vero white Flex TPU ), mb3ranu no touka 120/60/10 Hips.

'3‘4 - R

QDuzypa 4.4 CHumku om ekchepumenma 3a Hamupane Koeghuyuenm Ha mpueHe npu nib32ame

Ha taGmuia 4.2. ca u310XKeHH pe3ylITaTUTe OT U3BBPIICHOTO U3CIIEABAHE TI0O OTKPHUEBAHETO HA
koeduIMeHTa Ha Turb3rane Ha matepuanute - Hips, PLA, PETG, Carbon Steel fill Vero white Flex
TPU.
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Tabnuuya 4.2. Pe3yimamu om ekcnepumenma 3a Hamupaue KoepuyueHm Ha mpuere npu nib32aHe
HIPS(120/60/10) + mamepuan (60/60/10mm-HIPS. PLA, PETG, Carbon, Steel fill, Vero
white,Flex, TPU)

MarepuaJ
(naouxa HIPS 120/60/10 broa na tpuene | 'bruia Ha Tpuene , 0 KoedunueHnr Ha TpueHe
mm-+mI04Ka MaTepuall , 0° rad npH ILTh3raxe, tg 0°

60/60/10mm)
Hips 1 25,61 0,446979 0,479334
Hips 2 2491 0,434762 0,464397
Hips 3 23,01 0,4016 0,424681
avg 24,51 0,42778 0,455937
PLA 1 26,04 0,454484 0,488597
PLA2 28,2 0,492183 0,536195
PLA3 31,41 0,548208 0,610642
avg 28,55 0,498292 0,544086
PETG 1 24,07 0,420101 0,446693
PETG2 21,78 0,380133 0,399567
PETG 3 20,92 0,365123 0,382263
avg 22,25667 0,388452 0,409247
Carbon 1 25,38 0,442965 0,474407
Carbon 2 28,41 0,495848 0,540924
Carbon 3 26,48 0,462163 0,498146
avg 26,75667 0,466992 0,504187
Steel fill 1 21,98 0,383623 0,40362
Steel fill 2 27,79 0,485027 0,527017
Steel fill 3 31,28 0,545939 0,607532
avg 27,01667 0,47153 0,509892
Vero white 1 30,35 0,529707 0,585524
Vero white 2 31,01 0,541227 0,601098
Vero white 3 29,03 0,506669 0,554994
avg 30,13 0,525868 0,580379
Flex 1 46,49 0,811404 1,053412
Flex 2 47,27 0,825017 1,082552
Flex 3 50,38 0,879297 1,207934
avg 48,04667 0,838573 1,112433
TPU 20% 1 24,43 0,426384 0,454252
TPU 20% 2 25,63 0,447328 0,479764
TPU 20% 3 25,57 0,446281 0,478476
avg 25,21 0,439998 0,470777

QDuzypa 4.5.: Cuumka om ekcnepumenma no onpeoeinsine Ha KoeguyueHma Ha mpuene npu

nivzeane TPU+HIPS
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Taonuua 4,3.: Koedpuyuenm na mpuerne npu nivzeane TPU+rmamepuanu(60/60/10mm-HIPS. PLA,
PETG, Carbon, Steel fill, Vero white,Flex, TPU)

Marepuan K
(naouxa TPU  120/60/10 broana | bramna tpuene, 0 | Heﬁﬁ"‘fﬁﬁlxne
mm-+IU104Ka MaTepuas TpueHe , 6° rad P fg 00 ’
60/60/10mm)

Hips 1 25.61 0.446979 0.479334
Hips 2 2491 0.434762 0.464397
Hips 3 23.01 0.4016 0.424681
avg 24.51 0.42778 0.455937
PLA 1 26.04 0.454484 0.488597
PLA2 28.2 0.492183 0.536195
PLA3 31.41 0.548208 0.610642
avg 28.55 0.498292 0.544086
PETG 1 24.07 0.420101 0.446693
PETG 2 21.78 0.380133 0.399567
PETG 3 20.92 0.365123 0.382263
avg 22.25667 0.388452 0.409247
Carbon 1 25.38 0.442965 0.474407
Carbon 2 28.41 0.495848 0.540924
Carbon 3 26.48 0.462163 0.498146
avg 26.75667 0.466992 0.504187
Steel fill 1 21.98 0.383623 0.40362
Steel fill 2 27.79 0.485027 0.527017
Steel fill 3 31.28 0.545939 0.607532
avg 27.01667 0.47153 0.509892
Vero white 1 30.35 0.529707 0.585524
Vero white 2 31.01 0.541227 0.601098
Vero white 3 29.03 0.506669 0.554994
avg 30.13 0.525868 0.580379
Flex 1 46.49 0.811404 1.053412
Flex 2 47.27 0.825017 1.082552
Flex 3 50.38 0.879297 1.207934
avg 48.04667 0.838573 1.112433
TPU 20% 1 24.43 0.426384 0.454252
TPU 20% 2 25.63 0.447328 0.479764
TPU 20% 3 25.57 0.446281 0.478476
avg 25.21 0.439998 0.470777

4.1.2. Koedpuyuenm na mpuene npu mvpraiamne
[IpencraBenu ca pe3ysiTaTUTE OT €KCIIEPUMEHTATHOTO ONpe/esiHe Ha KoeQHIMEeHTa Ha TpUEHe
IIpH THPKAJITHE BHPXY HAKIOHEHA MOBBPXHOCT. M3MepBaHMATa ca W3BBPIICHHN NIPU Pa3IMIHH BIIIN
Ha HakJIoHa 0, KaTo 3a BCsSKa CepHsi ONUTH € OTYETEeHa ChOTBETHATA CUJIa Ha TPHEHE, U3UUCIIeHa 110
dopmyna (3.8). Ha Oazara Ha moJlydeHUTE JaHHU € OMpeneieH KOePHUIMEHTHT Ha TpPUCHE
NPUTHPKAJISIHE, @ pe3yaTaTuTe ca 00001eHu B Tabauna 4.4 u npencraBeHu Ha dur. 4.6.

Quzypa 4.6. CHumMKYU om eKcnepumMenma no HaMupane Ha Koeguyuenm Ha mpuene npu MvpKaisaHe
Ha ¢ur. 4.6 ca mokazanu CHUMKH OT €KCIIEpUMEHTa ¢ BcekH oTneneH marepuan - PLA, PETG,
Carbon, Steel fill, Vero white u Steel. B Tabnuna 4.4. ca U3JI0)KEHU PE3YyIATATUTE OT U3CIECABAHETO,

KbJACTO Ca OCBIICCTBCHMU II0 3 ommTa C BCEKH CIWH MaTCpral U € NpCACTaBCHA CpCAHATa CTOMHOCT
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Ha KOe(PUITMEHT Ha TPUEHE TIPHU ThPKaJsHE. Y CTAaHOBSBA ce, ue MpH B3aummojeicTeuero Ha HIPS ¢

PETG umame Haii-Bucok koeduuueHT Ha TpueHe npu Tepkansne (0,31344), a naii-manbk cbe Steel
(0,179604).

Tabnuua 4.4.: Pezyimamu om koeuyuenm na mpuere npu mvpraisine niouxa HIPS+ cghepa om
nocouenume mamepuanu

MarepuaJi
(Hips n1ouka + cpepa ‘broJa Ha Tpuene, ‘broa na Tpuene, 0 | Koepuuuenr na Tp'neﬂe npu
0° rad ThpKaJjsHe, sin 0°
OT MaTepUAIHN)

Hips 1 6,33 0,110479 0,110255
Hips 2 7,94 0,138579 0,138136
Hips 3 17,21 0,300371 0,295875
avg 10,49333 0,183143 0,182121
PLA1 11,95 0,208567 0,207058
PLA2 15,51 0,270701 0,267407
PLA3 18,04 0,314857 0,309681
avg 15,16667 0,264708 0,261628
PETG 1 16,53 0,288503 0,284517
PETG 2 18,29 0,319221 0,313827
PETG 3 19,98 0,348717 0,341692
avg 18,26667 0,318813 0,31344
Carbon 1 10,59 0,18483 0,18378
Carbon 2 15,19 0,265116 0,262021
Carbon 3 17,63 0,307702 0,302869
avg 14,47 0,252549 0,249873
Steel fill 1 13,74 0,239808 0,237516
Steel fill 2 21,64 0,377689 0,368774
Steel fill 3 10,45 0,182387 0,181377
avg 15,27667 0,266628 0,26348
Vero white 1 14,06 0,245393 0,242938
Vero white 2 6,99 0,121999 0,121696
Vero white 3 12,15 0,212058 0,210472
avg 11,06667 0,19315 0,191951
Steel 1 8,16 0,142419 0,141938
Steel 2 9,21 0,160745 0,160053
Steel 3 13,67 0,238587 0,236329
avg 10,34667 0,180583 0,179604

4.1.3. Koeqpuyuenm na év3cmanosnsane
3a HaMHpaHeTo Ha Koe(UIIMEeHTa Ha Bh3CTAaHOBSBAHE CE U3BBPIBAT M0 3 eKCIIEPUMEHTa C BCEKH
OTZeNIeH MaTepuai U € B3eTa cperHaTa cToiHOCT. [lonmydeHure pesyaTatu OT eKCIIEpUMEHTHUTE ca

noka3aHu B Tabnuia 4.5. 3a 1a ce onpeaenu KoeUIIMEHThT Ha PECTUTYIIMS CE U3I0J3Ba popMyJiara
[91]:

1
2

e=Z—i=(§—i) (9)

Knnero:
e - KOG(bI/II_[I/IeHT Ha Bb3CTAHOBsBAHC,
v, - CKOPOCT CJIE/T OTCKOK;
v1- CKOPOCT MPEIN OTCKOK;
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h;-BHUCOYHMHA IIPEIU OTCKOK;
h,-CKOpOCT Ipeau OTCKOK.

-y i - el
@uzypa 4.7 CHuMKu om eKcnepumenma 3a Hamupane KoequyueHm Ha pecmumyyus

Taonuya 4.5.: Koepuyuenm rna e6vscmanosseane niouxa HIPS+ cgepu om nocouenume
Mamepuanu:

Havanna Bucouyuna Ha e-Koedunuenr
MaTepna.ﬂ BHCOYHHA OTCKOKAa BbB3CTAaHOBSIBAHE
(OcnoBa/Cdepa) Ne [mm] [mm] D/C SQRT D/C
1 650 320,41 0,492938 0,702096
Hips/Hips 2 650 94,47 0,145338 0,381233
3 650 67,65 0,104077 0,32261
avg 650 160,8433 0,247451 0,497445
1 650 281.9 0,433692 0,658553
Hips/Carbon 2 650 250,34 0,385138 0,620595
3 650 238,13 0,366354 0,605272
avg 650 256,79 0,395062 0,628539
1 650 180,97 0,278415 0,527651
. 2 650 234,41 0,360631 0,600525
Hips/PETG 3 650 369,51 0,568477 0,753974
avg 650 261,63 0,402508 0,634435
1 650 255.67 0,393338 0,627167
. 650 293,08 0,450892 0,671485
Hips/PLA 3 650 315,73 0,485738 0,696949
ave 650 288.16 0,443323 0,665825
1 650 354,57 0,545492 0,738575
. 650 313,39 0,482138 0,694362
Hips/Steel
3 650 339,75 0,522692 0,722975
avg 650 335.9033 0,516774 0,71887
1 650 277.17 0,426415 0,653005
Hips/Steel fill 2 650 313,43 0,4822 0,694406
3 650 248 4 0,382154 0,618186
avg 650 279,6667 0,430256 0,655939
1 650 208,98 0,321508 0,567016
. . 2 650 268.56 0,413169 0,642782
Hips/Vero White = 650 171,42 0,263723 0,51354
ave 650 216,32 0,3328 0,576388

4.1.4. H3cneosane u npunoxcenue Ha mpubdoaocuunu xapakmepucmuxu na 3D npunmupanu
Mamepuanu 3a MaKmuiHume ¢b3nPUAMUAL HA XOPA 6 HEPAGHOCMOUHO NOJI0JICEHUE

3D TtexHoOTMUTE Ch3aBAT HOBH Bh3MOKHOCTH 32 MOJ00psIBaHE Ha JOCTHIIA HA XOpa C HAPYILIEHO
3peHue 10 UH(pOpMAIMs U KYJITYPHO HACIEACTBO Ype3 U3padoTKa Ha TAaKTHIIHU 00EKTH, OpaiioBu
HaJmMcu U obpazoBarenHu Mozenu [92].

W3cnensanu ca TpuOOIOrHYHUTE (PAaKTOPU — IParnaBocT, yCTOWYMBOCT U BUCOYMHA Ha CJIOS — IIPU
3D npuntupanu matepuanu PLA u Visijet PXL Core. Pe3synTature nokasart, 4ye BUCOKa PE30JTIOIHS
(0.06 mm) 1 KoHTYpH O0KOJI0 1 mm ocurypsBar Hai-100pO TAKTHUIIHO BB3IPUSATHE.

Pa3paborenute moaenu ca BHeapeHu B Coduiickust yausepcurtet ,,CB. Kimnment Oxpuacku*“[93].
Pesynraru:
e [loBbpxHOCTHATA IIAJAKOCT U HUCKATA rPANaBoOCT ca ONPEAEIIALIN 3a IO3UTUBHOTO TAKTUIHO
Be3npusaTHe. O0exTH, mpuHTHpanu ¢ PLA Ha Bucoka pesomonus (0.06 mm), ce oreHsBar
KaTo Hal-IVIaJJK{ U JIECHU 3a Pa3[I03HABAHE.
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e KoHrypHute penedu ¢ mupuHa 0Koiio 1 mm ocurypsiBat Haili-100pa TaKTHUIIHA YCTOHYHBOCT
u Bp3npueMane Ha (hopmara. [lo-reukuTe (0.5 mm) ca TBBpAe PunH, a mo-aedenute (1.2 mm)
ce Bb3IpHUeMaT KaTo rpyOH U MpeyaT Ha pa3lo3HaBaHETO Ha JAeTaluTe.

e [lpu OpaiioBuTe HaAMUCH Hail-1OOpPO BB3MPHUATHE MOKAa3BaT pa3MepH, ChOTBETCTBAIU Ha
OTIpeJIeNIeHH pa3Mepu OT CTaHAapTHU HmpHudToBe. [lo-romemu pa3mepu ca MOAXOIAINIM 32
X0pa, KOUTO PSIAKO yeTaT bpaii.

e Hsaxou obektu oT KynrypHO-ucTopuueckoTo HacnenctBo (Cdunke, M3una) ca tpynHu 3a
pasno3HaBaHe OT CJIEMH YYacTHUIM, JOKATO TO-OMPOCTeHH (GOpMHU (KUBOTHH, KBIIA,
aBTOMOOMIT) C€ MACHTH(PUIIUPAT MO-YCIEITHO.

e TpubonornuyHuTEe CBOKWCTBA HA MOBBPXHOCTUTE (CHJIA HA TPUEHE MPU JOMUP, PABHOMEPHOCT,
rpanaBoCT) OKa3BaT MPSKO BIUSHUE BHPXY JIEKOTaTa U CKOPOCTTA HA Pa3NO3HABaHE.

W3cnenBana e TakTuiHata mpurogHocT Ha 3D oTmevyaraHu mMaTepuaiy 3a Xopa ¢ HapylIeHO

3penue. Marepuanure ca uspadorenu upe3 texnonoruu FDM (PLA) u ColorJet (rurcoB matepuan
C pa3NUYHU TOKPHUTHUSA).

Cw3nanenu ca paznuaau 3D Moaenn — eruneTCKu CUMBOJIIH, )KHBOTHHU, aBTOMOOMITH, OpaiiiioBa
a30yka, yueOHu U urpoBu odektu (¢ur. 4.8).

B excriepuMmenTa ygactBar 5 ciienu ¥ 4 4oBeKa ¢ HAMaJICHO 3PSHHE, KOUTO OIICHSIBAT MOJICITUTE

ype3 gonup. Pesynrarute moamnomarar onpeneiassHeTO Ha MOAXOASIINA MaTepUaId U TEXHOJIOTHH 32
Ch37aBaHC HA TAaKTHUJIHH 00pA30BATEIIHUA U KYJITYPHU MOJICIH.

Heraitnute ot dur. 1a) no dur. le) ca ormevaranu upe3 trexnosoruss FDM, a To3u ot ¢ur. 4.8
&) — upe3 TexHoiorus CJP.

Marepuanst PLA e 3D npuntupan upe3 FDM rtexnonorus npu cnennure napamerpu: 20%
3aIrbJIBaHe, 3 BBHIIHM CTeHH, TeMIieparypa Ha jersoro 60 °C, Ha aro3ata 215 °C, ckopoct 60 mm/s
u BucouynHa Ha citog 0,06 mm wiau 0,2 mm.

Heraiim karo OormHsta W3uma, BpaitmoBara az0Oyka, riioOychT W JAp. ca OTIIEYaTaHU C BHCOKA
pesomonust (0,06 mm), nokaro CHUHKCHT, OyXanbT U KUBOTUHCKHUTE MojenH — ¢ 0,2 mm.

OO6exTbT Ha ur. 4.8 x e u3paboTeH B 6 BapuaHTa, 00padoTeHu ¢ paznuueH Opoii mokputus Color
Bond™ 30 (ot 2 10 6 ci0s), KaTo €JHO € OCTaBeHO 0e3 HaKHCBaHe.

B ekcriepuMenTa y9acTBar ABe TPy MIaId XOpa ¢ HapyIICHO 3PSHHE — €THATa C MPOTPECHBHA
3ary0a Ha 3peHHe, ApyraTa — poJeHu He3psuy. [Ipu TecToBeTe yacT OT MOJENUTE ca ONUCAHU, JPYTH
HE, a Ha TPETH ca JaJICHH I'PEIIHN HHCTPYKIIMH 32 TPOBEPKa Ha CIIOCOOHOCTTA 3a pa3lO3HaBaHe.
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e)
Quzypa 4.8. 3D npunmupanu obpasyu

N3cnenBanus, HACOYCHW KbM Pa30MpPAHETO Kak Ja ce ,,deTe’’ KapTUHA, ca U3BBPIICHU Upe3
onunBane Ha peaneH 3D monen (dur. 4.9 a), ciaex KOeTo MOAETBT € NMPEBHPHAT B TAKTHUIHO
nzoopaxenue (¢pur. 4.9 6).

N3cnenBanu ca TpuOOIOTHYHA (PAKTOPU KATO TparaBOCTTa HA MaTepuaia M BUCOYMHATA HA
cioss Ha 3D mpuHTHpaHuUTe OOEKTH, THh KaTo CIHEIHAM3WpaHaTa JIMTeparypa € Oorata Ha
W3CIICIBAHMS 32 BIUSHUETO HAa Te3W (PAKTOPH, OCOOCHO IO OTHOIICHWE HA MPOW3BEICHUS Ha
U3KYCTBOTO.

[Ipu TakTHIHATA TUIOYKA ca HaONMIoJaBaHM cienHuTe (akTopu Ha OOEKTa: BHCOYMHA Ha
KOHTYpa, IMPUHA HA KOHTYPA U BH3NPHUSITHE.

a) 3D mopen Ha KbIna 0) 2D TakTHIIHA BEpCHS
@uzypa 4.9 3D mooen Ha Kvwa

[{enTa Ha U3CIEABAHETO € JIa Ce OMPECIA KOU ACTAlIH, PUQPTOBE U JeOCTUHN HA TUHUUTE ca
HaW-TOIXOSIIN 32 TAKTUIHO BB3npustue. durypure Ha 6oruHsaTa M3una (¢ur. 4.8 a) u Chunkca
(¢ur. 4.8 6) ca pa3nmo3HATH OT XOpa ChC 3pEHHE, HO HE M OT HAI'BITHO He3psuy. Purypara Ha Oyxain
(pur. 4.8 1) e uaeHTUPHUIMPAHA YCIICITHO OT 3PUTETHO YBPEIECHUTE U OT HE3PAUIUTE C MOMOIITa Ha
CJIOBECHA ITOJICKa3Ka; MO-TOJIEMHSIT MOJIEN € OI[EHEH KaTo MO-yA00eH 3a TAKTHIIHA OPUCHTAIIHS.

HabmtonaBanu ca MHMHMMATHH pa3ivuds B TOBBPXHOCTTa MEXAY JAETalIUTe C pazIuvHa
pesomonust (0,06-0,2 mm), KaTo BCUYKKA MOJENU ca pa3Mo3HATH, a Hail-puHata urypa e Hai-
rnagka. JlepexTu B onHaTa 9acT ca CBBp3aHU C MOAbPKAIIUS MaTepuan npu nedar. Erunerckure
(burypu He ca pa3mnmo3HaTH OT HEe3psAUTe, JoKkaTo bpaitnosute OykBu (¢ur. 4.8 B) ca ICHU U JIECHU
3a yereHe. Hail-moaxoasmust pasmep 3a onuTHU yuTarenu € 18 pt, a 3a Haunnaemu — 20-22 pt.

T

: / &I §
Quzypa 4.10 3D npunmupan bpaiinoe mexcm
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4.2. Pe3yJTaTu OT U3CJIeIBAHETO HA MUKPOTBHPAOCTTA HA MATepHAJIUTe

3a u3MepBaHEeTO HAa MUKPOTBBAJ0CTTA IO IOP 0s1Xa OTIIeYaTaH! IUIOCKH 00pa3iy, el KOEeTO
0sixa mputrcHaTH ¢ TBEpAoMep (Instruction Manual Digital Shore Hardness Tester SAUTER HD)
Ha cTeHja. B tabmuma 4.6 ca mpeacTaBeHH pe3yNTaTH 3a ITBTHOCTTa M TBBbpAocTTa mo Lllop Ha
M3IUTBAaHUTE MaTEPHUAIH KaTO CPETHO-apUTMETUYHA CTOWHOCT OT TPH U3MEPBAHHUSI.

Taonuya 4.6 Pesynmamu 3a niemuocmma u mevpoocmma no lllop A nma uznumeanume 3D
mamepuanu

Marepuan IlrsTHOCT, g/cm? Tebpaoct no llop A
PLA 1.1459 94.4
PETG 1.1459 79.3
HIPS 0.9563 71.7

Ha ¢ur. 4.11 e npencraBena nuarpama Ha TBbpaocTTa mo Lllop chriacHo JaHHHUTE OT
tabnuna 4.6. Haii-Bucoka TBbpaocT uma matepuain PLA, a naii-manka — matepuan HIPS, xoiito numa

U Hall-HUCKA IJIBTHOCT.
94,4
79,3

80 nzs
60
40
20
0

PLA

PETG HIPS
Marepuanu

Que. 4.11 [{uacpama na mevpoocmma HA UNUMEAHUME MAMePUalU

Tewpaocr no Wop

3a u3cnenBaHe Ha MUKpoTBbpocTTa ¢ TBbpAoMep EBP BRV-187.5T 6s1xa Moxenupanu 1Ba
BUJA W3MUTBATEIHU 00paszuu — miuodku (¢ur. 4.12) u mumuaapu (pur. 4.13), npoekTHpaHu B
Anycubic Photon Workshop. Codtyepbr mno3poisBa ontumuzanus Ha 3D wmoxenure 3a
($oTONONMMMEPHO MPUHTUPAHE U KOHTPOJI BbPXY '€OMETpUsATa U OPUEHTALUATA [IPU OTIIEYaTBaHE.
[lmoukuTe, ¢ Manka paebenvHa M pPaBHOMEpPHA IOBBPXHOCT, CE€ M3IOJ3BAaT 3a OLEHKA Ha
MOBBPXHOCTHOTO BTBBPASBAHE, JAOKATO LMIMHIPUTE, C TMO-TOJNSIM 00eM, MO3BOJSBAT aHAJIU3 Ha
epexra or UV o0OpaboTkara mpu MacuUBHU CTPYKTypu. Bcuukm oOpasmu ca NpUHTHpPAHU U
00paboTeHH pU UISHTUYHU MTapaMeTPH, OCUTYPsIBAIlM CPAaBHUMOCT U HAIEKAHOCT HA pPe3yJITaTUTE.

1
-
@Duzypa 4.12 Mooenupana niouka c pazmepu @Duzypa 4.13 Mooenupar yuruHovp ¢ BUCOHUUHA
20x20 mm u oebenuna 1 mm 20 mm u ouamemwvp 10 mm

W360pbT Ha Te3H /IBa THIIA TEOMETPHH € HAIIPaBEH IO JIBE€ OCHOBHU NMPUYHHHU:

1) PaznuunuTe popmu U pazmepu MO3BOJIABAT J1a ce u3cieBa BiusHuero Ha UV obpaboTkara
BBPXY MOBBPXHOCTHATA TBHPIOCT MPH OOCKTH C pa3lIMvHa JeOenrnHa 1 00eM, KaTo Taka ce
OLIeHsBA €(DEKTHT Ha TEOMETPUSITA BbPXY CTENIEHTA Ha BTBBP/ISIBAHE.

2) ®opwmure ca noAOpaHH U C OTJIe] Ha MPAKTUYECKOTO UM MPHIIOKEeHHE — I1oukuTe (¢ur. 4.14
a) HanoJJ00sBaT TAKTUIHM HAaBUTAIIMOHHU IIOYKH, a LuiMHapuTe (¢dur. 4.14 6) morat n1a ce
M3I0JI3BAT IPH Ch3/AaBaHE HA TAKTHIIHM €JIEMEHTH 3a XOpa ¢ HapyIIeHo 3peHue [94].
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[lenTa Ha eKCTIEPUMEHTHUTE € IOCTUTaHE Ha MO-BUCOKA MMOBbPXHOCTHA TBBHPJIOCT 32 YBEJINYaBaHe
Ha U3HOCOYCTOMUYMBOCTTA U ABJATOTPAHOCTTA HA TE3U €IEMEHTH TPH peasiHa ynorpeoa.

B)
Duzypa 4.14 Tecmsanu npoou om Resin 3D mamepuan, A) nnouu, b) yurunopu.
OmnwucanusT B riaBa 2 TBbpaoMep EBP BRV-187.5T OGeme u3nonsBan 3a moixy4yaBaHe Ha

pe3ynratuTe. 3a IeJIUTe Ha U3CJIe/IBAHETO U MPOBEACHUTE eKcriepuMeHTH Oerie n3dpana Rockwell
ckasia HRR 60 ¢ unaentop ¢ quamersp 12,7 mm (¢pur.4.15).
e T

Quzypa 4.15 Unoenmop c ouamemwvp 12,7 mm

Ha ¢ur. 4.16 e noka3aH ekpaHbT Ha KOHTPOJIHUSA MaHen Ha TBbpaomepa EBP BRV-187.5T no
BpEME Ha HacTpOMKa Ha mapaMmeTpuTe 3a usnuTBaHe. Ha mucmiies ce BbBEXJAaT OCHOBHU JaHHU —
HOMeEp Ha npobara, pauyc Ha KpUBHHA, MaNa30H Ha U3MepBaHe, M30paHa cKaja 3a TBbPAOCT, THII
KOHBEpCHS U BpeMe Ha 3aabpikane. Ciies KoHpUTryprupaHe Ha mapaMeTpuTe H3MUTBAHETO Ce CTapTHpa
c Oyrona Start. ITHTYUTUBHUAT UHTEpdeic ocurypsiBa Mperu3eH KOHTPOJ BBPXY YCIOBHSTA Ha
M3MEpBaHe U rapaHTHpa BUCOKA TOYHOCT U ITOBTOPSIEMOCT Ha Pe3yITATUTE.

QDuzypa 4.16 Konmponen nanen na mevpoomep EBP BRV-187.5T

Ha ¢ur. 4.17 e nokazan tBbpAoMepsT EBP BRV-187.5T, usnon3Ban 3a ompenensHe Ha
MOBHPXHOCTHATA TBHPAOCT Ha 00pa3iuTe. YpeabT € 000py/IBaH ¢ WHIACHTOP U MUGPOB TUCILIEH C
MHTYUTHBEH UHTep(delic, KoiTo mo3BoisiBa n36op Ha nmoaxosima Rockwell ckana (HRA, HRB, HRC
U JIp.) CTIOpe]l MaTepHalia U TEOMETPUATA Ha TpooOuTe.

Duzypa 4.17 Tevpoomep EBP BRV-187.5T ¢ mounmuparus unOeHmop u3noi3eam 6 ucie08aHemo

B tabnuma 4.7 u ¢ur. 4.18 ca npeacraBeHHn pe3ysNTaTUTE OT U3MHMTBAHE HA MOBBPXHOCTHATA
TBBbpAOCT Ha ¢oTononumepan miodku 20 x 20 x 1 mm (¢ur. 4.14 a), oTrneyataHu ¢ MPUHTEP
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Anycubic u o6mpuenu ¢ UV cBeTnmHa. YCTaHOBEHO €, Y€ TBBPIOCTTa HapacTBa ¢ Bpemero Ha UV
00paboTKa, KaTo ONTHUMAJIEH pe3ynTar ce nocrura cies 15 munytu. [lo-aparoro o01puBaHe HE BOIU
10 3HAYUMH TIPOMEHH, KOETO ompenens |5-MuHyTHaTa 00paboTKa Karo Hai-e()eKTUBHA IO
OTHOIICHHEC HAa BPEMC, CHCPIHd U KaUCCTBO Ha MTOBBPXHOCTTA.

Taonuya 4.7 Hznumeane 3a mebpoocm Ha niouxa om cmoaa ¢ pazmepu 30x30 mm u oeberuna 1 mm

Resin UV Time [min] Rockwell HRR 60 (12.7 mm) ball
0 30.2
1 53.1
2 62.3
3 69.6
4 73.4
5 81.3
10 87.6
15 90.5
20 92.6
25 92.7
30 93.8
35 93.3
40 92.1
45 93.5
50 93.4
55 94.3
60 94 .4

Resin hardness

dness

HRR Har

Rockwe

~UrNnNg time [min
Duzypa 4.18 Hznumearne 3a mevpoocm na niouxka om cmona ¢ pazmepu 20x20 mm u debenuna 1
Mm om mabauya 1, npedocmaseno 6 epagpuyer uo

[Ipyn tmnuaapuuan oOpazmu ¢ BucoynHa 20 mm u guamersp 10 mm (dur. 4.14 6) ce
HAOJI0AaBaT 3HAUMTENHN Pa3Iuyusl COpsAMO IUlockuTe npodu. lannute (tabn. 4.8, ¢ur. 4.19)
MOKa3Bar, ue yab/hkaBaHeTo Ha UV 00abuBaHETO HE yBelIMuYaBa ChHUIECTBEHO MOBBPXHOCTHATA
TBBPJOCT, KOATO OCTaBa CTaOMIIHA.

[IpuunnHata € orpaHm4eHOTO NpoHHWKBaHe Ha UV cBeTIMHATa B MACHUBHHUTE CTPYKTYpU —
BBTPEIIHUTE CJIOEBE OCTaBaT YaCTUYHO IMOJMMEPU3MpaHM, a oOliaTa TBBPAOCT HE Ce MOBHILIABA
3HauMTeNHO. Pe3ynrarure momauepraBaT HeoOxoaumocTTa napamerpute Ha UV oOpaboTkara aa ce
cb0oOpa3siBaT ¢ TeOMETpHITA U JIeOeIHaTa Ha IeTailuTe, Thil KaTo €(eKTHT € CUJICH IIPU ThHKHU, HO
OrpaHHYeH Npu 00eMHU 00EKTH, KOETO MOXKE J1a JOBE/IE 10 HEPAaBHOMEPHU MEXaHUYHU CBOWCTBA.

Tabnuua 4.8 Hznumesane 3a mevpoocm Ha YuruHOwvp ¢ gucouura 20 um u ouamemuvp 10 mm,
uspabomeHr om cmond
Resin UV Time [min] Rockwell HRR 60 (12.7 mm) ball
0 87.7
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1 933
2 92.4
3 84.3
4 99.4
5 90.2
10 99.7
15 99.3
20 100.8
25 101.8
30 95.1
35 99.7
40 98.9
45 103.6

Resin hardness

A G

Rockwell HRR Hardness
2

0 1 2 3 4 5 10 15 20 25 30 35 40 45
Curing time [min]
Duzypa 4.19 Uznumeane 3a mebpoocm Ha yurunowvp ¢ sucouyura 20 mm u ouamemuvp 10 mm,
uspabomeHn om cmona, npeocmaseHo 8 epaguuna popma
UV o06paboTkara moBuIlIaBa caMO MOBBPXHOCTHATAa TBHPAOCT HAa CMOJHUTE oOpasuu, 06e3 aa
3acsira BbTpeIIHaTa CTpykTrypa. AHanu3bT ¢ 3D kommoTspen Tomorpad Nikon XT-H 225 nokassa
€IHOPOJHOCT U TIOCTOSIHHA JleOenHa Ha cioeete (¢ur. 4.20).

@uzypa 4.20 Ceuenus na yemupu yuruHObPAa ¢ MPUUSMEPHA PEKOHCMPYKYUsL Upe3 KOMRIOMbPHA
momoepagus:, a) NoO om ¢ue.4.19 6), 6) No 5 om ¢ue. 4.19 6), 8) Nol0 om ¢ue.26), 2) No 15 om
Que. 4.19 6)

4.3. Cumynaunonsu uiciaeasanus Ha 3D orneyaranu npodou ¢ EDEM codryep

OnuTHaTa yCTaHOBKa 3a MpPOBEXJaHE HAa EKCIIEPUMEHTUTEe € mokaza Ha ¢ur. 4.21. 3D
npuHTupanata cdepa (1) ce moctass B yieii (2), cinen koeto 3actaBa Ha mioua (3). [Ipu mpemaxBane
Ha 1iouata (3), cdepara (1) mama cBobomHO oT BucounHa h; = 540 mm BBpxy 3D npunTHpaHaTa
moya 4.
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— ®

| 4o

QDuzyza 4.21 Cxema na onumuama yCcmano8Ka.

[lenta Ha CUMYIAIMOHHOTO MOJIEIHMPAHE € Jia ce BepU(UIMpa MAKCUMaIHATA BHCOYMHA Ha
OTCKOKa Ha cdepara CHOpSAMO pe3yJNTaTUTE OT ONUTHOTO OMNpefAeNsiHe Ha KoeHIMeHTa Ha
pecturyius. CodTyephbT clenu IBMKEHUETO HA cdepara B KoopAuHatH XYZ OT HadajaHa TOYKa
(ueHTHp Ha cdhepaTa Ha pascTosHue 544,5 mm ot mIouara, ¢pur. 4.22) 10 KpaiiHaTa TOYKa, 3a/1a/IcHa
BBPXY FOpHaTa NOBbPXHOCT Ha Iuio4ara (X = 60 mm, Y = 30 mm, Z = 10 mm).

MakcumanHaTa BUCOYMHA Ha OTCKOKa € 167,3 mm, npu koeto cepara ¢ B mokou (ur. 4.23—
4.24). MakcuMaiaHaTa CKOPOCT TI0 BpeMe Ha JIBIKeHUeTo ¢ 3,19 m/s (¢dur. 4.25), a nTuHaMuKaTa Ha
OTCKOLIUTE ¥ 3aTMXBAaHETO € Moka3aHa Ha ¢ur. 4.26.

o, 170,5045)

- _l‘ -l
— EDEM o EDEM gom EDEM

QDuzypa 4.22 [Ivpsonauanen @Dueypa 4.23 Pazcmosanue na omckokx. @ueypa 4.24 Cxopocm 6
MOMEHM Om CUMYIAYUAMA. Momenma, npeou cghepama
0a cMeHU nocoKama cu.

Quzypa 4.25 Cxopocm npu c60600HO Duzypa 4.26 /lunamurxa Ha omckoxa
nadawue Ha cepa. npu c0b600Ha nadawe Ha cgepa.

Pesynrarure OT CHUMYNIallMOHHOTO MOJENUpaHe ca OMU3KH J0 EKCIIEpUMEHTAHUTE:CpelHa
BHCOYMHA HA OTCKOK OT €KCIEPUMEHTAIHOTO u3cieanane € h2 = 163,7 mm u excnepumeHTanHo h2
=162,8 mm mpu cumymamnusaTa (cieq Kopekius ¢ paanyca Ha cepara 4,5 mm). KoedunueHTsT Ha
pecTuTyLus ekciepuMeHTaHo € € = 0.5495 , a oT cumynannoHHoTo Moaenupase € € = 0.5490, xoero
MOTBBP’K/1aBa BAJIMTHOCTTA HA MOJIENIA.

N3caensane na Easy Fil HIPS u TPU marepuanu 3a 3D neuar
JlaHHUTE, MOJlyYeHH OT PealHOTO M3MUTBAHE ca U3JI0KeHH B Tabnuua 4.9 u tabnuna 4.10, a ot
CHUMYJAIIMOHHOTO Mozenupane cbe copryep EDEM, ca npencrasenu B Tabnuim 4.11 n 4.12.

Tabauya 4.9 Koepuyuenm na évzcmanossasane na EasyFil HIPS ¢ opyeu mamepuanu

e- Koe(puIMeHT Ha
Bucounna Ha pun

IInoua/Cdepa oTcxox [mm] D/C pecTuTyuus

SQRT D/C
Easy Fil HIPS (dark)/ Easy Fil HIPS (dark)/ 293,36 0,451323 0,279382
Easy Fil HIPS (dark) / TPU 264,8767 0,407503 0,245082
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Brcounna Ha e- Koe(pMIMEeHT Ha
IInoua/Cdepa oTcxok [mm] D/C pecTuTyuus
SQRT D/C
Easy Fil HIPS (dark) / Easy Fil HIPS (blue) 353,2133 0,543405 0,30431
Easy Fil HIPS (dark) / PLA 344,1533 0,529467 0,287751
Easy Fil HIPS (dark) / PETG 338,2267 0,520349 0,255446
Easy Fil HIPS (dark) / Carbon 307,7933 0,473528 0,272056
Easy Fil HIPS (dark) / Steel fill 254,2767 0,391195 0,180176
Easy Fil HIPS (dark) / Vero White 296,92 0,4568 0,225801

Taonuya 4.10 Koegpuyuenm na évzcmanossasane na TPU mamepuan ¢ Opyeu mamepuanu

BHcounHa Ha e- koeUIIUEHT HA

Mnoua/Cdepa oTCKoK [mm] D/C pecTUTYLHSA

SQRT D/C
TPU / Easy Fil HIPS (dark) 206,7067 0,31801 0,563924
TPU /TPU 197,0167 0,303103 0,550548
TPU / Easy Fil HIPS (blue) 168,72 0,259569 0,509479
TPU /PLA 238,1467 0,366379 0,605293
TPU/PETG 197,1767 0,303349 0,550771
TPU /Carbon 254,1467 0,390995 0,625296
TPU /Steel fill 253,7167 0,390333 0,624767
TPU /Vero White 241,9667 0,372256 0,610128

Tabnuya 4.11 Cumynayuonno mooenupane Ha Koeguyuenma Ha 8b3cmanosssare ¢ 3d newamen
mamepuan - Easyfil HIPS

Bucouuna e- koeUIIUEHT HA

Ilinoua/Cdepa HA OTCKOK D/C pecTuTyuus

[mm] SQRT D/C
Easy Fil HIPS / Easy Fil HIPS (dark) 308,1 0,474 0,688477
Easy Fil HIPS /TPU 2624 0,403692 0,635368
Easy Fil HIPS / Easy Fil HIPS (blue) 351,1 0,540154 0,734952
Easy Fil HIPS /PLA 352,6 0,542462 0,73652
Easy Fil HIPS /PETG 349,4 0,537538 0,73317
Easy Fil HIPS /Carbon 306,7 0,471846 0,686911
Easy Fil HIPS /Steel fill 256,1 0,394 0,627694
Easy Fil HIPS /Vero White 340 0,523077 0,723241

Taénuya 4.12 Cumynrayuonno mooenupane Ha Koegpuyuenma Ha vb3cmanossasane ¢ ochosa TPU
3D newamen mamepuan

Bucouunna e- Koe)MIUEeHT Ha

Inoua/Cdepa HA O0TCKOK D/C pecTUTyIHs

[mm] SQRT D/C
TPU / Easy Fil HIPS (dark) 200,2 0,308 0,554977
TPU /TPU 193.9 0,298308 0,546176
TPU / Easy Fil HIPS (blue) 167,5 0,257692 0,507634
TPU /PLA 2452 0,377231 0,614191
TPU/PETG 196,3 0,302 0,549545
TPU /Carbon 252,8 0,388923 0,623637
TPU /Steel fill 254,7 0,391846 0,625976
TPU /Vero White 238,4 0,366769 0,605615

ITocTpoenu ca aBe rpaduku 3a BCEKH OT JBaTa TUIIA MaTepHal, 3a Ja ce MPEJACTABAT Pe3yITaTUTe
IO TMO-SICEH U CPaBHUTENIEH HAYWH U Ja C€ YJIECHU CPAaBHEHUETO C pe3ysITaTUTEe OT JabopaTopHUTE
exkciepumentu. @urypa 4.27 mnoka3zBa cpaBHUTEeNHa rpaduka 3a EKCHEpPUMEHTAJIHUTE WU
cumynannonnute nanan Ha EasyFil HIPS matepuana, a ®@urypa 4.28 nmoka3pa cpaBHUTENHA Tpadrka
3a eKCIIEPUMEHTAIIHUTE U cuMyJlauuonHuTe AanHu Ha TPU marepuaina.

Asropedeparu Ha mucepramuu 2026 (2) 51-100



MEXAHWYHUW 1 TPUBOJIOTUYHU N3CJIEABAHWA HA ITIOJIMMEPU 1 KOMIIO3UTMU ...92

HIPS plate with spheres from other materials TPU plate with spheres from other materials

08 0,7

07 -\‘/'_'—"\/—_' 06 A ¢ ——t

04
03

03
0,2

01 0,1

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

—a—coefficient of restitution obtained from laboratory experiments = coefficient of restitution obtained from laboratory experiments

coefficient of restitution abtained from computer simulation coefficient of restitution obtained from computer simulation

Duz. 4.27 Excnepumenmantu pe3yimamu Duz. 4.28 Excnepumenmantu pe3yimamu om
om HIPS 6 cpagnenue cvc cumyaupanu om TPU 6 cpasnenue cvc cumynupanu
pesyamamu pe3yamamu

4.4. 3aKJII0YCHUE

Excriepumentannute wuscienBaHus Bbpxy 3D oTmeyaraHu MOJIMMEPHU U KOMIIO3UTHU
MaTepualM MoKa3zaxa, 4¢ I€OMETpUATa Ha MPOOHTE, TEXHOJOTHYHUTE MapaMEeTPH M ChCTaBbT HA
MaTepuaiga OKa3BaT ChHIIECTBEHO BJIHMSHUE BBHPXY TPUOOJOTMUYHUTE W MEXaHUYHUTE CBOMCTBA,
BKJIFOYUTEIHO KOC(PHIIMEHTUTE HA TPUEHE NpPH IUIh3raHe W ThPKAIIHE W KoeduIimeHTa Ha
BB3CTaHOBsIBaHE. MUKPOTBBPOCTTA MOTBBPIU 3aBUCUMOCTTA MEXKIY CTPYKTypHATa XOMOT€HHOCT U
YCTOMYMBOCTTAa TMpPHU JIOKATHO HATOBapBaHe, a MeTajorpaCcKuTe HaOMIOACHUS pa3Kpuxa
MOP(OJIOTHYHH 0COOCHOCTH U AePEKTH, BAXKHH 3a oNTUMH3anuaTa Ha 3D neyara.

CprocraBkaTa MeXAy CEKCIHEPUMEHTATHHUTE JaHHU U CHUMYJALMOHHOTO MOJETUpaHe IoKa3a
n06po crorBeTcTBUE (oTKIOHEHUA 0,19—7,01%), KOETO MOTBBpIKIaBa BAIMIHOCTTA HA METOIUKATa
U TIO3BOJIABA KANMMOpHpaHE HA MOJENUTE 3a aHajlW3 Ha CHUCTEMHU C KOHTAaKTHO B3aWMOJEHCTBUE.
Ocobeno BHUMaHuKeE Oe oTAeNneHo Ha u3MepBaHusaTa o Rockwell 3a Mmexu 06pa3nu, KaTo NPaBUITHUAT
n300p Ha CKaJla U CTPUKTHOTO CJIe/IBaHE Ha CTaHJAPTH OCUTYPSBAT HAJACKIHHU PE3YNITATH.

UV-tperupanero Ha CMOIUCTH MTpoOu cien 3D nedat yBennuaBa moBbPXHOCTHATA TBHPAOCT, 03
Jla IpPOMEHS BhTpeIlIHATa CTPYKTypa, KaTo ONTUMAIHO BpeMe 3a (OTONMoIUMEpHU3aIIis 32 TAKTUIIHU
MPUIOKEHUs € 2—4 MUHYTHU. 3a MJIOCKH 00pa3y MUHUMANHA Je0erHa oT 2—3 mm e HeobxoauMa
3a MEXaHWYHA yCTOWYMBOCT U NPEIOTBPATABAHE HA pa3pylllaBaHe MPU €KCIUIOATAlUs.
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IThasa 5
Hacoku 3a 0voewu u3zcieoeanus

B®3 ocHOBa Ha IMPOBECACHUTC CKCIICPUMCHTHU W IMOJIYUYCHHUTC PE3YJITaTU MOrar Jga C€ Oo4YepTasaT
CJICIHUTE ITOCOKH 3a PAa3BUTHUEC HA U3CJICABAHHUATA BbPXY TpI/I6OJ'IOFI/ILIHI/ITe 1 MEXaHUYHHTE CBOMCTBA
Ha 3D ormeuaranu IMOJIMMCPHH U KOMITIO3UTHU MATCpUAJIN.

5.1. YebBbpHIEeHCTBaHe HA MeToAuKHUTe 32 3D npuHTHpaHe
HeoOxomumu ca ekcriepyMEHTH 3a ONTUMH3alUsl Ha MapaMeTpuTe Ha meyar (Temmeparypa,

nebenHa Ha CJIOH, opueHTanus ) U cpaBHeHue Ha paznuyHu TexHonoruu (FFF, SLA, SLS, PolylJet).
[lepcneKTHBHO € M3MOJI3BAHETO HAa PEHMKIUPAHU M OUOpa3rpaiiMU MaTepUalld 3a YCTOHYHMBO
MIPOU3BOJICTBO M HOBH KOMITO3UTH C MTOOOPEHU CBOMCTBA.

5.2. PazmuupsiBaHe Ha U3CJIeIBAHUSATA HA MeXaHUYHUTE U TPUOOJOTHYHUTE

CBOHCTBA
I/ISCJ'IG,I[BaHI/I}ITa Tp}I6Ba Jda BKJIKOYBAT paSJ'II/I‘lHI/I TeMnepaTypH, BJIAXXHOCT, AHMHaAMH4YHH

HaTOBapBaHWsI M TOBBPXHOCTHH oOpabotku (UV, mnnazma, HaHOMOKpUTHS). MuUkpo-
HaHoM3MepBaHus (HaHouHAeHTHpaHe, micro-CT) me momoOpAT pa3dupaHeTo 3a BIUSHUETO Ha
CTPYKTypara BbpXy OBECHUETO Ha MaTepuana.

5.3. YebBbpLICHCTBAHE HA CUMYJIALMOHHUTE MOJCIH
PazpaborBane u kanubpupane Ha DEM/FEM Monenu cripsiMo eKCIIepUMEHTAJIHU IaHHH 33 TPUEHE

1 BB3CTAHOBsBAHC. KOM6I/IHI/IpaHI/ITC CUMYyJIallun ITO3BOJIAIBAT CH3JdBAHC Ha I_[I/ICI)pOBI/I 6J'II/I3HaI_[I/I 3a
TpI/I6OJ'IOl"I/I‘IHI/I CHUCTCMU.
5.4. IlpuiioxkeHne B MH:KEHEPHATA M COIMAJIHATA MPAKTUKA 32 NOA00OPSBaHe HA

JKHBOTA M1 HA 3PUTECJIHO YBPEJACHHU XO0pa
PGSYHTaTI/ITe noamnoMarar InpOCKTUPAHETO Ha Q)YHKHHOHEIJIHI/I n I/I3HOCOYCTOI>’I‘{PIBI/I JIeTann 3a

HHAYCTPpUS, MCAULIMHA U ITIOMOIIHU CPCACTBA 3a XOPa CbC 3PpUTCIIHU YBPCIKIAAHUA. HepCHeKTI/IBHO €
Ch3aBaHCTO HAa KOMIIO3UTHU C CaMOCMa3Balllu C€ NI CaMOBB3CTaHOBABAIIIU CBOICTBA.
5.5. Pa3BuTHE HA HAYYHO-IPUJIOKHATA 0a3a

B’bBe)KI[aHeTO Ha aBTOMAaTHU3UpPAHU U3MCPBATCIIHU CUCTCMHU U OHJIaMH MOHUTOPHUHT LIS YBCINYIN
TOYHOCTTA HAa CKCIICPUMCHTHUTC. Pa3IJ_II/IpeHaTa Oasa JaHHU 1€ II0O3BOJIM Ch34aBaHEC Ha MOACIU U
AJITOPUTMHU 3a ITPOTHO3HUPAHE HA CBOICTBa omIe Impu MpoOCKTUPAHCTO.

5.6. 3akiaouenue
HpeI[CTaBCHI/ITC 6’5)161].[1/1 CTBIIKH O‘{CpTaBaT CTpaTeF NYCCKa IIOCOKa 3a pa3BI/ITI/Ie Ha

U3CJICABaHUATA, KOATO KOM6I/IHI/Ipa CKCIICPUMCHTAJIHU, YHUCJICHU W TPUIIOKHHU TTOAXOIU.
HpOI(’bJ'DKaBaHCTO Ha Ta3u pa60Ta e JOMMPHUHCCE 3a Ch3JaBAHCTO HAa BUCOKOTCXHOJIOTUYHHN PCIICHUA
B o0OjacTra Ha AAUTUBHOTO IMPOU3BOACTBO, 3a ONTUMHU3ALIUATA HaA TpI/I6OJ'IOFI/IQHI/ITe CHUCTCMH H 3a
BHCAPABAHCTO HAa UHTCIIMTCHTHU MATCPUAJIA B PCAJTHU MHIKCHCPHU ITPUITOKCHUS.
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3AK/ITOYEHHUE

Hacrosimust aucepraliMoHeH TpyJ MPEACTaBs CUCTEMHO H3CJEABAaHE HA TPUOOJIOTMUHUTE U
MEXaHUYHUTE CBOMCTBA HA MOJMMEPHU U KOMIIO3UTHU MaTEpHaIH, MOJIYYCHH Ype3 TEXHOJIOTUH 32
3D npuntupane. OCHOBHATA 1€ HA U3CTIEABAHETO OeIie Aa ce pa3paboTsT, MPUIIOKAT U aHATM3UPAT
METOJMKHU 32 EKCIIEPUMEHTAIHA U CUMYJIAIIMOHHA OLIEHKA Ha MOBEJCHUETO HA TE€3U MaTepHaId MpPU
pa3IMyHU YCIOBUS HAa HATOBAPBAHE, KATO C€ ThPCU Bpb3KaTa MEXKy TEXHOJOTUYHUTE MapaMeTpy Ha
aJIUTUBHOTO MTPOU3BOJICTBO, TCOMETPUATA HA 00pa3IUTE U HYHKIIMOHATHUTE UM XapaAKTEPUCTHKHU.

B mepBa rinaBa € mpencTaBeH JIMTEPATypeH 0030p M aHATUTHYEH TpEriie]] Ha ChBPEMCHHHUTE
MOCTIIKEHUS B 00J1aCTTa HA TPUOOJIOTHSITA U aTUTHBHUTE TEXHOJIOTHH. M3BBpIIIeHa € KiacupuKaus
Ha TpPUOOJIOTHATA, pa3riellaHd ca OCHOBHUTE MPHUHIMIH, (PU3UKO-MEXaHUYHU 3aBHCHMOCTH H
(dakTopH, BIUSCIINA BHPXY TPUCHETO, H3HOCBAHETO W Bh3CTAHOBSBAHETO.

B rnaBa BTOpa ca omucaHd TEXHOJIOTHSATA HA TPUOOJOTUYHUTE W3CIEIBAHUS, U3IOJI3BAHUTE
YCTPOMCTBA, H3MEPBATEITHU CUCTEMH M CKCIIEPUMEHTATHO 00opyaBaHe. [logpoOHO ca mpepacraBeHn
KOHCTPYKIHUATA, XapaKTePUCTUKUTE U TMPUHLIUINTE Ha padoTa HA amaparypure, KakTo U
OopraHu3anuAaTa Ha eKCICPUMEHTAIHMS TIPOIEC, KOETO Ch3/laBa OCHOBATA 3a BH3MPOU3BOJIUMOCT U
JIOCTOBEPHOCT Ha pe3yiTaTuTe. AHAIM3UPAHU ca OCHOBHHUTE TEXHOJOrHH 3a 3D meuar u TeXHUTE
MIPUIIOXKEHUS MIPH U3CIie[iBaHe U pa3paboTBaHe Ha (YHKIMOHAIHU MaTEPUAIIH.

Tperara rnaBa € IIOCBeTeHa Ha pa3pabOTBAHETO Ha METOJMKH 3a TPOBEKIAaHE Ha
uscnenBanusaTa. B Hes ca Qopmynupanu v OOOCHOBaHM METOAOJOTHYHMTE Moaxoaud 3a 3D
MIPUHTUPAHE Ha TPOOHMTE, 32 aHAIM3 Ha MUKPOTBBPAOCTTA, 3a M3CJICABAaHE HAa TPUOOJIOTHYHHTE
napameTpH (KoeUIIUEHTH Ha TPUEHE MPH IUTh3TaHe, ThpKalsHe U Koe(pUIIMeHT Ha Bh3CTAaHOBSIBAHE),
KaKTO ¥ 32 CUMYJIallMoHHO MoaenupaHe B cpefa Ha EDEM Software. Te3u meToauku npeacTaBisBat
MHTETpUpPaHa EKCIEPUMEHTATHO-aHAIMTUYHA CHCTEMa, OCUTYpsIBallla Bb3MOXKHOCT 3a CHIIOCTaBKa
MEXy PEaTHH U CUMYIUPAHU PE3yNITaTH.

B uerBBpTa rN1aBa ca mpencTaBeHU eKCIIEPUMEHTATHUTE Pe3yiITaTh U aHAIHU3HUTE, MPOBEICHU
BHpXY 3D oTnevyaranu 00pa3iy OT pa3NIuYHU MaTepualy U reomeTpun. [lomydennTe JaHHN TOKa3BaT
SICHU 3aBUCHUMOCTHU MEXIY IPOU3BOACTBEHUTE MapaMeTPH, TEOMETPUATA 1 MEXAaHUYHOTO MTOBEJICHUE
Ha MaTepuaiuTe. YCTaHOBEHO €, Y€ 4Ype3 ONTUMH3UPAHE Ha TEXHOJOTMYHUTE YCIOBHS MOXKE
[EJICHACOYEHO Ja C€ MOI00PAT TPHUOOJIOTMUYHUTE XapaKTEPUCTUKHN HA MOJTUMEPUTE U KOMIIO3UTHUTE.
ExcnepuMeHTaHUTE pe3yJTaTH Ca ChIIOCTABEHU ChC CUMYJAIMOHHU MOJEIH, KaTO OTYETEHUTE
paznuku ca B rpanunute ot 0,19% no 7,01%, koeTo MOTBBpK/1aBa HAJIEKAHOCTTA U BaJIUAHOCTTA Ha
MPEAJIOKEHUTE MOJIEIH.

[Tera rmaBa ouepTaBa ObBJEHINTE HANpPaBICHUS 3a Pa3BUTHE HA W3CJIEBAHUATA. AKIICHT €
MMOCTAaBEH BbPXY YCHBBHPIICHCTBAHETO HA METOAUKUTE 3a 3D meuaT, onTuMu3anuaTa Ha mapaMeTpuTe
Ha eKCTpyJWpaHe W W3CIEABAHETO HAa HOBH MaTepUaIH, BKIIOYUTETHO OHOpasrpaguMu U
pelMKIpany monuMepu. PasmupsBaHeTo Ha M3clenoBaTenckara 0a3a U MHTETPUPAHETO HA HOBU
TEXHOJIOTUH 32 aHaJIM3 Il TOTPUHECcaT 3a Ch3/1aBaHe Ha M0-YCTOWYMBHY U (PYHKIIMOHAIHU MaTepHaly,
MOAXOSIIN 32 IHPOK CIIEKThP MHKEHEPHU MPUIIOKECHHUS.

O0600111eH0, MPOBEICHUTE HM3CIEIBAaHUs JOMPHUHACIAT 3a 3aAbJI00YaBaHe Ha TO3HAHHSITA B
obrnactra Ha TpubonorusTa Ha 3D oTnevyaraHuTe MaTepualid ¥ MPEAOCTaBAT MPAKTHYECKA OCHOBA 32

YCBBBPUICHCTBAHC HA CUMYJIAIUOHHUTE MOJCIN U CKCTICPUMCHTAIIHUTC MCTOAUKHU.
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HAYYHO-ITPUJIOXKHHU NTIPUHOCH

HaCTOHH_[I/IHT AUCEPTAIMOHECH TPyd AOIIPHHACA CHINECTBECHO KAaKTO 3a HaydHaTa obnact Ha
TpI/I6OJIOFI/ISITa Ha NOJIMMCPHHU U KOMIIO3UTHU MAaTCPUAJIN, TaKa U 3a IPAKTHUYCCKOTO IIPUIJIOKCHHUEC HA
AJUTHUBHUTC TCXHOJIOTHUH. OcHOBHUTE HAaYYHO-TIPWJIOXKXHU IIPUHOCHU MOT'aT Aa 6’b,Z[aT O606HICHI/I KaKTO
ciacaBa:

1. Knacupukanusi Ha TPUOOJOTMYHHM TNPOUECH — Pa3rjeJaHd ca OCHOBHUTE MPUHIIUIIH,
MPUJIOXKEHHUS, OOLIN TEOPUHU, KITACHYECKH METO/IM, CHIIA U KOe(UIIMEHTH ChOpaHu B HayKaTa
Tpubonorus. Ha TaxHa 06a3a e cb3mageHa kiacupukanus Ha TPUOOJOTMYHHU IPOLIECH,
OTYMTAIlA OCHOBHHUTE NPHUHIMIIM, MPHIOKEHHs, OOIIM TEOPUH, MEXaHWYHU XUMHYHHU U
(Gu3NYHU CBOWCTBA.

2. Pa3pa0oTBaHe Ha MeTOAMKH 3a M3CJeJABaHe HA TPHOOJOrHYHUTe cBoiicTBa Ha 3D
OTIEYATAHM MAaTEePHAJM — CH3/1aJICHU Ca U BAIMJUPAHU E€KCIIEPUMEHTAIHU MIPOLEAYPH 3a
onpezessiHe Ha KOe(ULIMEHTUTE HAa TPUEHE INPH IUIb3raHe U MNpU ThpPKalIsSHE, KAKTO U Ha
Koe(ULMEeHTa Ha BbB3CTAHOBABAHE Ha €JIACTUYHOCTTA. Te€3W METOAMKU OCUTYpsIBaT
BB3IPOU3BOAUMOCT U TOYHOCT Ha U3MEPBAHUATA U MOraT Jja ObAaT IPUI0KEHH NpU ObIeln
U3cieIBaHMs Ha HOBH MOJIMMEPHU U KOMIIO3UTH.

3. Pa3paboTka Ha MeTOAMKH 32 AaHAJIU3 HA MEXaHUYHHU CBOICTBA U MUKPOTBBPAOCT — Upe3
npwiarane Ha TBepaomepu (EBP BRV-187.5T) u meranorpadcku mabmoaenus ¢ Olympus
BX53M u uudpoa kamepa DP23 e ycTaHoBeH Mpelnu3eH MOAXOA 33 KOJIHYECTBEHO
onpeJesiHE Ha TBBPAOCTTA U €IHOPOJHOCTTa Ha Marepuanute. ToBa MpegocTaBs Hay4HO
obocHOBaHa 6a3a 3a OlLlIEHKA Ha YCTOMYMBOCTTA U KauyecTBOTO Ha 3D oTnedaraHuTe oOpasiy.

4. CpbnocraBka MeX1y eKCHePUMEHTAJIHHU JAHHU M CUMYJIalMU — pa3paboTeHUTe MOJIENN B
cpena Ha EDEM Software no3BoisiBaT 4MCI€HO BB3IMPOU3BEXKIAaHE HA TPUOOJIOTMYHHTE
IIPOLIECH WM BaJMJMpaHE Ha EKCIEpUMEHTAJIHWUTE pe3ynraru. [lomydeHuTe cbBHaneHUs C
OTKJIOHEHHSI 10 7% TOKa3BaT MPWJIOKHMOCTTa Ha CHUMYJAIMOHHUTE MOJEIU 3a
IIPOrHO3MpPaHe Ha MOBEJEHUETO Ha MaTEpHaIU IIPU KOHTAKTHO HaTOBapBaHE.

5. HayyHum wu3BOAM 32 BJIMSIHHETO HA TEXHOJOrMYHUTEe napamerpu Ha 3D mewara —
U3CJIeIBaHUATA JEMOHCTpUpAT 3HAYEHUETO Ha reoMeTpusiTa Ha oOpas3uure, nedenrHaTa Ha
CIIOSl, OpUEHTALUATa NpU TMeyaT U MaTepUallHUS CbCTaB BBbPXY TPUOOJIOTMYHHUTE U
MEXaHUYHUTE XapaKTepUCTHKU. ToBa MpeaocTaBs BH3MOKHOCT 3a ONTHMH3ALMS Ha
MIPOU3BOJICTBEHUTE MPOIIECH B MHYCTpHAIHATa MPAKTUKA.

6. Bb3MOXKHOCTHM 32 €KOJOTHYHO YCTOHYMBO NMPOU3BOJACTBO — pa3pabOTEeHH ca MOJAXOAM 3a
U3MOJI3BaHe Ha PElUKIMpPaHu M OuopasrpaJuMu MOJMMEpH, KOETO Iojara OCHOBaTa 3a
YCTOWYMBO U €KOJIOTUYHO OPUEHTHPAHO MPOU3BOACTBO HAa (YHKIIMOHATHI KOMIIOHEHTH Upe3
aJIUTUBHU T€XHOJIOTHH.

7. TIpna0KHU acNeKTH B MH/KEHEPHATA M COIMATHATA NPAKTUKA — [TOJIyY€HUTE Pe3yJTaTh
Morar na ObJaT NPWIOKEHH NpU TMPOEKTHUPAHETO Ha H3HOCOYCTOMYMBH €JIEMEHTH B
MalIMHOCTPOEHETO, METUIIMHATA U TOTPEOUTEIICKUTE U3JIENHs, KaKTO U MpH pazpaboTKaTa Ha
TaKTUJIHU MPOJYKTH 3a XOpa C HapylLIeHO 3pEeHHEe, KaTo Cce OCUTypsiBa ONTHMAJIEH OajlaHc
MEX1y TBBPIOCT, H3HOCOYCTONYHUBOCT M 0€30MaCHOCT.

O060011eH0, HAYYHO-TTPUIIOKHUAT MIPUHOC HA JUCEPTALMOHHMS TPYJ CE€ ChbCTOM B Ch3JJaBaHETO HA
HHTEIPUPAHA EKCHEPUMEHTAJHO-CHMYJIAIMOHHA CHCTEMA 33 OLEHKAa W ONTUMH3alus Ha
cBoiicTBara Ha 3D oTneyaTaHy NOJIMMEPHU U KOMIIO3UTHM MaTepUalli, KOSTO HAMHUPA IPUIIOKEHUE
KaKTO B HAyYHUTE U3CIICBAHK, TAKa U B UHKCHEPHATA IIPAKTHKA.
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Anpodanusi Ha pe3yJTaTUTe

PesynraTu, BKIIOUYEHH B AMCEPTALUATA, Ca JOKJIAIBAaHU HA: MEXTYHAPOIHU KOH(DEPEHIIUH
B CTpaHaTa M uyKOuHa

Yact OT pe3ynTaTuTe ca MpeaCTaBeHu Ha CICIHUTE KOH(epeHIINH:

CnucbK Ha Hyﬁ.]Il/IKa]_[I/II/ITe Mo 1ucepranmsita
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