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Summary. 3D printing is the innovative technology widely used in all developed countries of the world
and opens up significant potential for its application in various areas of human activity. The features of 3D objects
creation using two the most commonly used additive manufacturing technologies — fused deposition modeling
(FDM) and stereolithography version (SLA) - Digital Light Processing (DLP) are considered in this paper. By
these technologies application the samples at various 3D printing modes using polylactide biopolymer (PLA) as
consumable material are created and investigations of their geometry, structure, and mechanical properties
(interlayer strength and elongation up to material rupture) are carried out. On the basis of the obtained results
the influence of the specified print parameters, such as the extreme admissible values of 3D products layers
thickness for FDM and DLP technologies, on the formed samples quality is investigated.
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polymers, photopolymers, bioplastic.
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Statement of the problem. Nowadays, 3D printing market is rapidly growing and is
being enlarged with new models of unique production equipment, the possibilities of which are
almost unlimited while forming the products made of different materials, including polymer
ones. Printed aircraft parts and units, printed car body, printed apartment house, printed
clothing, printed medical implants - this is much more than the list of modern additive
technologies achievements. However, the most interesting thing is that printing can be
performed by practically any materials: polymers, engineering plastics, composite powders,
various types of metals, ceramics, sand, concrete, wood, and recently even by food and
biological substances [1-6]. Due to the availability and usability, 3D printing by various types
of plastic is the most widely used at present. There is a number of 3D plastic printing methods
differing in both consumable materials use and their application principle, but the most popular
ones used for domestic service (office) and industry due to their availability are: fused
deposition modeling (FDM) and stereolithography version (SLA) — Digital LED Projection
(DLP). Both technologies are used in the paper to determine the features of product forming
process and created products quality.

Analysis of the available investigations. The modern pace of industrial development
requires the selection of production technologies that can be implemented in the shortest time
involving minimal investments resulting in high-quality products manufacturing. At present the
additive technologies (in English literature — Additive Manufacturing, Additive Fabrication or
AM-, AF-technologies), which are increasingly used in all spheres of human activity and are
one of the most interesting and promising areas of industrial production, meet these
requirements [7—9]. The additive technologies are also called layer synthesis technologies, 3D
printing, 3D technologies, rapid prototyping, layer modeling, digital production, etc.
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It is accepted to understand the general term «additive» as a group of technologies
enabling to create 3D fused deposition modeling objects based on CAD (Computer-Aided
Design) model by gradual adding the output material to the future product, which is different
from the traditional methods of the part creation where the excess material is removed from the
workpiece monolith by machining. CAD model is the created digital layout, which must be
formed using additive technologies on 3D printer. 3D CAD model can be developed by own
design using computer-aided design method, and created due to the data collected by 3D
scanner.

The essence of Additive Manufacturing (AM) can be represented as follows:

The key factor is that 3D printing significantly shortens the process chain duration from
the idea or drawing to the product, and at the same time reduces the labor, material and energy
consumption for its manufacturing. Thus, additive manufacturing makes it possible to create
the final functional products directly from the designer or engineer by computer and printer,
without additional technological operations application.

The objective of the paper is to investigate the influence of polymer technologies and
FDM parameters and DLP 3D polymer printing on the manufactured products quality.

Statement of the problem. The selection of 3D printing modes parameters by fused
deposition modeling (FDM) and digital LED projection (DLP) technologies, making it possible
to obtain samples with the most acceptable low and high quality for each technology and
materials is carried out in this paper.

Materials and methods. Thermoplastic biopolymer PLA (polylactide) in the form of
solid-state filament with 1.75 mm diameter for FDM 3D printing, manufactured by
«Monofilamenty» Company (Kyiv), and photopolymer resin Wanhao 405nm UV resin based on
polylactide and UV- hardeners for DLP 3D printing, manufactured by «Wanhao» Company are
used in this investigation (Table 1).

Table 1

Materials, technologies and 3D printing parameters of the samples

Sample Consumable material Layer thickness, um P rinting
Ne time, min.
Fused deposition modeling (FDM)

1 Thermoplastic  biopolymer  PLA 300 8
(polylactide) in the form of filament

5 Thermoplastic ~ biopolymer  PLA 80 29
(polylactide) in the form of filament

Digital LED projection (DLP)

Photopolymer  resin  based on

3 polylactide PLA (polylactide) 50 126
Photopolymer  resin  based on

4 polylactide PLA (polylactide) 35 179
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FDM 3D is performed on Flashforge Creator Pro 3D printer, produced by Zhejiang
Flashforge 3D Technology Co., Ltd. — «FlashForge». Parametrs of samples 3D printing by

FDM technology are given in Table 2.

Parameters of FDM 3D printing of the samples

Table 2

Output parameters Sample Ne 1 Sample Ne 2

Extrusion temperature, °C 200 200
Platform temperature (table), °C 50 50

Layers thickness, mm 0.30 0.08
Thickness of the first layer, mm 0.30 0.20
Printing speed, mm/sec. 80 80

Movement speed, mm/sec. 110 110
Sample filling, % 100 100
Filling type line line

DLP 3D printing is performed by Wanhao Duplicator 8 3D printer, manufactured by

«Wanhao» Company. The 3D printing parameters of DLP samples are shown in Table 3.

Parameters of DLP 3D printing of the samples

Table 3

Output parameters Sample Ne 3 Sample Ne 4
Lens mode DLP normal DLP normal
Photopolymer density, g/ml 1.1 1.1
Layers thickness, mm 0.05 0.035
Number of lower layers, pcs. 3 3
Polymerization time, sec. 10 10
Polymerization time of lower layers, sec. 50 50
Sample filling, % 100 100

The surface quality of the samples formed using both FDM and DLP technologies is
tested by means of Versamet-2 combined transmission/reflection optical polarization
microscope in X 200 and x 400 optical magnification range.

Results of the investigation. FDM 3D-printing.Fused deposition modeling FDM is the
most widely used 3D-printing technology in the world, millions of 3D printers are operating on
its basis, from the cheapest to the industrial 3D printing systems. In order to create products by
FDM 3D printing, the filament made of various thermoplastic materials supplied as coils, is
used. The filament can be of two standard diameters: 1.75 and 3 millimeters, depending on the
printer specification [10].

Like in all 3D printing technologies, the first step for physical object production is to
create its digital 3D model. 3D model in STL format is transmitted to 3D printer software. The
program automatically (or manually) places the model in the virtual space of the working
chamber. Then the program calculates the elements of auxiliary structures — supporting
structures under the overhanging elements of the object and calculates the required amount of
consumable materials, as well as the time of prototype «growing». Before the printing process
start, the model is automatically divided into horizontal layers and calculations of the movement
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paths (print head) are carried out. The extruder is the device equipped with mechanical driver
for filament feed, heating element for filament melting and nozzle through which the direct
extrusion — the supply of the melt polymer material to the formed product working surface is
performed (Figure 1). The obtained settings are stored, the model is converted to the control
code for 3D printer. Then the filament from the coil is unwound for inserting into the extruder
and 3D printing process is started directly: the extruder melts the filament and with high
accuracy feeds the melt polymer material by thin layers to 3D printer working surface in
accordance with the printing algorithm and CAD 3D model. After the layer application,
polymer material is cooled and solidified, and the platform on which the object is formed is
lowered to the magnitude equal to the applied layer thickness. Movement of the head and
platform in 3 planes (Figure 1) is given by the algorithm developed in advance by means of
special software.

Suppart material *Ia-nerlﬁ
Build matenal filament ——————g
Extrusion head

Drive wneels\
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Extrusion nozzles I :
P \_" Y

Fart

Foam base .\ : .
Build platform ~a o ¥ ’-;)'

Fart supports

Support mater al spool

_\ :

Build matenal spool-..h___i

Figure 1. Schematic diagram of FDM 3D printer extruder and the process of 3D model creation [11]

After creation process completion, the auxiliary structures are removed (manually or
dissolved in special solution). The finished product can be used in the printed form or subjected
to any further processing.

The photographs of configuration and microstructure of samples Ne 1 and Ne 2 formed
by fused deposition modeling (FDM) technology according to the printing parameters from
Table 2 are shown in Figure 2. The parameters selection is based on the extreme acceptable
values for the given technology and material thickness of 3D product layers (Table 1), which
directly affect the samples quality. Photos 1a and 2a (Figure 2) show the samples structure
increased by 200 times, photos 1b and 2b increased by 400 times. The results description and
analysis are presented below.
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100 pum

1 a 2 a 100 pm

1 b 100 pm 2 b 100 pm
—— —_————

Figure 2. The configuration of samples 1 and 2, their microstructure (a, b)

DLP 3D-printing. Stereolithography (SLA) is one of the first and most precision
additive technologies in the world [12-14]. Its essence is that under the influence of laser
radiation on those layers of liquid photopolymer resin (consumable material) corresponding to
the walls of the given object their layer-by-layer hardening and finished product formation take
place. DLP technology works on the basis of this 3D printing method and according to the same
principle, but instead of using expensive laser emitters, as in SLA installations, this technology
uses LED projectors, which at times reduce the cost of 3D printers. The difference between
these methods is that the laser in SLA installations polymerizes gradually (each point of the
object is quickly passed by laser beam) liquid photopolymer, and in DLP 3D printers the digital
LED projector illuminates the entire layer at the same time [15, 16]. It is believed that due to
this fact DLP printing makes it possible to reproduce the objects faster. At the same time, 3D
printers operating on DLP technology show high results that are comparable in accuracy and
quality to the original laser stereolithography (SLA) technology.

3D object creation by DLP technology, like any other 3D technology, starts with the
fact that the software bundled with the printer, breaks the digital 3D model into horizontal layers
with the given thickness and converts it into the control code for 3D printer. Then, the print
material is poured into the printer bath, where working table is immersed on the transparent
bottom with the indentation from the bottom to one (first) layer of the future object (Figure 3).
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The projector located under the bath projects the first layer image on the bottom and, due to UV
radiation, photopolymerization of the plastic which is reached by the image from the projector
takes place. After that, the working table is risen to the height of the next layer, which is lit and
attached to the previous one. So, layer by layer, printed 3D object grows.

Plattorm moving vertically (Z-Axis)

Platform

Liquid Resin Tank

v

PDMS

UV Lighting

Mirror

Lens Projector

Figure 3. Schematic diagram of DLP 3D printing [17]

As in SLA 3D printing, there are two options for DLP 3D printing devices: one creates
the object from the bottom up the top (the working platform is lowered), and the other creates
the object from the top down to the bottom (the working platform is risen).

DLP 3D printing, as well as FDM printing, alongside with the object creation, requires
the application of supporting structures or supports used for the product parts attachment to the
platform base and prevent product deformation when overhanging elements are available.

In addition, it is necessary to wash the products in special solutions after the completion
of 3D printing in DLP technology, as well as to irradiate them with ultraviolet light. The first
one is needed for final purification of the products from the photopolymer residues, and the
second — for the complete products hardening.

The photographs of configuration and microstructure of samples Ne 3 and Ne 4 formed
by digital LED projection (DLP) technology according to the printing parameters from Table 3
are shown in Figure 4. The parameters selection is based on the extreme acceptable values for
the given technology and material thickness of 3D product layers (Table 1), which directly
affect the samples quality. Photos 3a and 4a (Figure 4) show the samples structure increased by
200 times, photos 3b and 4b — increased by 400 times.
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3a 10E 4a —

Figure 4. The configuration of samples 3 and 4, their microstructure (a, b)

Analysis of the investigation results. As it is evident from Figure 2 and Figure 4, the
samples obtained by FDM technology have lower resolution in comparison with those by DLP.
Sample 2, made by FDM technology with the layer thickness approximated to DLP
technology — 80 um, has significantly smaller visible layer lines than sample 1, but there are
inaccuracies (Figure 2) around complex elements eliminated by the supporting structures
creation (including soluble ones). In addition, chemical and mechanical polishing can be used
in order to improve the surface quality of FDM samples.

Samples 3 and 4 (Figure 4) obtained by DLP technology have sharp edges, clear part
outlines, smooth surface and minimal visible layer lines. The sample of the highest admissible
quality (3) does not differ significantly from the sample of the lowest admissible quality (4),
since the possibility of determining the layer thickness, which depends on the photopolymer
type, varies within narrow range 35-50 pum.

Mechanical investigations concerning uniaxial tensile strength by means of FP-10
tensile-testing machine proved that the average elongation till the samples fracture ranges from
8% to 9% for FDM technology and from 8% to 10% for DLP technology, here the strength of
PLA base material is 56.9 MPa. It is determined that the interlayer strength of the formed
products does not significantly depend on the selected 3D modeling technology.

Conclusions. From presented 3D printing technologies, DLP is an excellent option for
creating complex geometric parts requiring precision tolerances and having high demands for
surface quality, roughness, and accuracy. DLP printing speed is affected only by the number of
layers (it makes no difference one X part is printed individually or n-number of X parts) and
the layer light time, so single products creation is not effective and it is reasonable to use the
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FDM method. As a comparison, the printing time of one part by FDM and DLP technologies is
shown in Table 1. FDM 3D printing is ideal for basic models as well as quick and inexpensive
simple parts prototyping.

In future, we are going to carry out the investigation of filled polymeric materials,
including those filled by nanoparticles.
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MOPIBHAJIBHUI AHAJII3 IKOCTI BUPOBIB 3 IIJIACTMAC,
CO®OPMOBAHUX 3A TEXHOJIOI'ISIMU DLP TA FDM 3D APYKY

Ouabra Macwuok; Makcum FOp:xenko; Basepiii lemuenko;
MuxkoJsa Kopa0d

Incmumym enekmposzeaprosanns imeni €. O. [lamona HAH Ykpainu,
Kuis, Ykpaina

Pe3tome. 3D Opyk € iHHOBAYINIHOW MEXHONOZIEN, AKA OMPUMANA WUPOKE DPO3NOBCIOONCEHHS 8 YCIX
PO3BUHEHUX KpaiHax ceimy [ BIOKPUBAE 3HAUHI MONCIUBOCMI Ol il 3ACMOCYSAHHS Yy PISHUX cqhepax
arcummeoisinbHocmi aoounu. 3D Opyk — ye npoyec cmeopenHs 6upobi@ HA OCHOGI OAHUX MPUBUMIPDHOT
KOMR TomepHOi MoOeNi WIsXOM HOCTI006H020 000ABANHS WAD 30 WAPOM BUXIOHO20 MAMEPIANy HA MAUOYMHIl
supio. Texnonoeito 3D Opyky maxooic Ha3usarmv aOUMUSHUM upoorHuymeom (anen. Additive Manufacturing, wo
noxooums 6i0 awenilicvbkoeo dieciosa «10 addy — «dodasamuy). Ynpoooeic ocmannb020 Hacy PpuHoK
MPUBUMIDHO2O OPYKY CHIDIMKO 3DOCMIAE | NONOGHIOEMbCS HOBUMU MOOENAMU YHIKAIbHO2O BUPOOHUYO2O
001a0HAHH3, 5IKe 00360JIA€ CMBOP8AmMuU 00 €MHI MOOeNi NPU SUKOPUCMAHHI NPAKMUYHO OVOb-SKUX SUXIOHUX
mamepianie. [pyKysamu MOXCHA NOAIMEPAMU, THHCEHEPHUMU NAACUKAMU, KOMNOZUMHUMU NOPOUKAMU, PIZHUMU
MUnamy Memaiis, Kepamikorw, NiCKOM, DemoHoM, 0epesoM, a 6 OCMAHHIU Yac HAGIMb idcero i bionociuHUMU
pevosunamu. OOHAK HAUPO3NOBCIOONCEHIUUM HA Cb020OHI € 3D-0pyK pisHUMU MUNAMU NIACMUKY 34 PAXYHOK
docmynHocmi ma npakmuuwocmi. B Oamiti pobomi posensnymo ocobaueocmi cmeopenHs 3D 00’exkmig 3
NONIMEPHUX Mamepianié npu GUKOPUCNAHHI 080X HAUNOWUPEHIUUX MEXHON02TU a0UMUBHO20 SUPOOHUYMEA —
Gopmysanns eupobie memooom nowaposoeo uannasnenus (FDM) i eapianm cmepeonimoepagii (SLA) —
yugposa ceimnodioona npoexyis (DLP). Ilpu 3acmocysanni 0anux mexuono2ii cpopmosano 3pasku Ha pisHux
peoicumax 3D Opyky i3 eukopucmauHaMm 5K eumpamuozo mamepiany 6iononimepy noainakmudy (PLA) ma
nposederi 00CIONCeHHA iX eeoMempii, CMPYKMypu ma Mexauivuux gracmueocmeil (Midcuaposoi miynocmi ma
BIOHOCHO20 BUOOBIICEHHs 00 PO3PUBY Mamepianie). Buxooauu 3 ompumanux pe3yiomamis, 0OCHIONCEHO GNIUB
3a0aHux napamempis OpyKy, a came, KpauHix OOnyCmumMux 3navenb mosuunu wapie 3D eupobis ons FDM ma
DLP mexunonocii na sikicmv cqhopmMosanux 3pasKis.

Knwuoei cnosa: 3D Opyx, adumusne eupoonuymeo, FDM mexnonocis, DLP mexnonozis,
mepMonaacmuyni notimepu, pomononimepu, OionI1acCmux.
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